


Nonethelessmost salmon stocks throughout seem surprising since warm phases of ENSO and PDO
the north Pacific show clear sensitivity to have similar impacts on the ocean and terrestrial
environmental changes associated with the Pacific environments in the PNW. There are, however, a number
Decadal Oscillation(PDO; see page 13 for definition). of reasons for the greater sensitivity of salmon to PDO.
Investigators in the UW Climate Impacts Group ([61,First, salmon appear to be most sensitive to climate
101]) have been instrumental in establishing thevariations as smolts, but are not counted or measured until
connection between the PDO and salmon abundance they are caught 1—4 years later (depending on species).
the PNW and Alaska. Alternating phases of the PDO hav€onsequently, when making connections between a
corresponded remarkably well to alternations in thehistory of ENSO events and a history of salmon catch,
relative abundance of salmon in Alaska and in the PNVWne must consider the typical age of a given species when
(Figure 36). (Variations in salmon catch between the lateaught and look at the ENSO state in the year those fish
1930’s and early 1990’'s are almost entirely due tgrobably entered the ocean; but not all fish of a given
abundance, not to fishing effort [7].) In the PNW, salmonspecies spend the same number of years in the ocean, so
tended to be more abundant during the cool phase of thhe year-classes are smeared together somewhat. Second,
PDO (1946—76) than in the warm phases (1925—45 anduring its lifespan an individual fish may feel some
since 1977), while the reverse was true for Alaska. It ibeneficial effects of ENSO in one year and some
thought that the lower abundance in the PNW during thedeleterious effects of the opposite phase of ENSO in the
warm phases of the PDO occurred because the coastaxt year. The abundance and average weight of salmon
near-surface ocean was warmer, more stratified, and henteus depend on several years’ conditions. Unlike ENSO,
less nutrient-rich, and that predation by Pacific mackerethe PDO has significant year-to-year persistence, which
was exceptionally high. may help to explain why salmon in the PNW do not exhibit

The relatively high salmon production in Alaska as strong a dependence on ENSO as on PDO.
during warm PDO eras is thought to arise in part because Puget Sound, the finger of salt water that
a warmer, more stratified ocean in the coastal waters qfrotrudes deep into Washington State from the Pacific
Alaska benefits phytoplankton and zooplanktonOcean, is a transition zone between the freshwater and
production. The cool waters in The Gulf of Alaska areopen ocean environments. It also feels the influence of
almost always nutrient-rich, but strong stratification isclimate variations (like those associated with ENSO and
needed to keep phytoplankton near the surface whemDO) from both the freshwater and ocean environments:
energy from the high-latitude sunshine is limited. In theclimate variations over land influence the volume, timing,
PNW'’s coastal ocean, lack of nutrients from increasedemperature, and turbidity of runoff, while climate
stratification is most often the limiting factor in variations in the ocean influence oceanic temperature and
phytoplankton production [54]. stability, which in turn affect the properties of salt water

Since 1977, the PDO has been primarily in theentering the Sound through the Strait of Juan de Fuca. In
warm phase, and salmon production has generally bedhe cool phase of ENSO or PDO, precipitation is often
very high in Alaska and poor in the PNW. As previouslyabove normal and temperatures are below normal, leading
noted, in recent years enormous investments have beéma greater volume of runoff in the winter and, for those
made to maintain and enhance numbers of threatened ansers with a significant portion of their catchment in the
endangered salmon stocks in the PNW region. It has beemountains, a greater volume of runoff from spring
suggested that a lack of immediate increases in productianowmelt. Consequently, freshwater input at the surface
following restoration efforts may be misconstrued asof Puget Sound tends to be greater than normal. The cool
management failures in periods of poor ocean conditionghase of ENSO and the cool phase of PDO are also
like those that have prevailed since 1977 [61]. associated with lower surface temperatures and lower

Recent studies (e.g., [61]) indicate that the northstability in the coastal ocean. Opposite relationships are
south inverse pattern of salmon production is betteassociated with the warm phase of ENSO and the warm
correlated with the long-lived climate changes associateghase of PDO.
with PDO than with the year-to-year climate variations In contrast to the open ocean, Puget Sound
associated with EI Nifio-Southern Oscillation (ENSO; seappears to buffer salmon against changes in ocean
page 13 for definition). At first glance, this result mightproperties associated with ENSO and PDO [131].
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Figure 36. Selected Pacific salmon catch records with PDO signatures. For Alaska catches, black (grey) bars denote values th
are greater than the long-term median. Light dotted vertical lines are drawn to mark the PDO reversal times in 1925, 1947, ar
1977. The PDO index from Figure 6 is shown in the top panel. Reprinted from [101].

Correlations between ENSO or PDO and Puget Soung 3 Possible future changes and the impacts

salmon abundance are much weaker than for Pacific

salmon stocks. The estuarine environment, by ensurmg%]c climate change

more gradual transition in salinity for the vulnerable

smolts, may provide Puget Sound salmon with greateBalmon are clearly sensitive to a variety of environmental

resilience to climate variations. factors that are influenced by climate. Much work remains to
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be done, however, to determine how important thesenodels for the Columbia River, its tributaries, and other
climate-related factors are to salmon health and survivaknowmelt-dominated rivers (Figure 27).
especially in the oceanic portion of their life cycle. Chinook salmon fall broadly into two categories:
Looking to the future, the possible changes in these factotscean-type and stream-type [65]. Ocean-type chinook
are very uncertain. Climate models lack the spatiamigrate to sea only a few months after hatching, then
resolution and detailed representation of critical physicatpend several months in a coastal estuary, and live most
processes that would be necessary to simulate importagf thejr lives in coastal ocean waters. Stream-type chinook
factors like coastal upwelling and current variations. Angneng more time in the stream after hatching (typically 1
|mp0rtant.q.ue.st|0n in considering climate (;hange n th?o 2 years), travel widely in the ocean, and return to their
nor.tht.PaC|f||(?,k|s ?r?w patterns ?ndd friguléasggs OdeII'Drg%?]atal stream several months before spawning. These two
variations ('. € those connected wi ) an . )different types of chinook have rather different
will change in a warmer world. As outlined in section - : .
sensitivities to climate. Overall, freshwater survival seems

1.2.5, different climate models give fairly different to be higher for stream-tvoe chinook than ocean-tvpe
answers on this question and it is still quite uncertain how 9 yp yp

the existing variability of the Pacific ocean will change.ChmOOk because they tend to occupy parts of Watershgds
that are more consistently productive and less susceptible

For the factors that climate models can simulate with som dramatic changes in water flow. Ocean-type chinook
confidence, however, the prospects for many PNW salmotgnd to use estuaries and coastal areas more extensively
stocks look bleak. The general picture of increased wintder juvenile rearing perhaps in response to the limited
flooding and decreased summer and fall streamflowscarrying capacities of smaller streams, less productive
along with elevated stream and estuary temperature¥/atersheds and highly variable seasonal flooding in the
would be especially problematic for in-stream andlower portions of many watersheds. Along the Oregon
estuarine salmon habitat in the PNW. For salmon runs th&oast and north, summer estuarine temperatures appear
are already under stress from degraded freshwater and be cold enough to allow young fall chinook an
estuarine habitat, these changes may cause more sevérgportant sheltered habitat. The period of estuarine
problems than for more robust salmon runs that utilizeesidence for ocean-type chinook also varies regionally,
healthy streams and estuaries (some of which still exisieing the greatest in the open ocean estuaries of
in the PNW, and many of which still exist in Alaska).  Washington and Oregon and least in the sheltered coastal
estuaries of Puget Sound and British Columbia.
Stream and estuary temperatures of 21—22°C and
3.3.1 Freshwater environment above are known to cause severe problems for PNW
) ) salmon of all species. “It has been well documented that
Several studies have given results about hoWgmperatures of approximately 21—22°C establish
anthropogemc CI',mate change_ might affect the fresm’vaterlhigration barriers to most adult salmonids. Delays in
enwronmgnt Of. different SPecies of salmon. H,egt'rglate%igration that have been observed are significant enough
mortality is an important I|m|t§1t|on, but other I|m|tat|.ons o that the probability of surviving to spawn or to reach
may be as important or more important. Some studies [8S . L R
S . . Spawning grounds in time to spawn becomes low” [103].
135] indicate that the most important factors joknile At present, thermal extremes such as these are thought to
cohofreshwater survival are (1) the in-stream temperatur% P 7 . . 9
e relatively uncommon in the PNW region. However,

during the first summer, combined with the availability h dotal Fth | barr
of deep pools to mitigate high temperatures; and (2j'€re Were numerous anec Qta rgportso thermal barriers
spawning salmon migrations in the summer of 1998

temperature during the second winter, combined with th : : X
availability of beaver ponds and backwater pools to servE?" Lake Washington chinook and Fraser River sockeye

as refuges from cold and high stream flow events(Randy Schumann, King County Metro, pers. comm.,

Consequently, increases in summer water temperature wi999). A key question that needs to be addressed is how
affect coho most if they occur in combination with the frequency and duration of periods with stream and

decreases in summer stream flow, a change implied b§stuary temperatures in excess of 21°C will change with
all the future climate scenarios applied to hydrologyanthropogenic climate change.
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3.3.2 Marine environment in the open waters of the North Pacific. One tagged
sockeye was recovered in early August, 1999, in Taku

One important effect of climate change suggested by tHalet (southeast Alaska). The temperature data recorded

climate models stems from the decrease in spring snol this tagshows that this sockeye salmon, like the salmon

pack. Our hydrology modeling work suggests that théampled in the previous year, used a wide range of thermal

spring freshet, in which melting snow increases river flowhabitats at hourly and daily time scales. Combining the

will probably occur earlier in the calendar year (Figurdemperature data with measured water column properties

27). Some species of salmon rely on the freshet for a quidiggests that this fish exhibited significant vertical

journey to the ocean and, as noted above, their survivBligrations, mostly in the top 30 meters (100 feet), with

and growth depends on the timing of their arrival in thdnfrequent dives to 40—85 meters (130—280 feet) (K.

ocean compared to the timing of the onset of northerlyers, pers. comm.). These data, while from only a single

winds, which bring upwelling and increase the foodsockeye, cast further doubt on the notion that sockeye

supply at the base of the marine food chain. Climatgalmon are especially sensitive to surface temperature

models are not yet suitable for determining whether th¥ariations.

timing of the onset of northerly winds will change in the

same way as the timing of the freshet. However, in the

1980's and 1990’s the onset of northerly winds has tended.4 ~ Socioeconomic impacts of the likely

to occurlaterin the year than that observed in the 1960’s changes

and 1970’s [15].

One recent study [161] suggests that a warmingn the past decade, sharp restrictions on fishing
of the North Pacific Ocean associated with doublingz COOpportunities (for CommerciaL tribaL and Sports fishers)
would be sufficient to push the range of some Pacifiggye already had devastating impacts on the local
salmon further north and out of the Pacific entirely. Thissconomies that formerly revolved around salmon fishing.
study posits the following: (1) Pacific salmon are surfacehe recently signed Pacific Salmon Treaty with Canada
oriented; (2) sockeye salmon (in particular) arenas further reduced US commercial harvest opportunities
metabolically constrained by surface ocean temperaturegsr fishers that targeted sockeye salmon bound for
and (3) surface temperature increases simulated by currefinada’s Fraser River. Generally speaking, the once
generation climate models will be sufficient to warm theﬁhriving PNW salmon economy has all but collapsed in
North Pacific Ocean to a point that sockeye salmon wiljhe past few decades as a consequence of the decline in
be forced into the Bering Sea (or beyond) or otherwispNw salmon numbers and concomitant efforts to protect
face starvation as their feeding cannot keep pace with theihd restore remaining populations.
accelerated metabolic rates. Recent changes in the operation of the Columbia

On the other hand, this notion of “thermal limits” Rjyer hydrosystem have also had large economic impacts.
to the ocean distribution of Pacific salmon has beelThe price tag for C0|umbia River Sa'mon enhancement
challenged by recently obtained and analyzed data storagfid recovery activities is approaching $400 million per
tags, which track the water temperature encountered t&béar (largely due to lost hydropower revenues, the
the tagged fish [159]. The tag data provide direct evidencg@ownstream barging of Snake River salmon smolts,
that Pacific pink, COhO, chum and steelhead salmon UtiIiZﬁatchery operationS, and other salmon enhancement and
a wide range of thermal habitats (presumably via verticalecovery activities) [13]. Much of the lost hydropower
migrations between the surface ocean and sub-thermoclipgyenue stems from the recent implementation of a policy
waters) on hourly and daily time scales. These tag datgecommendation known as the “Biological Opinion”, or
along with high-seas sampling studies of salmon and thegijop, which has elevated the priority of fisheries
feeding habits, suggest that the link between the oceabnsiderations in determining operational stream flows.

distribution of salmon and ambient ocean temperatures In the near future, there are widespread fears that
is likely through environmental influences on marinegeclining numbers of wild PNW salmon will force
food-webs [159, 125]. socioeconomic hardships on a much broader scale, one

In the spring of 1999 archival tags were placeqhat dwarfs that of the fishing industry and that of other
on adult sockeye salmon that were netted while swimmingolumbia River interests. These fears are just beginning
58



to be realized. As previously noted, the recent ESA salmoBy extension, increased stress on the already suffering
listings included the Puget Sound chinook ESU, the firsPNW salmon populations would be expected to add to
ESA listing in the nation to affect a major urban areathe already growing list of public policy measures aimed

Likewise, additional changes in regulations governingat protecting threatened and endangered PNW salmon.
land and water use are expected throughout the PNW

region where salmon ESUs have been listed under the
exceptionally abundant surface water supplies (due to a
record snow pack), the National Marine Fisheries Servic?n the open ocean, the effects of commercial and

hgs suspended some permits fqr Wgter Wlthdrawals frornscrezitionzil salmon fishing in the PNW once rivaled those
tributary streams in the Columbia River Basin because o

. . . . f clim variabili m marin Imon fisheri
ESA compliance considerations [143]. Battle ImescE climate variability, but most marine salmon fisheries

. ~are now either closed or severely restricted. In the
between private property owners and government agencigs

are just starting to emerge from the fog of the recent ES reshwater phase of the salmon I|fe cycle, ho_we_ver, the
listings. anthropogenic effects of clear-cutting, road building, and

The socioeconomic fallout of the Puget Soundhabitat degradation clearly outweigh the effects of 20th

listing is expected to be especially large, and haS€ntury climate variability. .
galvanized political action at the regional, state, county While we know that PDO shifts tend to have large,
and local government levels. For example, pervasive impacts on whole marine communities, we are
Washington State’s Governor Gary Locke has Created Hnable to prediCt What ecosystem ShlftS W|” occur in the
Salmon Recovery Teathat has drafted a planning future and how these will impact predator-prey relations.
documented titled “Extinction is not an Option” [98]. This Consequently, managers claim there is relatively little
report contains comprehensive plans for new land anthey can do in response to advance knowledge of climate.
water use policies aimed at halting and reversing practice8ver the years, fishery managers have developed
that harm salmon habitat. Political leaders throughout theechniques for estimating stock abundance for the purpose
PNW region are crafting similar plans with hopes ofof setting total allowable catch. These techniques involve
heading off federal mandates to comply with the ESA. detailed monitoring and in-season allowable catch
One of the greatest challenges now facingadjustments which make it less important for managers
regional policy-makers are the bureaucratic hurdleso know
involved with the mUlti-jUriSdiCtional nature of the salmon Thebenefit of an increased understanding of the
problem [98]. Coordination between city, county, stateyg|ationship between salmonid success and climate
tribal, and federal (both US and Canadian) agencies lieg,japility appears to be that it would allow managers to
at the heart of recovery strategies. These efforts arnge more precautionary.e., a particular phase of the PDO

rapidly evolving, and there is I|ttIe_ consensus about Wha6r a highly confident ENSO-related climate forecast might
PNW salmon recovery efforts will do to the gel’]era”yindicate the need for more conservative management

healthyglr_ld expandmg PNW economy. ._measures than would normally be taken. Measures could
|mate. variations have clearly playeq a role Minclude conservative harvest limits; additionally,
PNW salmon history, and are expected to be important in .
the future. Some have suggested that unfavorable Ocegﬁ)nservatlvg relegsgs of hatghery smolts W.OUId be
conditions associated with the warm phase of the PDCS""‘”_"’mted It a priority was given to enhancing the
may have masked management efforts aimed at rebuildir%”v'val of naturallly produced salmon smolts. )
PNW salmon numbers in the past two decades [61]. If the However, fishery management rules are changing.
regional climate change scenarios that call for rising?nder the Sustainable Fisheries Act (SFA) of 1996, the
snowlines, increased flood frequencies, an earlier springver-fishing level determination with respect to salmonids
melt, and a generally warmer North Pacific Ocean ar@nd other species may change harvest targets markedly.
realized, it seems highly likely that anthropogenic climateéDeveloping ecosystem approaches under the SFA may also
change will add to the already long list of human-cause@lter management approaches. Both changes would tend

stresses that now plague PNW salmon (see section 3.1p lower harvest rates on a stock-specific and ecosystem
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basis. This could reduce stress and build a greater resiliencee adopt an ecosystem view towards salmon management.
since ecosystems that are already stressed are likely to b@us rather than try to circumvent essentially
most vulnerable to climate variability and change. For somgnpredictable climate variations (both natural and
species, a move toward decreased commercial harvest aadthropogenic) through the use of technology, or ignore
greater recreational harvests could change the nature fthrough the use of deterministic predictive models, we
management decisions. In Washington State, managemesfiould “embrace environmental variation as an essential
decisions tend to be distributive in nature, i.e., who gets ho@rganizing property of living systems.” Perhaps the
much; and these can only be exacerbated by climatgurpose of conservation, including conservation in the
variability. It remains to be seen whether seasonal climateontext of fishery management, should not be to
forecasts could actually assist managers in making allocaticimprove” nature by eliminating variability; it may prove
decisions for marine fisheries [132]. more effective to protect the interrelationships that allow

In the longer term, efforts to prevent further declinespopulations and communities to sustain themselves in a
in salmon stocks in the PNW should take account of thehanging world.
potential consequences of climate change. Some efforts may Weonly need to look as far as salmon populations
be fruitless in the face of changing climate, whereas othetiemselves to see how this is done. For millennia, salmon
may show more promise. Much more scientific and policyhave had to deal with the kinds of changes recently thrown
analysis is needed to determine how climate changat them by the climate system (e.g., decadal time scale
information should be incorporated in salmon recovery planshanges in the mid-1970’s, and large environmental

Strategies to improve the viability of salmon in thechanges associated with the 1997—98 EI Nifio and 1998—
face of climate change would necessarily focus on th89 La Nifia). Salmon have thrived in highly variable and
freshwater portion of their life cycle, where our scientificunpredictable environments by evolving a diversity of life
understanding is greatest and where human influence lgstory strategies such as mixed year classes, extended
greatest too. Revisions in reservoir operating proceduregmolt migration periods, lengthy adult spawning
brought about by BiOp (see previous section) may provideigrations and other strategies to hedge their bets against
some buffering to salmon by increasing stream flows duringhe uncertain freshwater, estuarine and ocean
the late summer and fall, but as the PNW warms and pea&@vironments they araglwaysconfronted with. And thus
stream flow shifts earlier in the year, this will become morevithin metapopulations (e.g. Columbia River coho
difficult. It may be possible as well to change operatingsalmon), a diversity of genetically hard-wired behaviors
procedures or build new structures that would, for a timeprovides the key buffers to the climate-driven
slow the increase in water temperature in the rivers. Butncertainties that must be confronted from season to
because salmon have a threshold temperature of 70—743eason, from year to year, and from decade to decade.
(21—22°C) above which they rapidly lose health and die, an In this context, management should focus on
inexorable increase in water temperature would eventualljnaintaining the diverse metapopulation “parts” of the
overwhelm adaptation efforts in the most vulnerable strearwhole. In this view, resilience is directly related to
and estuarine environments. diversity, and diversity is directly related to the

It is clear that variable ocean conditions have aavailability of healthy and complex freshwater and
significant impact on the overall production of all species ofstuarine habitat. To say that an ecosystem is “healthy”
Pacific salmon, and that climate and ocean variability act 48 to say that the overall system maintains sufficient
a number of time and space scales (e.g. seasonal, anngamplexity and flexibility to protect its self-organizing
decadal time scales and global, regional and local spacgialities [118, 41]. It must have the capacity to respond
scales) to affect salmon production dynamics. Unfortunatelyio change. In this context, “management must have as its
the scales we understand least about (seasonal and anntihtral goal the protection of the system’s creativity”
time scales; local space scales) are the ones that appear td bE8].
most important to salmon management, at least as it is Again quoting Bottom [14], “the emphasis on
presently practiced. Thus, it is very difficult, if not ecosystems reflects a growing awareness that we cannot
impossible, to “engineer” salmon management to matchaintain even our most carefully managed resources apart
anticipated ocean conditions. Perhaps the most sensibi@m the biophysical context that created them.” The main
approach is that advocated by Bottom [14], who urges thgtoint, then, is that in order to preserve the capacity of
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Pacific salmon to respond to variable and unpredictabl&his last point seems obvious but is often ignored in the rush
ocean conditions, we must preserve and restore intact analsatisfy short-term political agendas. As Bottom [14] points
connected freshwater and estuarine habitat. Once thwut, “prudent ecosystem conservation is not the same as
point is firmly institutionalized, the salmon will do the quantitative prediction. It is a deliberative process of
rest. informing both citizens and decision-makers so that they can
There are four things that can be done by manageichoose wisely despite the many ecological and cultural
to ensure that this ecosystem world view of salmoruncertainties involved in any management choice.” Holling
management is incorporated. [68] argues that there are at least two"“streams” of science.
In the first stream, the machine metaphor for nature pervades.
1. Do everything possible to preserve wild salmonManagement is oriented to smoothly changing and reversible
population diversity through the conservationconditions, and operates under the view that one needs to
and restoration of freshwater and estuarineknow before taking action. In the second stream, which
habitat. Degrading or eliminating pieces of theHolling [69] argues is more appropriate for approaching
habitat leads to a simplification and ecosystem issues, the view is that knowledge will always be
destabilization of the salmon metapopulationincomplete. And so in order to be a science for management,
structure of a region. uncertainty and surprise must become an integral part of a
sequence of actions, one dependent on the results of how the
2. Avoid fishing practices that are selective system responded to those that have come before [41]. This,
towards specific metapopulation componentsthen, is a science that openly acknowledges indeterminacy,
Francis [41] points out that in the case of Bristolunpredictability, and the historical nature of resource issues.
Bay sockeye, nature has dealt the system at lea$he scientific problems faced by taking an ecosystem view
as much variability, in both the short (annual) are not amenable to solutions based on knowledge of small
and long (decadal) term, as the (apparentlyparts of the whole, nor on assumptions of constancy or
sustainable fishery has been able to remove atability of fundamental relationships”— ecological,
its peak. Thus with its freshwater and estuarineeconomic or social. In this context the focus best suited for
habitat in virtually pristine condition, the Bristol management policy is “actively adaptive designs that yield
Bay sockeye ecosystem has evolved andinderstanding as much as they do product” [68].
maintained the capacity of absorbing significant
levels of ocean-induced variability over multiple
time scales, even in the presence of the largest
single-species salmon fishery on the planet. One
should note that Alaska fishery managers make
every effort to spread the fishery out over as
broad an array of system components as
possible.

3. Manage hatchery programs to avoid negative
impacts on wild stocks. In particular this
requires the management and control of the
release of hatchery fish as well as their harvest.
In general, fishery managers need to develop
ecologically based performance standards and
monitoring programs to insure that the risks of
hatchery programs are minimal [14].

4. Conservation and management must be based
on sound science.
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Forests

4.1 Current status and stresses beginning in about 1850. The primary direct impacts of
humans have been to convert much of the forest cover at low
Evergreen coniferous forests are a dominant vegetativglevations to other uses, such as agriculture and communities,
formation in the PNW and provide a broad array of goodsaind to alter the remaining forests by converting the massive
and services for human society. These forests are typicalbld-growth forests to young managed forests. Shifts in the
abundant, lush, and massive; indeed, northwestern forefisrest cover in the region have resulted in significant fluxes
(west of the Cascade crest) are among the most productigé sequestered carbon to the atmosphere [63] with current
in the world and can accumulate world-record amounts oéstimates at about 2 billion metric tons of carbon released
organic matter. Because of their richness and the mild, weluring this century.
climate, people often assume—incorrectly—that these forests The natural occurrence of forest fires has also been
are largely insensitive to climatic fluctuations. reduced through fire suppression programs beginning early

The distribution of tree species and the length ofn this century although a recent change in philosophy has
growing season are strongly influenced by the warm, dryecognized the importance of fire to natural systems. There
summers of the PNW (Figure 3) [43]. Thearm, dry  are major differences in the fire regimes west and east of the
summers have both direct and indirect negative impacts crest of the Cascade Mountains. Forests west of the crest are
on forest establishment, growth and persistence. The direstibjected to catastrophic fire events at intervals of several
impacts include limiting the establishment of tree seedlinggenturies [1]. Forests east of the crest, with a drier climate
(on sites where the forest has been removed) and limitingnd more open-canopied structure, have historically been
photosynthesis in established trees for several months evegubjected to relatively frequent, lower intensity fires; here
summer. As an indirect impact, the dry summers also creafie suppression has allowed for large increases in forest fuels
conditions favorable for ignition and spread of wildfires,and created the potential for higher intensity fires [134]. The
which is the most common natural cause of forest destructiocsuppression of fires has, however, led to greater sequestration
[1]. of carbon in the unburned forests.

The sensitivity of the temperate coniferous forest Clearcut logging has greatly fragmented forest
region of the PNW contrasts with circumstances in most oth@andscapes and increased the area of “edge” relative to
moist to wet temperate regions throughout the world, suctinterior” forest conditions [44]. One consequence is a
as eastern North America, eastern Asia (including Japandeduction in habitat for species that dwell in the interior of
and Europe. The native vegetative cover of these regions fisrest stands, stands being defined as a spatial unit which is
typically dominated by deciduous and, in warmer regionsuniform in composition or structure and contrasts with
evergreen hardwoods (angiosperms). Unlike the PNW, thesirrounding areas. Another consequence of clearcutting has
regions have climates in which rainfall is well distributedbeen an increase in the susceptibility of forests to windthrow.
throughout the year; i.e., extended periods of moisture deficit Removal of forest cover, loss of older forests, and
are not typical. construction of logging roads have reduced the ability of

Forests in the PNW have been dramatically andorests to regulate the hydrologic regime, particularly in terms
permanently altered by settlers during the period of settlement maintaining late-summer streamflows, moderating peak
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flows associated with rain-on-snow storm events, and
reducing the potential for erosion. Peak (flood) flows are
often dramatically increased on and downstream of areas
with extensive clearcutting and road construction [79].
In-stream water quality, the physical integrity of stream
channels, and other aquatic habitat characteristics are also
impacted by clearcutting. In some cases these changes
have reduced the ability of stream systems to support
native fish species and other aquatic organisms.

High elevation mountain hemlock

4.2 Past changes and the impacts of climate
variability
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Climate variability, on a range of timescales, has impacts
to varying degrees on individual trees, overall forest
structure and composition, and disturbances. Individual Low elevation mountain hemlock
trees clearly are sensitive to year-to-year variations in ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
climate; in fact, the width of tree growth rings is one of
the best records available of past climate.

Several studies have shown the direct effects of =
climatic variations on trees and forests in the PNW, mostly
for areas close to the climatic limits of forests at upper
(cold) and lower (dry and/or hot) timberlines. At upper Interior ponderosa pine
timberline, tree ring analyses of mountain hemlotu@a AN
mertensiany demonstrate tree growth responses to
climatic variations. Decade-to-decade variations show a
good correlation with the PDO (Figure 37). Also at upper ‘ ‘ ‘ ) ‘ ‘ ‘ ‘ ‘ ‘
timberline, significant tree invasion of subalpine meadows 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
is associated with light snowpacks and long growing vear
seasons [45, 136, 148, 163]. Near the lower timberline, —_ Sg’g"h
tree ring analyses of ponderosa pifanus ponderosga
show reduced growth associated with extended periods
of drought (Figure 37). However, at middle elevations in
the interior Northwest, and in the western hemlock and
Pacific silver fir zones west of the Cascade crest, th&igure 37. Smoothed annual growth rates for different
structure and composition of most mature forest standtypes of trees at different elevations, compared with the
have little measurable sensitivity to climate variations.PDO. From [129].

This insensitivity occurs because, on most forest sites,
other factors such as competition obscure climatic signals
in individual trees. Forest stands—once established—have
the ability to buffer themselves against variations in
climatic conditions [17, 25].

In addition to the above direct effects, climatic
variations influence forest conditions indirectly through
changes in the frequency or character of disturbances,
especially wildfire. High-intensity disturbances are very

important because they result in high mortality in
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established forests, which have high levels of resistanceffects of climate change on fire regimes and forest
to climatic variations. High-intensity disturbances resetecosystems. For instance, several models simulating
forests to the establishment stage, which is the stage mostgetation change under doubled 30enarios predicted
sensitive to adverse environmental conditions, such ahat changes in fire regimes could significantly alter forest
drought and heat [17]. Changes in the frequency ansdtructure and species distribution patterns [39, 17, 104].
intensity of disturbances will affect ecological successionThese findings are consistent with predictions for a
particularly if summers become both warmer and driernumber of regions within the greater Northwest. For
For example, increased disturbance in Pacific silver fiinstance, increased fire frequency and intensity have been
forest combined with warmer, drier summers that mayredicted for the northern Rocky Mountains [139, 48] and
limit the re-establishment of silver fir, may result in for temperate and boreal forests in Canada [37]. Similarly,
transition to Douglas fir-dominated forests at middlemodeling work [154, 47] suggests that northern California
elevations. will experience increases in the area burned annually and
Consequently, in looking for quantitative in the frequency of escaped fires. It is important to note,
connections between forests and climate variability, wéowever, that the assumption of increased fire frequency
have turned to studies of disturbances both because ahd intensity with warmer, drier conditions may be overly
the importance of such disturbances and because climasenplified [1]. The uncertainty stems from the difficulty
change will probably alter the frequency and intensity ofn predicting potential changes in other important factors
such disturbances [120, 140, 39]. Furthermorethat influence fire activity, such as wind direction,
catastrophic disturbances to forests, rather than changegnoptic-scale sequences of weather events, and lightning
in growth rates of individual trees, are likely to be theactivity [1, 2]. We have used a retrospective approach to
mechanism by which climate change will be mostdetermine whether relationships between historic forest
dramatically experienced, since established forests havére activity and past climatic variability support
substantial ability to buffer themselves from climatepredictions regarding future climatic change.
variations and change. Established forests often can resist
climatic variability both because they ameliorate
microclimatic conditions beneath forested canopies and.2.1 Relationship between forest fires and climatic
because mature trees can survive extended periods of variability
unfavorable climate [17, 25, 46]. Disturbance dynamics
are of fundamental importance in determining forestWWe have examined the connection between climatic
ecosystem structure, function, and composition. Fowvariations and forest fire in the PNW during this century.
instance, changes in forest structure and composition haENSO and PDO directly influence PNW climate (as
occurred in much of the interior Northwest during thisdiscussed on page 13), with warm phases increasing the
century because of the effects of fire suppression [133]ikelihood that winter will be warmer and drier with lower
Model simulations of forest succession under alterednowpack and spring streamflow in snowmelt-driven
disturbance regimes suggest that ecosystem transitiomivers.
will continue to occur over the foreseeable future in the Forest fires were much more extensive in the
interior Northwest. Understanding the connectionsPNW during the 1925—45 warm phase of PDO than
between disturbance dynamics and climate variability isluring the cool phases before and after that (Figure 38;
thus central to predicting the response of fores{f108]). Some of the decline since 1945 can be explained
ecosystems to climate change. by the rising use of fire suppression. The resurgence of
Forests are subject to a number of disturbancedire activity in the late 1980’s was consistent with the
such as insects, pathogens, wildfire, and wind. Climatevarm-dry phase of the PDO, but could also be explained
variations may impact each of these. Because the availablbyy the cumulative effects of fire suppression. That these
data (covering 1982—1995) for insect-caused treeesults are robust despite the changing fire suppression
mortality do not span a sufficient time period to allowpractices is suggested by a comparison with Figure 23,
analysis against 2century climatic variability, our study which shows that the 1925—45 period was unusually dry
has focused primarily on forest fire. A significant bodyin the Columbia River Basin. The tendency for forest fires
of previous research has also examined the possibte occur in warm-phase PDO years holds true for each
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Ty St e vl bxceeded 200,000 ares o vrmicy (vack)and cone
the 0.95 level for Oregon, and the 0.925 level for(gray) phases of the Pacific Decadal Oscillation.

Washington) for each state, usingGatest for goodness
of fit with the Yates correction for continuity [164]. The
PDO, by influencing forest fire activity, may thereby
influence broader fluctuations in forest structure,
composition, and function.

Forest fires show little relationship to ENSO, at
least at the reg!onal scal.e., suggesting.that it is the ENSO 0.39 0.21 -0.05
accumulated moisture deficit of successive dry years,

L . . PDO 0.28 0.24

rather than dry conditions in a single year, that lead to
extensive wildfires. The results are summarized in Table8, PDSI - -0.48
which shows the correlations between interannual time burned area
series (as in Figure 6) of ENSO, PDO, the Palmer Drought
Severity Index (PDSI), and an index of area burned i%

Washington and Oregon (normalized by area monitore able 8.Correlation of ENSO and PDO with the PDSI and area

in each year). The PDSI, which estimates the accumulatecum.e.d by W|Idf.|re |n.Wash|n'gto.n and Oregon. Statistically
. ) o ,significant relationships are indicated by boldface (95% or
soil moisture deficit or surplus from several months

temperature and precipitation, is influenced by ENSO anglgher) or italics (80% or higher).
PDO, and in turn the PDSI is a fairly good measure of
how extensive wildfires could be in a given year.
Although our analysis shows no relationship
between area burned and ENSO (despite the connection
between ENSO and PDSI), studies at a smaller geographic
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scale may show a linkage between ENSO and wildfiredescribed that increased fire ignitions: Pacific Highs and
for example, such a link has been shown for certaimMNorthwest Canadian highs. Schroedéenl.[141] state that:
watersheds in the Blue Mountains of eastern Oregon [67].

The lack of relationship between ENSO and wildfire in Flow from this direction [the East] not
the PNW stands in marked contrast to the strong only keeps the marine air offshore but
relationship between ENSO and wildfire established in also results in adiabatic warming. If a
the southwestern United States[147]; one difference is portion of a Pacific or Northwest
clearly the important role of ENSO in creating greater Canadian High moves into the area east
fuel accumulations during positive phases of ENSO in that of the Cascades, easterly winds are found
region, an effect that is not relevant under the high fuel in the region between this area and a
loadings always present in forests in the PNW. trough along the Pacific Northwest coast,
and high fire danger occurs west of the
Cascades.

4.2.2 The importance of synoptic-scale fire weather}

Other work also points to the importance of east wind [2]
A critical factor to weigh in analyses of climatic and to the existence of two main types of circulation systems
variability and fire activity is the occurrence of certainleading to fire weather [66].
sequences of synoptic-scale (i.e., regional-scale) weather Because of the importance of synoptic-scale
events associated with fire outbreak and spread. Theseeather to forest-fire occurrence, models that simulate
“fire weather” sequences occur randomly, even duringegetation change are beginning to incorporate a random
otherwise wet years, and therefore there is only a weatomponent that approximates fire weather [90].
connection between years with many large fires and
seasonal-scale climate variations like those associated
with ENSO and PDO. 4.3  Possible future changes and the impacts of

A number of studies have described a synoptic- climate change

scale sequence of weather events leading to lightning-

caused ignition and fire spread. This sequence of weathg{ thjs section we review the important factors controlling how
[79, 76], coastal temperate coniferous forests in th@umerical models of forest ecosystem change under climate
Pacific Northwest [70, 130]; ponderosa pine forests in thgnange scenarios, including recent modeling work done as part

region [66]. The sequence begins with the development

of a high-pressure upper-level ridge, also known as a

blocking high pressure system. The high pressure systegg 1 Climatic factors influencing forest ecosystem
may last a month or more, during which time precipitationchange

and humidity are low, temperatures are high, and winds

are light. These conditions leave fuels dry and vegetatioftne impact of climatic change on the forests of the PNW can be
under severe water stress. When the high pressure syst@@hsidered in terms of both direct and indirect effects as
either partially or fully breaks down, convective stormsgescriped in section 4.2. Certainly some direct effects are
can lead to lightning-caused ignition which, whenpregictable from the physiological effects of increased moisture
combined with higher wind speeds, can lead to fire spreaglress, increased temperature, and increased CO2 levels in the
through the now flammable fuels. atmosphere although we have not attempted to quantify them.
‘Schroederet al.(1962) [141] investigated fire weather |ncreases in summer temperature without substantial increases
and found that, in the Pacific Northwest, the period of highesh, rainfall, as predicted in most current climate change scenarios
risk of wildfire caused by synoptic weather events runs fromgr the PNW (Figures 13, 14), would resultjireater potential
June through September, with occasional critical periods &S/apo-transpiration and decreased soil moisturgs0].
early as April and as late as November. Two types of surface Increased moisture deficits during the summer will
air flow systems with off-shore (easterly) components wergesylt in increased plant moisture stress, reduced net
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photosynthesis, reduced growth, and increased overadind easily observed impacts on disturbance regimes. This is
plant stress. Increased temperatures will also increaseost obvious in the case of fire where increased summer
respiration rates. Although a positive C@srtilization  temperatures and moisture deficits will substantially increase
effect is sometimes predicted, the effects of increased C@he potential for the occurrence, intensity, and extent of
levels on productivity are very uncertain due to the highlywildfires. Changes in other types of disturbances, such as
interactive nature of the COresponse with other from wind, insects, and disease, are also possible [46].
environmental and physiological factors, partially Effects of climate change on forest insect pests and
explaining the extremely varied results found around th@athogens depend very much upon whether there are
world [158]. Furthermore, cool-climate conifers areincreases or decreases in summer precipitation. If summer
viewed as least likely to show a positive response t@recipitation remains the same or decreases, the effect, along
elevated with increased temperature, will be more physiological stress
CO, levels [158, 6]. on trees due to summer drought with consequent increases
Reductions in snow cover could have a varietyin potential susceptibility to insect attack [97]. If summer
of effects, some positive and some negative [127]precipitation increases enough to compensate for the impact
Different climatic zones have different limiting factors. of increased summer temperatures on moisture stress,
In areas of deep snow (the western slope of the Cascadasceptibility of insect attack could remain the same or
Range, Olympic Mountains, and high elevations in thalecrease for at least the short term. Eventually, increases in
interior mountain ranges), a reduction in snowpackvinter temperature could allow some insect pests and diseases
lengthens the growing season, giving tree seedlings t@ survive and reproduce more effectively.
better chance at establishment [127]. In dry areas (the Wind storms are another disturbance that damages
eastern slopes of the Cascade Range, the Blue amd destroys trees. Climate models are not yet adequate to
Wallowa Mountains, and moderate elevations of thesuggest whether such storms will increase or decrease, but
Rocky Mountains in Idaho and western Montana), soiin past climate variations, wetter winters have had more wind
moisture is a limiting factor and reductions in snowpackstorms (N. Bond, personal communication, 1999). Given that
would reduce the amount of moisture available at thaearly all climate model scenarios suggest an increase in
beginning of the growing season and increase the lengthinter precipitation in the Northwest, it seems reasonable to
of the late summer drought period; both conditions wouldnfer an increase in winter wind storms, and possibly an
make it more difficult for seedlings to establishincrease in frequency and intensity of wind damage to forests.

themselves. The predicted increases in extent and intensity of
The ponderosa pine and mixed conifer forests eastildfires and other disturbances are likely to result in abrupt
of the crest of the or rapid shifts in forest distribution. This will be especially

Cascade Range are probably more vulnerable to these changesiceable at ecotones, such as the semi-arid, low elevation
in climate simply because the climate there is already so drforest-lines which are transition zones grasslands and forests
Further increases in evapotranspiration will probably have E8].
bigger impact there than in the wetter forests west of th&8ince environmental conditions are already near the margins
crest of the Cascade Range. However, some detrimentfr trees and forests at such locations, these ecotones are
impacts of increased moisture deficits can be expected marticularly sensitive to climatic influences.
west-side forests, such as increased fire hazard and levels of One expected effect of current climate scenarios is
physiological stress in trees and forest stands. for a significant reduction in forested area in both the moist
In summarythe net direct effect of the climatic western and arid eastern sides of the Cascade Range (Figure
changes is not likely to be favorabldo the productivity 40) [46]. These changes in forest areas are likely to be brought
and stability of existing forests. Warmer summers, leadingbout by wildfires; without such disturbances changes in
to increased evapotranspiration, are likely to overwhelm anforest composition and functions would probably be much
benefits of increased CQ@ertilization [33]. more gradual. In addition to a potential net loss of forest
Indirect effects, chiefly through changes in forestland, there will be net increases in grasslands, shrublands,
fire characteristics, are likely to be even more important thaand savanna and very significant reductions in “snow
these direct effects. Predicted climatic changes are likely tbone” communities, such as mountain hemlock forest and
have profound and, relative to plant responses, immediatdpine and subalpine meadows.
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As a result of all these changes, forestresulted in an increase in summer soil moisture deficits
communities are expected to undergo major shifts in theiat lower and middle elevations, Frankliet al. [46]
species composition. Species range shifts are expectedpoedicted a net decline in forested area in the Pacific
be very individualistic rather than primarily as collectionsNorthwest. Especially pronounced forest dieback and
of currently associated species. Extinctions of locatommensurate expansion of sagebrush-steppe
populations and even species are expected. Spatialbppmmunities were predicted at drought-sensitive lower
explicit or site-specific predictions regarding potentialtreelines on the eastern slopes of the Cascade Mountains
vegetation change will continue to be highly uncertain(Figure 40). Changes in vegetation distribution are likely
however, because of the complex interactions betweeto show tremendous fine-scale variation due to
physical template, or geomorphic diversity acrossgopographic and environmental heterogeneity on fine
different spatial scales, and climate change [18]. scales [18]. The predictions of Frankkm al.[46]should

be applied only at coarse scales.

Another more recent study (Neilson and Drapek,

432 Changes in PNW vegetation predicted by 1998 [115]) used a physiological process-based model to
vegetation models predict vegetation change both globally and for the

conterminous United States. Neilson and Drapek used the
Quantitative or spatially explicit predictions of potential Mapped Atmosphere-Plant-Soil System equilibrium
future changes in vegetation distribution and compositiomiogeography model [114] to examine biosphere
are fraught with uncertainty. For the PNW, empirical orresponses to two more recent and several older GCM
process-based models have produced highly contrastirsgenarios. On-going work has linked the MAPPS model
predictions regarding changes in forest distribution withwith MCFIRE, a broad-scale fire severity model [90] and
regards to both magnitude and direction of future changafie CENTURY biogeochemical model [122, 123] in an
(e.g., forest dieback versus forest expansion). Theseffort to built a Dynamic Global Vegetation Model, called
disparities stem from differences in model assumption81C1, that incorporates disturbance processes and related
regarding several critical parameters, including effects ofeedbacks. One significant problem with MC1 is that it
precipitation increases and of elevated atmospherig COnaccurately predicts current vegetation for large portions
on physiological processes, such as plant water us& the Pacific Northwest. MC1 classifies the majority of
efficiency. By understanding the key parameters drivindand area west of the Cascades in Washington and
forest responses in the Pacific Northwest we can formulateortheastern Oregon as deciduous forest (Figure 41),
alternate scenarios of future forest ecosystem change. when, in fact, coniferous evergreen forests dominate. The

An early assessment [46] of likely forest responsanability to correctly predict current vegetation lowers our
to climate change used empirical, correlation modelingonfidence in the model’'s ability to predict future
to relate potential shifts in mean annual temperature teegetation distribution. One reason for MC1's inability
forest community gradients or life zone classifications forto predict current vegetation may be its failure to
the Pacific Northwest [43]. A key aspect of the approacltadequately incorporate the critical regional climatic
used was that no change in water use efficiency (WUEparameter summer drought or moisture deficits. Other
or tree productivity due to C@nrichment was assumed. models (e.g. VEMAP) also weigh increases in frost-free
Franklinem et al[46] estimated potential shifts in forest or growing season as an important factor favoring forest
community types along elevational and temperaturglevelopment under global warming. Frost-free period or
gradients, but reCOgnized that the paleObOtanical reCOﬂ@ngth of growing season is genera”y not an important
for the Pacific Northwest [26, 27, 28, 18] andyariable controlling productivity in western coniferous
physiological considerations [91] make it likely that 5 ests [160].
actual vegetation shifts will occur as a function of Several of the scenarios simulated in Neilson and
individualistic species’ responses. These independerﬁrapek,S [115] models runs show significant future
shifts by individ_u_al spe_cies, rather than shi_fts of i”FaCtexpansion of the area occupied by temperate evergreen
plant communities, will probably result in speciesgang temperate mixed forest classes. This trend holds both
assemblages not currently found on the landscape. Undgy, the U.S. as a whole and for the Pacific Northwest
a scenario of increased mean annual temperature, wWhi¢Bgion. These results, which are really only a subset of
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Figure 40. Area occupied by various plant types and the changdsigure 41. Present distribution of major plant types in the PNW
expected under a warming climate. From [46]. as simulated by the MC1 model.
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Neilson and Drapek’s results, appear to differ from theredictor of forest productivity (Ellsworth 1999). This
earlier results of forest dieback. Their results of foressuggests that climatic changes resulting in increased soil
expansion rest on two very important — and contestablmoisture deficits during the growing season will cause
— assumptions. forest productivity to decline, even with elevated CO
The seasonal distribution and amount of precipitation,
consequently, become critical parameters to consider in
Direct effects of CQ enrichment The first assumption climate change scenarios and vegetation change modeling.
is that elevated CQOwill cause changes in water use In evaluating vegetation change scenarios, it will continue
efficiency (WUE), such that the model reduces maximunto be appropriate to consider scenarios both with and
stomatal conductance by 35% [115]. Elevated Ita8 without enhanced forest productivity due to elevated.CO
been shown to increase WUE in some laboratory studies
([6, 83], cited by [115]). However, as Neilson and Drapek
point out, there are a number of physiological feedbacPrecipitation and summer droughtThe second assumption
mechanisms and effects of increased air temperature thabncerns the relative importance of winter and summer
may cause forests to experience no increase or only mecipitation. Past studies have shown the overwhelming
short-term increase in WUE and related productivity [6importance of the summer drought and extreme plant
87]. Scenarios showing C@elated forest expansion are moisture stress on the distribution of tree species and
thus likely to be short-term or transient only [115]. productivity of forest ecosystems in the Pacific Northwest
Consequently, Neilson and Drapek ran the[165, 57, 160, 55, 89]. It is highly likely, therefore, that
simulations of GCM scenarios in two ways: one with anclimatic changes which 1) increase the length of the summer
assumption of increased WUE and one with no suclmoisture deficit, 2) increase the intensity of the summer
assumption. Under normal WUE, both older and newemoisture deficit, or 3) increase the frequency of multiple
GCM scenarios produceconsistent decreases in forest summer droughts—or any combination of the three—uwill
areain temperate latitudes below 50 degrees (Figure 42Y)esult in a reduction in forest cover and biomass and in loss
although peak levels of decline were lower under neweof species at the dry end of their ranges. The effects of these
GCM scenarios. “Without the assumption of increasedypes of changes are, furthermore, likely to operate through
WUE, large areas of forest are lost to nonforest for botlseveral mechanisms. These include: 1) direct impacts on the
[older] and [newer GCM] scenarios, although thephysiology, vigor, and mortality rates of established trees,
magnitude is much higher under [older scenarios]” [115]2) increased probability of and intensity of fire disturbances
When no direct effects of elevated C@re considered, which kill established trees and forests, and 3) increased
forests decline along dry, low elevation ecotonesdifficulty, for some species, of tree regeneration and
resulting in a contraction of temperate forests in dryestablishment on open areas. Consequerign with
continental interiors like the east slopes of the Cascademicreased total annual precipitation or increased WUE,
These findings are completely consistent with thoseany climatic changes (such as reduced summer
shown in Figure 40. precipitation or increased summer temperature) that
The key question, then, is: Will Northwestern result in a net increase in soil and plant moisture deficits
forests experience enhanced water use efficiency? Adre likely to result in increased physiological stress and
present, the balance of evidence suggests that there wikduced productivity [33, 89]. It is critical, therefore, to
be little or no enhanced WUE and primary productivityexamine modeling assumptions that affect how summer soil
in forests experiencing elevated C@6, 117, 33]. Only moisture deficits are calculated in simulations of future
limited data are available on forest responses to elevataggetation change.
CO, under field conditions [117], and no such studies have The MAPPS model developed by Neilson and
been conducted in forests in the Pacific NorthwestDrapek [115] simulates changes in plant community
However, Free Air CCEnrichment experiments in pine distribution by estimating potential leaf area index (LAI).
forests in North Carolina found no evidence of enhanced Al calculations in the model are based on the physiology
WUE in elevated CQplots compared to ambient plots of stomata and tree rooting depths [114]. Model estimates of
under either drought or non-drought conditions [33];LAl for forest ecosystems are highly sensitive to reduced
however, drought conditions were found be an importansummer precipitation and increased summer temperature.
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Figure 42. Changes in leaf-area index (LAI), a measure of forest density, simulated by the MAPSS model under the HC scenari
with assumptions of (top) no enhancement in water use efficiency (WUE) and (bottom) enhanced WUE. Green colors sho\

increases in LAl and brown colors show decreases.

It is the addition of an assumed increase in water-usancreased temperatures. With little summer precipitation in
efficiency that counter-balances the otherwise increaseany of the climate change scenarios evaluated,
susceptibility to summer drought stress. In addition, thevapotranspitative demand during the growing season is met
model assumes that increases in winter precipitation wilby deep ground water charged by winter rains and snowmelt.
result in increased soil moisture recharge, therebyhis is an important assumption that warrants careful

compensating for reduced summer precipitation an@valuation.
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For the PNW, there are indications that, at coarse low elevation interfaces between forested

spatial resolution and below the snowlinlee soil is fully and non-forested plant communities on the
recharged under current winter rainfall, so increases in eastside of the Cascade Range and in the
winter rainfall would only increase immediate runoff[64, interior Northwest [46, 115].

126, 80]. Ndurther increase in soil water storage with increased Scenario 2: Reduced summer sall
winter rains is therefore possible in the Pacific Northwest. moisture deficits due to increased summer
Increases in winter rainfall will most likely result only in precipitation

increased runoff and will not alleviate summer moisture deficits. Forests expand into areas in the
A very probable effect of increased winter temperatures is dry, interior Northwest currently
reductions in depth of snowpack. These are likely to reduce soil dominated by grassland and shrub-steppe
water recharge during summer months in mountainous regions. communities [115]. If summer
The MAPPS model uses a generalized soils model that does temperatures increase sufficiently over the
not incorporate the lack of additional or surplus winter soil water long-term, resulting in a net increase in
storage capacity in the Pacific Northwest. Consequently, there evapotranspitative demands, forest dieback
is little or no basis for the model assumption that increases in may occur in both colonized areas and
winter precipitation will reduce summer soil deficits will currently forested areas despite the
decrease in the Pacific Northwest. Under a scenario of decreased increase in summer precipitation.

summer precipitation it is not likely, therefore, that drought stress
will decrease and that forested communities will expand into

areas currently occupied by grassland, shrub-steppe, or drier ) L )
and less productive forest types or savannas. 4.4 Socioeconomic impacts of the likely

changes
Summary: scenarios of forest ecosystem change in the Pacific
Northwest A number of different climate change These physical and biological changes in forests can be expected
scenarios have been generated for the Pacific Northwest (seehave a variety of socioeconomic consequences for the PNW,
section 1.2). For most, winter precipitation increases; summenost of them negative. Climate changes are predicted to result
precipitation either decreases or increases. Increases in wintermajor changes in the production of goods and services from
temperature result in decreased snowpack, such that matee forests of the PNW. Reductions in the average productivity
precipitation falls as rain and less as snow. And with no furthesf the forest lands can be expected under increased summer
increase in soil moisture storage possible, the net result moisture stress along with the significant net reductions in forest
increased runoff with reduced summer soil moisture availabilityarea. Declines in forest productivity in some areas could lead to
Some scenarios predict modest increases in summardecline in long-term timber yields which would affect the
precipitation, resulting in reduced soil moisture deficits. Becausegion’s economy. Higher timber prices and reduced availability
of the disparities between these scenarios, it is not possible@twood fiber could also affect other industries and sectors
this time to generate only one scenario of possible forest changkhough these changes could be mitigated by increased imports
in the Pacific Northwest. Instead, we must construct twaf wood products from other regions. Such mitigation of
scenarios based on variable precipitation and temperatueeonomic impacts would obviously depend upon how forested

regimes. areas in other regions around the world fare in relation to climate
Scenario 1: Summer soil moisture change.
deficits increase due to increased summer Several otheconsequences of reduced forest cover
temperatures and no increase in summer include reductions in water quality, air quality, and carbon
precipitation. sequestration (storage of carbon). Forests serve to regulate water
Forests decline due to the flow both above and below ground. Areduction in forested area
combined effects of increased drought would increase the frequency and intensity of flood events and
stress in established stands, increased decrease production of clean water for human consumption and
probability of insect and fire disturbance, recreation. In addition, forest streams provide quality habitat
and reduced seedling survival. Forest for fish (e.g., for salmon spawning and rearing); this function
decline will be particularly pronounced at would also be impaired by a reduction in forested area. If forest
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fires become more widespread (at least for a period of time whilgtate to explore how to incorporate climate change into long-
forests are shifted to nonforest cover), adverse on air qualitgnge planning, with a view to plan the management of our
and public health can be expected. The diminishment gfatural resources with the best information available (R. Stender,
productivity along with increased frequency of wildfire will personal communication, 1999). Otherwise, however, the
result in a net flux of carbon from that sequestered in curredi@formation on climate variability and change has yet to
organic matter stores to the atmosphere; in other words, tfR€netrate into forest management.

overall carbon sequestering capacity of the forests of the PNW In the analysis conducted by the CIG, what lessons
will be significantly reduced. Increased frequency of highhave we learned that may be of use to managers?

intensity fire could result in increased rates of carbon cycling
with a net gain in atmospheric carbon (Neilssinal. 1994;
Sohngeret al. 1998). This would create a positive feedback
loop, exacerbating rates of global climate change and related

rates of forest ecosystem change.

* Theimpacts of climate variability and
change are most likely to be felt at the
edges of forests’ physical extent, of the
lifespan of trees and of conditions.

e It is during the stage of tree
regeneration, or seedling
4.5  Coping options for resource managers establishment, that forests are most
vulnerable to climatic conditions.
Seedlings are especially sensitive to
temperature extremes and to drought,
and seedlings of a certain species may
not be able to establish and grow under
changed climate conditions in certain

Forests, more than most of the other resources considered in
this study, are sensitive to climate primarily on long time scales.
Trees planted now are likely to mature in a different climate
from the one we have today. Although trees are most vulnerable

to_ climate e>§tremes as ;eedlings, fprest growth is affected by locations where mature trees of that
climate and it would be in the best interests of foresters when species now grow.
replanting a logged area to consider carefully the choice of
species. It may be that the greatest growth potential could be * Theincreased frequency of multiyear
achieved with a species that is presently uncommon in that area. droughts when ENSO and PDO are in
The development of strategies for coping with climate phase, and the projections of increased
variability and future climate change first requires recognition frequency of summer drought in
of the vulnerabilities caused by such climate variations. The future, indicates potential difficulty for
sensitivity of the PNW’s water resources to current climate forest regeneration during these times.
variability is evident within the region, due mostly to conflicts If seeding and planting to not succeed,
over water in low-flow years, and presages vulnerability under the costs of replanting and of foregone
future climate change. Based on interviews we have conducted, production could be significant.
however, forest managers generally do not consider forests to
be sensitive to climate variability. The averaging of climate Climatic variations influence forest conditions through

conditions over a tree’s lifetime (15—1000 years) or even ovefhanges in the frequency or character of forest disturbances.
a40—70 year forest harvest rotation, tends to obscure the effe£fgrest fire activity seems to increase during the warm phase of
of seasonal and interannual climate variability. Mature trees terfi® PDO, and the chrnlgte changels projected by thei modhels
to be resilient and therefore less sensitive to climate variability/a'Mer SUMMErS, earlier snowme ) suggest by analogy that
or change. Thuslimate variability is generally not considered e potential for fires is likely to increase substantially. Clearly,
s ' : s . climate variability on decadal timescales is important to forests,
within forestry management planning and decision-making. Thi ut our interviev?//s suggest that it is not takerlzJ into account by
stands in contrast to the previous two sectors we discussed (wi st managers. If the future calls for the increased frequency
reso%rceg anq Sf”"m"”)x in Wh'cr: at-Ie.ast some limite nd severity of summer drought, which imply an increased
consideration s given to Interannual variations. robability of high intensity wildfires, does this then portend
In forestry, therefore, a whole mindset needs to bg,nig shifts in forest compositions as a combined effect of both
changed. An encouraging first step in this direction is the recefte 4ng summer drought relative to seedlings and therefore the
decision by the Commissioner of Public Lands in Washingtop,te of forest regeneration? And does the strength of the decadal
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signal imply that managers should choose species in order to
trade growth for survival under climate change scenarios?
These issues would appear to be responsive to sustained
programs of education conducted by a regional climate service
with a highly integrated information capacity. A regional climate
service would disseminate not only climate forecasts but state
of the art information about the links between climate variability
and forest establishment, growth, persistence and disturbance
regimes. How do ENSO and PDO affect potential
evapotranspiration and what does this imply for summertime

- Plant species with known broad physiological
climate response curves.

- Adapt tree planting to reflect changes in
summer growing conditions, for example, transition to
planting of Douglas fir on appropriate sites in the silver
fir zone.

- Use prescribed fire to reduce susceptibility to
high-intensity, large disturbances.

moisture stress and seedling viability? What does the current

phase of the PDO imply for the scope of prescribed burning -

required to mitigate large-scale wild fires? The understanding

of the relationships between climate variability and forests would

provide the basis for management decision making in the context  Informed decision making:

of global climate change. What species should be planted now

to ensure forest viability throughout the next 70 yeaf#vat - Actively monitor trends in forest conditions and

must we do to ensure that the forests in our national parks climate related stress/changes in general and with

and wilderness areas are maintained as the climate changes? regards to different systems of silvicultural
In the face of this complexity, what can we recommend management (internationally).

as coping strategies? The group of forest managers and

academics who participated in the summer 1997 Workshop (see - Actively disseminate this information to forest

Section 2.1 of Part I) agreed on a suite of actions to recommend managers and policymakers.

as coping strategies. These included:

Develop management systems to provide for
more retention of sequestered carbon.

Based on what we now know about the impacts of
e Need for a new approach to forestry managementlimate variability on forests, we offer some additional advice.
Develop ability to plan and implement at longer time andt is important to recognize the vulnerability of forest
larger spatial scales in decision rules for forestestablishment to interdecadal climate variability, in order to
management. avoid seeding and planting failures and the associated costs of
replanting and delayed stand maturity. Managers should use
climate forecasts and an understanding of the influences of
ENSO and PDO to predict the likelihood of wildfire and to plan
- Maintain full range of biological diversity the timing of prescribed burning in drier-than-normal years.
(including species, population, and geneticManagers should also seek to understand, on the very large
diversity). spatial scale for which seasonal forecasts are valid, the
relationships between disturbance regimes and climate
- Design reserves and protected areas to incorporatariability, in order to try to limit adverse effects.
the maximum geomorphic or landscape diversity In a highly integrated fashion, then, a regional climate
possible [18]. service would provide information about both climate and its
multitudinous links to forest management to those making
- Maintain the complexity of forest structure and management decisions. The result would be better informed and
composition within intensively managed areas. therefore adaptive management of all types of forested land—
whether they be managed for timber production, habitat
preservation or carbon sequestration.

* Ways of dealing with uncertainty:

e Management options:

- Manage forest density for reduced
susceptibility to drought stress.
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Coastal Zones

The Pacific Northwest has three distinct “coasts”: thegrowing Tacoma-Seattle-Everett metropolitan complex) as well
shores of the inland marine waters of Puget Sound and the Stra# expensive bluff-top or beach-front trophy homes, suburban
of Juan de Fuca (3,614 km); the Pacific Ocean coast itself (8%8eas, and remnants of agricultural and timber-growing tracts.
km total, 275 km in Washington and 584 km in Oregon); andHere, storm and wave energy regimes are tempered by Puget
the shores of the estuaries fronting the Pacific Ocean (2773 kBound’s inland location. Puget Sound shorelines are
total; 504 km in Washington and 2269 km in Oregom) our  predominantly narrow beaches, fully or mostly inundated at high
initial assessment, we considered several aspects of thides, and backed by steep banks or bluffs; sand spits are few
consequences of climate variability and change on the coastsarfd small; rocky shores are common only in the San Juan Islands
the PNW, focusing on the physical landscape, which is affecteaf north Puget Sound. Substantial portions of the central and
by: south Puget Sound shoreline have been armored in urban areas,

at shoreline railroad fills, and for shoreline residential

. coastal erosion development.

The Pacific Ocean coast, by contrast, has relatively

. landslides lower intensity development: there is no major urban center;

significant portions of the coast are public parks or other

. flooding reservation, or within the bounds of Indian reservations;

development occurs only in limited areas along the coast. Here,

. inundation the coast is open to the full force of storm-driven waves.

Washington'’s north Pacific coast is characterized by steep, rocky
In addition, redistribution of sand and sediments lead to beacbiuffs and headlands, punctuated by a few small pocket beaches,
building or beach erosion in some places. Aquifers may bwith land ownership predominantly within the Olympic National
affected by sea water intrusion. Ecosystems may be affected Byark and five Indian reservations. Washington’s south Pacific
the growth or shrinkage of wetlands, and by the invasion afoast is characterized by broad sandy beaches and sandspits
exotic species. acting as “barrier islands” at the mouths of Willapa Bay and
Grays Harbor; land ownership is mostly small residential parcels
and lots. Oregon’s Pacific coast is characterized by steep, rocky
51 Current status and stresses bluffs and headlands, punctuated by pocket beaches and bay
mouth sandspits; land ownership is mostly small residential

The coast of Puget Sound includes the most intensiveﬁg;:rcels and larger undeveloped holdings. Here, up-scale and

developed marine shorelines in the region (e.g., the rapid pensive vacation homes, condominiums, and destination

esorts are often built dangerously close to erosion-prone shores
IMarine shorelines are fractals, and therefore length data vary depending@nthe edges of unstable bluffs. The shallow coastal estuaries
the scale of mapping used for the measurements. For Washington State,4p& characterized by small cities and towns at the river mouths,

tabulation by Hagan [58] based on 1:20,000 to 1:200,000 mapping was us g . . .
For Oregon, coastal data were taken from [40], based on 1:24,000 mappi !”'eXtenswe farm-lands and dairy-lands, and shellfish

the source, however, of estuarine shoreline length is uncertain. aquaculture.
75




associated with heavy winter rainfall [50]. It may depend
a. Bluff face affected by surface . . . . . .
and ground water; bluff toe on a variety of factors in a given location, including the
exposed to waves at high tides. T T . . . . .
timing and intensity of rainfall, the local geological
characteristics, and the recent history of landslides.
Coastal flooding is an episodic, localized
problem. It occurs primarily at the mouths of major rivers
when a flood flow reaches the coast on a high tide. Most
coastal urban areas are protected by upstream flood
A control reservoirs or were developed with enough
b. Over-steepened bluff fails B .
during heavy winter rains, freeboard to protect against flooding. Some urban areas,
T oot e o ' e.g. Olympia (Deschutes River mouth on south Puget
plutf siope from wave action and Sound), Aberdeen (Chehalis River mouth on Grays
Harbor), or Raymond (Willapa River mouth on Willapa
Bay), lack both flood control reservoirs and freeboard,
and thus are subject to periodic flooding. Agricultural
districts in river deltas are typically protected by dikes;
: occasionally, high river flows on a high tide result in
c. Over a period of years, wave . . . .
action removes buttressing breaches of the dikes and flooding (e.g., Fir Island in the
e e SR ’ Skagit River mouth on north Puget Sound).
Coastalinundation, unlike flooding, is a gradual
process in response to both global and local factors.
Eustatic sea level rise (i.e., sea level rise produced by
global factors like warming of the oceans and melting of
landlocked ice) acts in combination with local vertical
land movement and fluctuations in sea level associated
d. Over a period of decades, . . i . .
continued wave action with regional ocean conditions. During this century,
over-steepens the bluf face. global sea level has risen 1—2.5 mm/yr [72]. The
combined effects of eustatic sea level rise, local land
movement, and local beach slope will be discussed in
section5.3 for several locations in the Pacific Northwest.
Sea waterintrusion is a localized problem,

eefteatte it et st st a i i mostly where operation of extensive private well fields
Figure 35. Evolution of Puget Sound Bluffs leads to over-drafting of coastal aquifers. Most known
Figure 43. Evolution of Puget Sound bluffs. instances lie within the developing Puget Sound urban-

suburban subregion.
Threats to coastal ecosystems include the loss of

Coastal erosion or more accurately, shoreline wetlands to erosion and the invasion of exotic species such
retreat, may be due to beach erosion alone on unconsolidat@g Cordgrass3partinaspp) or the European Green Crab
(loose) shores, or to a cyclic combination of beach erosiofcarcinus maengs The rapid spread of Cordgrass in
and bluff landsliding on bluff-backed shores (see Figure 43Villapa Bay, beginning in the 1980s, threatens to
[22]). Beach erosion is associated with winter storm waveffansform the bay’s extensive mudflats and eliminate most
and in many placebas a normal annual cycle with sandcommercial oysterbeds. The green crab could have
accumulating at one end of a littoral cell (a section of beachubstantial negative impacts on local commercial and
with its own local circulation of water and sand) during there€creational fisheries by preying on the young of valuable
winter and returning to the other end of the littoral cell inspecies (such as oysters and Dungeness crab) or
summer, with a net drift to the north on the Pacific coast. ~ competing with them for resources. The combined effects

Bluff landsliding, which occurs primarily in the ©0f Cordgrass and the green crab are unknown.
glacially deposited steep hillsides around Puget Sound, is

76



5.2 Past changes and the impacts of climate
variability

Much of what we know about the impacts of climate on
the coasts of Washington and Oregon have come froi
three major studies. In the late 1980s and early 1990
the Washington Department of Ecology completed ol
funded technical and policy projects focused on sea leve
rise in Puget Sound (e.g., [21, 84, 24]). A prematurely
terminated US Environmental Protection Agency regiona
study focused on inundation of marine wetlands of
Washington State [121]. Finally, the JISAO/SMA climate
impacts study has broadened the geographic scope
include the Oregon coast, and has also broadened tl
topical scope [36, 78].

There are few long-term measurements to asses
the impacts upon coastal systems of climatic variations
but there are several pieces of information we do have
We know that El Nifio events tend to raise sea level aloni
the west coast of the U.S. for several months and chant
the direction from which waves arrive; both factors tenc
to increase coastal erosion on the Pacific Ocean coas
The open coast of Oregon and Washington is subject tu
severe ocean storm surges and resulting erosion everﬁgure 44. Hillside in Seattle OVerIOOking Puget SOUnd,Where
about every five years on average. Slgnlﬁcant erosioﬁeveral houses slid during the wet La Nifia winter of 1996—97.
causes inlets to migrate and lagoons to fill. ErosionPhoto courtesy of the Washington Department of Ecology.
washes away former sedimentary deposits and often
undermines shore protection works. The southwest
Washington coast now suffers net loss of coastal lands,
reversing a long trend of sediment build-up. In Ocearall but 1985—86 were exceptionally wet winters. The link
Shores, Washington, recent storm waves have causeéd the PDO appears to be more complex: the average
erosion around the flanks of an armored beach fill thabumber of landslides appears to be higher in the cool-
was placed to protect condominium developments. Anvet phase of the PDO, but of the winters just mentioned
Oregon study [51] showed that the length of shorewith large numbers of landslides, the first two occurred
protection works constructed in the Siletz littoral cellin the warm-dry phase of the PDO. If the PDO has shifted
increased dramatically in the years immediately after &0 a cool-wet phase (see section 1.1.2), then perhaps the
severe El Nifio event. These examples illustrate diversaverage winter would see a higher number of landslides.

human responses to climate variability and suggest that Recent research sponsored through the JISAO/SMA
greater pressure will be exerted to armor shorelines i€IG has focused on three locations in the PNW region where
the future. climate variability and change are likely to have the greatest

We also know that La Nifia events tend to increasémpact on coastal resources. The first is southern Puget
winter rainfall, which in turn increases soil saturation andSound where low-lying areas and coastal settlements already
therefore landsliding [156]. This is typified by the minor La endure greater risks of storm inundation. This is an area where
Nifia of 1996—97 [50], which resulted in considerableland subsidence creates the greatest relative sea level rise in
damage from landslides (Figure 44), and the major La Nifithe region [21. 145]. The second is the southwest Washington
of 1998—99. Significant numbers of landslides in the Seattland Oregon coastal region, which suffers from severe ocean
area have occurred during the winters of 1933—34, 1985-storms and rapid sediment erosion and redistribution, and is
86, 1996—97, and 1998—99; all were La Nifia winters, andlso affected by a long-term decline in the volume of sediment
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supplied by the Columbia River as a result of thein the 1890s from Chesapeake Bay, first gained
construction of dams. Finally, estuarine areas inmomentum only during the warm decade of the 1980s.
southwest Washington State, which serve as importanBummers are typically shorter and cooler in western
habitat for marine living resources, can suffer shifts inWashington than in Maryland, and the fact that a warm
the type and extent of living resources due to climate-decade coincided with rapid growth may suggest climate-
induced physical and chemical change. related causality, but such a link remains purely
As with coastal erosion, inundation too is more speculative. Recent work [35] suggests a link on a year-
common during El Nifio events because sea level tends tth-year time scale between a particular sequence of
be higher than normal, by 5—10 cm in central and southerlimate variations and the rate of spread of cordgrass.
Puget Sound. As noted above these areas already are subjéstlike Cordgrass, the European Green Crab has broad
to inundation during storms. Above-normal tides due toclimatic tolerance, and climate is likely not a factor in its
climate variations such as El Nifio can combine with stormspread north from San Francisco Bay.
conditions to cause extreme inundation. Knowledge of this
vulnerability should stimulate a review of policies
concerning shoreline setback zoning, shore constructio®.3  Possible future changes and the impacts
standards, infrastructure improvements, evacuation and of climate change
emergency planning, and—in the long term—retreat from
certain coastal areas. Studies of potential inundation donghe long-term effects of climate change on the coastal
for Olympia, Washington [24] now need updating with the zone will likely be similar in nature, and greater in
new information about sea level increases related to climatgmagnitude, to the effects of short-term climate variability.
variability. Several relevant factors are considered here: sea-level
Physical change from tides and storms is onlyrise, temperature increase, increased winter precipitation,
one effect of climate variability and change. In addition, and changes in storminess. These factors influence coastal
biological effects are felt in estuaries because of therosion, landslides, flooding and inundation, seawater
physical and chemical changes experienced. Studies dftrusion, and invasion of exotic species.
Willapa Bay in southwest Washington, where there are Climate model projections of changes in sea-level
extensive tideflats and a large oyster industry, show @ressure patterns (Figure 15) suggest a more
fairly steady decline in the Oyster Condition Index (OCI) southwesterly direction of winter winds, much like the
over the 45 years it has been followed. The OCI measurestrong El Nifio events of 1982—83 and 1997—98.
the amount of oyster meat in the shell. NumerousCombined with higher sea levels, these changes suggest
explanations are offered for this observed decline. Fomn acceleration of coastal erosion.
example, interdecadal climate variability associated with The heavier winter rainfall that is projected by
the Pacific Decadal Oscillation (see Section 1.1.2) coulchearly all of the climate models suggests an increase in
explain why the OCI was above average in the decadesaturated soils and landslides. Flooding is more likely at
prior to 1977 but declined to below average after thatthe mouths of many of the rivers, especially those draining
time. In these interdecadal phases, lasting about twentjow-lying coastal basins which are already susceptible to
years each, factors of primary production, whether maringlooding.

or riverine, vary and could explain the differences in the Projections of global sea level rise by the
OCI. Another explanation is that the OCI is declining Intergovernmental Panel on Climate Change (IPCC) [72]
monotonically due to habitat changes in the watershedin the next century are 2.0—8.6 mm/yr (7.9—34 inches
changes in Columbia River flow and water quality, or per century), compared to 1—2.5 mm/yr observed during
water pollution problems in the Bay. Further hypotheseshe last century. These rates imply sea levels on average
relate phytoplankton biomass and oyster production50 cm (20 inches) higher by 2100, but because of vertical
Declines in plankton populations can adversely affectland movements and shore slopes, any given location may
oyster growth but there is scant information aboutexperience very different changes in sea level and
plankton in the area that exchanges with Willapa Bay. shoreline. On the Pacific coast, eustatic sea level rise is
Climate may be a factor in the spread of someaffected by a highly variable pattern of subsidence and
exotic species. Cordgrass, first introduced to Willapa Bayuplift: uplift maxima centered at the mouth of the Strait
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of Juan de Fuca (2.5 mm/year, or 10 inches per centurghd Everett have developed into major international
and the Columbia River (1.7 mm/year, 7 in/century)shipping destinations, importing and exporting raw
exceed eustatic sea level rise, resulting in a net relativkwmmodities and finished products to and from the other
sea level decrease [145]. Pacific Rim countries. However, local economic activity
In Puget Sound, land subsidence ranging froms no longer dependent on shipping, and the region has
zero in the Strait of Juan de Fuca and north Puget Souridversified into a variety of high-tech and service
to 2 mm/year in south Puget Sound produces a local s@#dustries. In addition to the major urban developments
level rise that is greater than the global averageat Olympia, Bremerton, Bellingham, Seattle, Tacoma, and
Furthermore, local changes in ocean circulation and hegverett, much of the Puget Sound coast is lined with
content can also alter sea level: the Hadley Centre climatesidential properties of varying size and density. Along
model projects higher increases over the next century fare eastern shoreline many of these homes are permanent
the Pacific coast of North America than for the Atlanticfull-time residences, while along the western coast of the
coast. Sound vacation properties and seasonal residences are
Sea-level changes are not the only factor with thenore common.
potential to affect coastal areas. In low-lying areas, the Because beachfront property is so highly prized,
frequency of storm surges may be more significant thamuch of the most significant private development along
sea-level rise alone [78]. the exterior Pacific coast has been built directly along
As was mentioned in the previous section, verythe shoreline, or in low-lying areas immediately inland.
little work has been done on the connection betweem recent years, larger multi-family developments and
climate and coastal ecosystems. As a result, very little isotels have been added to the existing stock of oceanfront
known about how climate change could affect thesgingle family homes. Depending on their exact location,
ecosystems. However, it seems likely that thesenhese properties could be threatened by long-term erosion,
ecosystems would be unaffected by the combination aftorm damage, and/or flooding. Within the less diversified
temperature increases, changes in the timing and voluneggonomies of the smaller communities, damage to this
of freshwater input to the coastal zone (see section 2.3)pe of commercial and residential development could be
and possible changes in ocean circulation, stability, anglevastating. For example, in the City of Ocean Shores,
thermal properties. beachfront erosion now threatens an area that represents
more than 10% of the City’s property tax base. If climate
change and erosion accelerate the erosion trends that have
5.4  Socioeconomic impacts of the likely emerged recently along parts of the coast, this type of
changes scenario could become more common.
Private interests in aquaculture and commercial
Tourism and seasonal visitation dominate economifsheries could also be threatened by the physical changes
activity in the communities along Washington andassom_ated with chmate.chgr_]ge. Oyster production and
Oregon’s Pacific coast. The populations of the smalfrabbing generate significant revenues for the
coastal towns and cities swell during the late spring angiommunities along both Grays Harbor and Willapa Bay.

summer as visitors are drawn by opportunities for beactfiny threats to the tide flats and estuarine areas of the
walking, horseback riding, recreational fishing, kite-Coast could damage these industries. Furthermore, in

flying, etc. As an example, the City of Ocean Shoresother areas, flooding or saltwater intrusion may threaten

Washington, with a permanent year-round population d@nds that are productive for agricultural or grazing.

approximately 3,300 residents, attracts more than 1.5  In addition to the significant private investments
million visitors each year. In addition, some coastafi€scribed above, important public assets could also be

communities also rely on commercial fishing, shellfish Placed at risk. Currently, erosion already threatens
aquaculture, and agricultural production to help drive theijfmportant public resources along the Washington coast:
local economy. ]
Within the interior of Puget Sound, the coastal * For several miles along the northern shore
towns and cities are part of a much more diverse, Of the entrance to Willapa Bay, State Route
interdependent economy. The Ports of Seattle, Tacoma, 105 Sits perilously close to the shore.
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Shoreline armoring and beach nourishment
have been used to help stabilize the nearby
shoreline, but erosion still threatens the

road.

At Ocean Shores, the City’s recently

5.5.1 Coastal Flooding

After examining the influence that climate variability and change
have on the coastal management system with respect to coastal
flooding, we can determine the level of adaptability of the
management system to climate. In summary, we found:

renovated wastewater treatment facility

sits in a low-lying area that is subject to .
flooding and erosion. Théacility is

surrounded by hardened protection and efforts

may be taken soon to reinforce the existing .
defenses.

* Near the mouth of the Columbia River, erosion
is threatening facilities at Washington’s Fort .
Canby State Park.

These examples highlight the importance of developing e
management alternatives for the Pacific coast that consider the
threats that climate change and sea level rise pose to both public
and private assets.

As noted previously, along the interior coast of Puget e
Sound, much of the shoreline has already been armored to
protect urban centers, residential development, and railroad

The management system places highest priority
on riverine flooding.

Legal barriers and constraints limit the
management system’s ability to incorporate
climate issues.

Floodplain mapping efforts are based on the
existing environment (100-year floodplain).

Management decisions are often based on
probabilistic, statistical, and historical analysis
of past events.

Climate issues are overshadowed by existing
and potential Endangered Species Act listings
of various salmonid species.

rights-of-way. Given the level of investment represented in many

of these more densely developed areas, threats from sea-level Given these primary findings, it appears that the
rise and flooding will likely be met by efforts to reinforce the coastal management system is not very adaptable to the
existing shoreline protection. However, such protectiveimplications of climate variability and change even to existing
measures could still prove costly. For example, a detaile¢threats of coastal flooding. When questioned about their
analysis of conditions along the waterfront in the City ofrespective levels of adaptability, the responses from the
Olympia suggests that existing shoreline protection will not bénterview participants ranged from a general feeling of
sufficient to safeguard some areas from inundation, if the morgdaptability, based on an ability to adapt within a moderate
aggressive projections of sea level rise prove to be accuratémeframe, to the response of “not very adaptable, flexible, or
Additional challenges will be posed by the potential for morerapidly capable of change.” It appears that the level of
frequent and widespread flooding as sea level rise compromisagaptability is closely linked with the time horizon within which
operation of the City’s stormwater system. agency planning is based. Emergency response planning is
therefore fairly sensitive, based on the fact that planning is a
constant and ongoing process within Washington's Emergency
Management Division. EMD does not view emergency
management as an event that happens when a siren goes off,
State and local officials are, to varying degrees, slow tdut instead as a process of constantly changing roles,
incorporate climate change response into their management sfsponsibilities, and circumstances based on hazards that exist
coastal resources, coastal hazards, or land use. This is likggday and those that may exist tomorrow. On the other end of
due to the inherent uncertainties of climate change scenarios 4 scale, however, are agencies with 10—20 year planning
well as the inertia seemingly built into institutional processediorizons. These agencies have a much harder time viewing
and arrangements. A series of interviews with coastal manageifseir management system as sensitive to climate and do not
shed light on the way they use (or do not use) climat#eadily see how a seasonal forecast, let alone a 20—50 year
information [78]. climate change scenario, may be of use in decision-making.
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It was especially striking that the majority of the The majority of the interview participants felt that
participatory agencies did not view climate changehey would be able to adapt their management and control
impacts, specifically with respect to long rangeefforts within a short time frame and could make use of
projections of coastal flooding, as a risk to the resourceg| Nifio forecasts. They were reluctant, however, to base
they manage. This lack of recognition is what undoubtedlyrreversible management decisions solely on 30—90 day
is limiting consideration of climate related impacts inclimate forecasts or forecasts of upcoming El Nifio events.
coastal flooding management in Washington State. ~ Their hesitation was based primarily on the fact that the

hypothetical example given was for a forecast for a cooler-
than-normal year [36]. Since such a year would reduce
5.5.2 Coastal Erosion Cordgrass growth, the response to such a forecast would
be to refrain from initiating new control activities that
The ongoing issues presented by the erosion on thgar. But managers were concerned that if they did so
southwest Washington coast are forcing the realizatioand the forecast turned out to be in error, they would be
that Shoreline Management Act (SMA) erosion policiesyorse off. The failure to control seedlings and new
need to be reexamined cooperatively between agenciggowth, for even one year, would represent a “lost cause”
in light of the changes in the natural system. The City ofn the eyes of the management community.
Ocean Shores is currently in the process of making Overall, participants were very receptive to the
procedural changes to their Shoreline Master Prograprospect of gaining a better understanding of the link
(SMP), and will begin considering significant land-usebetween climate and Cordgrass growth. They mentioned
in the near future. The SMP was originally adopted irthat funding from the State legislature was directed toward
1974, when the Southwest Washington coast was in agradication and control, and not for additional research;
era of more-or-less dependable shoreline accretion, buiiey hoped that projects such as the one being conducted
the system has now shifted to an era of localized erosiomy the JISAO research team could help bridge this gap.
and the City has realized that it does not have adequate
policies to address erosion. The timeliness of its planning
process, and erosion associated with the 1997—98 EINif®.5.4 Summary of institutional issues
event, should be creating the awareness needed to
facilitate consideration of climate variability and changeThe agencies that were interviewed exhibited various
factors into the management system. The Washingtoflegrees of actions to incorporate climate change factors
State Department of Ecology, recognizing that the broathto their decision-making process. Collectively, the
erosion policies of the SMA need to be updated, haagencies were aware of and were considering climate-related
included such measures in an updated implementingnpacts through particular governmental processes, but were
regulation. not necessarily identifying climate change as a causal
component for the principle issues of concern. Consequently,
they were generally not changing regulations or policies as a
5.5.3 Invasive species responseBecause of the inherent uncertainties of climate
change and lack of convincing evidence about the impacts,
Unlike many of the agencies that manage resourcethere is little motivation to initiate or adapt policies that will
impacted by coastal flooding and coastal erosion, thaddress climate factors.
Cordgrass management community is much more flexible The local planning department is able to respond
and adaptable on timescales of a few months to a fewirectly, because of the more regional level of government
years. County weed boards and other agencies witlhhich may allow greater flexibility in terms of making
management responsibilities for Spartina control ofterthanges in administrative rules or regulations through
adopt management plans on an annual basis. Contralaptations of the comprehensive plans. Many of the other
efforts, including the use of chemical and/or herbicidesagencies are simply unable to change in this nature due
are regularly planned on a day-to-day basis, as watep the limitations on their authority. Due to the extent of
quality protection guidelines limit application during high their regulatory jurisdiction, it is often beyond their
winds, high tides, and precipitation events. capacity to manage the resources.
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Because of the nature of the comprehensivevill only grow larger. Increased residential and
planning process, the one important strategy that aommercial densities along the ocean should be expected
planning department can undertake is to improve thé existing management policies remain unchanged.
manner in which geo-technical information is used in To date, few coastal communities have considered
approving developments and to create better standards attte potential threat posed by climate change and its
stricter criteria for reports through local plans. Based ompotential role in coastal planning. However, long-term
substantiated climatological forecasts, the geotechnicaconomic impacts and the range of future response actions
reports should take into account the landform andnay be dictated by planning decisions made now. Efforts
environmental conditions subjected to impacts fromto control or manage development may be essential for
climate change and then make statements about setbacksntrolling economic losses and minimizing future calls
or safety and building codes given that vulnerability. Plan$or expensive protection measures.
may also be developed to include site-based information Obviously, placing less property at risk in low-
including detailed descriptions of the types of buildinglying areas or on or downhill of unstable slopes would be
periods and flood zones that are appropriate. This wayhe primary means to reduce the impact of climate change.
assumptions that go into development of various site¥here appears to be little inclination to move in that
would be drastically improved. direction, however. Coastal property values continue to

Subsidies and support for development shouldncrease dramatically as society places a premium on
also be weighed according to the potential vulnerabilitiesttractive views and recreational access to the water. The
of particular regions and sites. Moreover, climatological‘collective disaster memory” is so short (say, two years)
information should be properly disseminated not only tahat people can rarely be persuaded permanently to
those who grant the support for development, but also tabandon dangerous property, even when their neighbors
the public who are buying into it. A system of have died in mudslides [9].

disincentives may therefore limit growth in hazardous One way to reduce the broad economic impacts
areas and avoid the scenario where governments have abcoastal erosion would be to assign to the property owner
react after-the-fact. more of the risk associated with building in the coastal

As our society continues to expand into regionszone. Purchasers or developers of coastal property could
with significant coastal hazards, the need for sustainelde required to have the property analyzed by a geologist
action taken to reduce or eliminate risks to people antb determine soil stability and risk from sea-level rise.
their property should be a priority. In addition, the neednsurers could then set premiums in keeping with the risk,
to find means to limit disaster costs is evident. Effectiveand the purchaser of a high-risk property would have to
forecasting as a method of cost-effective hazardlecide whether the gain is worth the risk.
mitigation may provide an answer. Identification of Beyond the considerations of minimizing
climate change as a causal component and consideratipnoperty loss as climate changes, it would be appropriate
of climate factors within management strategies is @o begin thinking about protecting coastal ecosystems.
necessity for proper planning that will eliminate the risksConsiderable work needs to be done before we understand
to resources. A proactive, avoidance strategy based onh@w these ecosystems would be affected by climate
heightened adaptability to climate changes mayhange, and therefore how best to protect them or to
circumvent the damages and save the entire managemenaximize their adaptability. One issue, the loss of
system from having to react to situations of great loss. wetlands to sea level rise, has been addressed on the east

While significant investments now exist in the coast by the concept of “rolling easements”[153].
coastal areas threatened by climate change and sea level
rise, the most serious challenges for managing economic
risks may be in controlling the pressure for additional
shorefront development. Although much of the coastline
still remains undeveloped, the coastal communities along
the Washington and Oregon coast have grown rapidly over
the past twenty years. If the regional economy continues
to thrive, the pressure for additional tourist development
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6 Comparison of Impacts of PDO and decreases in snow water equivalent later in the season.
Climate Change Therefore, comparing values at, say, April 15 would give

more dramatic results than the average shown here.

In the previous five sections we have outlined some of The streamflow value is for the April-September

the impacts of climate variability and change on thedverage and is taken from naturalized data at the Dalles

region’s water resources, salmon, forests, and coasts. .n(llélgures 22, 23) for the PDO portion of the figure and

. : om the model simulations by Hamlet and Lettenmaier
impacts of PDO are generally the same size or larger thi . .
the impacts of ENSO. It would be useful to compare th 0] (their table 7). As with snowpack, note that the PDO-

impacts of PDO also to the impacts of climate ChangereIated fluctuations are much larger than the fluctuations

This has been done in part in section 2.4 for the reliabilit)'/n precipitation. The PDO tends to have amplified

of various objectives in the management of the ColumbigSsPonse In the regionss water resources. Under climate
River Basin change scenarios, the average summer streamflow

Here, we compare the average value of sever ecomes like the drier decades in this century. Note,
quantities during the warm and cool phases of PDO. Th owevsr, ;haF thethchanges in the thﬁ/droFgraph a2r7e.n:rc]>re
averages are calculated over the warm (1925—45, 1g77gramatic during the summer months (Figure 27); the

95) and cool (1900—24, 1946—76) phases of the PDdApriI—September average masks some very large changes

after detrending the data. The results are expressed aéna\]une through September.

percentage of the average value (except fortemperatu\r/\e;g. h Tth?] fsalm|c_)|n dtat<|’=1 aGrf [)e(iords of Vt\/asl;nngljlton
Most of the data have been presented in this report. oho catch from Haret al. [61] but were not actually
also compare these to the values for the 2050s from Olﬁ){]esent.ed here, though the results are similar tc.) those
climate modeling work. The results are shown in FigureS own in Figure 36. The PDO clearly_has a.huge Impact
n the average salmon catch for this particular stock.

45. The fluctuations in annual average temperatur .
g b Other Washington stocks have a more muted response,

associated with the PDO, from Figure 11, are quite small, i Alaska stocks sh bi PDO-related
especially compared to the changes projected by th Ut many Alaska stocks show an even bigger -refate
uctuation). The future changes in salmon are purely

climate models. The value shown is the average of th : o ) .
seven scenarios for the 2050s; see Table 3. The PDépecglat.lve because it 'S not p_053|ble to eSt'mate
related fluctuations in annual precipitation are comparabl ganutatlvely how salmon will fare in the futu_re, butitis
to those for the climate models: note. however. that th airly clear that they face a hard road as the climate warms
models tend to produce wetter winters and drier summergl.nd summer streamflow drops.

The PDO snow depth fluctuations are average% For forest fires, the data are as presented in Figure
from January 15 to Aprill5 at Snoqualmie Pass. 8 and reflect average area burned (as a fraction of area

Washington, and are taken from the data used to produ(ggonitored) over Washington and Oregon. Future changes

Figure 21. Note how much bigger the variations are tha re p;J;e specullgt_lon, but tZere atr.e slcl)me :cndlcatlons th(?t
the variations in precipitation, because of the tendenc) restires could increase dramatically in frequency an

for PDO to produce winters that are either warm-dry o ntensity.
cool-wet. For the climate change value of snow depth,
we use the decline (averaged over the same period) in
snow water equivalent over the entire Columbia Basin as
reported in the work of Hamlet and Lettenmaier [60] (their
table 6). While this is clearly not the same as snow depth
at Snoqualmie Pass, it gives a rough idea of the magnitude
of snowpack changes. In fact, the average snow depth at
Snoqualmie Pass is likely to decrease much more than is
shown here, since in the model simulations the remaining
snowpack becomes increasingly concentrated at high
elevations (especially in Canada; see Figure 26). It is also
worth noting that Hamlet and Lettenmaier found larger
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7 Information Gaps and Research wet compared to other decades; this strongly affects the
conclusions concerning snowpack and water resources. It

Needs would be instructive to analyze the interannual and
interdecadal variability in these model scenarios. Changes
in the frequency, amplitude, and other characteristics of

ENSO and PDO could have as dramatic an effect on the

|m_portant que;nons remain unanswered. Sqme of the;e q{f‘%rthwest as the gradual changes in temperature.
science questions and some are policy questions. The list tha

follows, which is an update of that in Snoetral.[146], is by
no means exhaustive, but outlines some high-priority items th ) Climat Ivsi d dicti
should be pursued in order to complete the picture of how climate’ Imate analysis and prediction

impacts the Northwest and how the region can best prepare for . )
future climates. A crucial question for near-term (next few years) management

of natural resources is whether the PDO has changed
phase to the cool phase, or indeed whether the notion of
phase changes is truly applicable to the PDO.
Considerable work needs to be done by climate

) ) ) dynamicists to answer these questions. Gains in
Numerical modeling of the climate system can address manynderstanding of the behavior of North Pacific climate
pressing problems relevant to the Pacific Northwest. Ayoyld have enormous potential value.

regional integrated assessment relies on a range of climate It would also be very valuable to explore in more
models to generate broad-brush scenarios of climate changfstail the connections betwesammerclimate and PDO
but these scenarios must be applied at finer scale. The pogrg ENSO, with a view to improving predictability of
topography currently used in most climate models is & mmer climate in the PNW. Most work on seasonal
limitation to the quality of climate-change scenarios tha(/ariability and prediction, and most of our analyses, have
these models produce. Regional climate models, especiafycused on the winter season, because this is the season
when coupled to numerical models of the region’s riversyhen the connections are strongest and predictability is
estuaries, and coasts, may be able to address many typespfhest. But for water resource managers, many of the
questions. Some of these include how climate change couldqst troublesome aspects of their responsibilities are
affect smaller-scale processes like coastal upwelling, thSaIancing supply and demand during the summer, when
interaction of freshwater and saltwater in the estuaries, th{%ey must watch water dwindle in reservoirs without
nature of windstorms, and the frequency of rain-on—snovkno\,\,ing when autumn rains will begin to replenish the
events. _ _ _ _ _ reservoirs. Advance knowledge of the severity of the
Climate modeling with a high-resolution regional symmer or the timing of the onset of fall rains would be
model (see section 1.2.4) can improve the topography anghjyable. Analysis of past climate patterns (like those
many aspects of model climate, but the biases can be as kignnected with PDO and ENSO) may provide clues that
as in a global model, in large part because regional mode|$y,id enable us to make such predictions.
still rely on global models to provide fluxes of heat, moisture, Another line of research that ought to be
and momentum at the outer boundary of the regional modelngertaken concerns what is called thribution of
An alternative approach is to use a model with a stretchegdlimate change. As Figures 13 and 14 show, there are
grid [31], in effect giving a global model high resolution overgjgnificant trends in temperature and precipitation in the
one area, this approach is only practical for a major modelingorthwest. But are these caused by increasing
center, but may be a useful supplement to existing modelingsncentrations of greenhouse gases? We have made a first
tools at such centers. . . attempt to attribute them to natural climate variations,
In our analysis of climate model scenarios, we havg§inding that a small but significant fraction of the trend
mostly used decadal averages. But these averages can magk pe explained by the PDO (see page 16). However, it
important aspects of how climate scenarios play outin timeyoy|d be useful to know whether this warming is indeed
see Figure 19. To give a more specific example, in the Hadlgye |ocal signal of global warming. Future policy decisions
scenario, the decade of the 2020s happens to be unusuallythe regional level may be more palatable if scientists
85
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can say with some level of confidence that the observed As a general issue for any quantitative analysis
warming can be attributed to human activity. At presentpf changes in natural resources, it would be extremely
attribution has only been successful at spatial scales largealuable to compare the impacts of climate change to
than that of the Pacific Northwest. those of observed variability in more depth than was done
Because many of the most important impacts ofn the previous section. The methods of Huleteal.[71]
climate depend not on the means but on the extremes,oéfer an elegant way to do this, and could be applied to
line of research we are beginning to follow focuses omur quantitative regional modeling work (mainly in
the climatology of extreme events. Lowland snowstormshydrology) and also to the forest modeling performed in
wind storms, damaging ocean waves and crop-damagingnnection with the National Assessment.
frosts are examples of extreme events. Perhaps the most critical research need in this
Many important aspects of the environment arearea, however, concerns the role of climate variability and
not well-monitored, like the soil moisture. Seasonalchange on the open-ocean phase of the lifecycle of
forecasts of climate and streamflow would be moresalmon. The archival-tag data discussed in section 3.3
successful if a monitoring system were put in place. offer a promising new source of information about the
A final aspect of regional climate that could bebehavior of salmon in the open ocean, which is already
better understood is its long-term history. We havdeading to new insights. Nonetheless, we are a long way
reported above (in section 1.1.5) on a few attempts terom understanding how climate affects salmon and
reconstruct the climate of the PNW before theecosystems in the ocean, and salmon recovery plans
instrumental record began, but much more work needs t@urrently being discussed) would benefit tremendously
be done to understand the full range of natural climatérom an improved understanding in this area.
variability and, to the extent possible in such data, the
impacts that past climate variations have had. This may
also help get at the problem of attribution mentionedy 4 Policy Implications
above.

In sections 2.5, 3.5, 4.5, and 5.5, we suggested a wide
range of possible coping options, but none of these have
7.3 Impacts of Climate on Natural pee_n a.nalyzed in any detail. E)_(tensive socioeconomic,
Resources mstltut!onal, _and policy analysis _needs to be. done to
determine which are the most feasible, economically and

While the Cli | G h ifiod olitically, and to determine the best approach to
ile the Climate Impacts Group has quantifie Some of\ylementing them.

the connections between climate variations and certain A prime example is the idea of water markets in

aspects of natural resources, much work remains 10 B - ympia Basin. We pointed out that in the present

done. In particular, the direct and indirect impacts Ofsystem of water allocation, shortages in summer water

climate on Northwest forests needs to be analyzed furtheéupply fall disproportionately on some users while other

and we have made great strides in collecting the dat@sers receive their full amount. Introducing a system of

needgd _to . th_|s. very I|ttle. work has b(_agn done Mvater markets would encourage conservation and would
q“?”“fy'”g the impacts of climate variability on the promote water going to its highest-value uses. However,
region’s coasts. it would overturn decades of practice and would place a

Apar.t from the an.aIyS|s of how climate Chang_eheavy burden on certain users of water. Considerable
and population growth will affect demand for water in nalysis needs to be done to determine the full impacts

Portland (section 2.4.3), we have not considere f such a shift, and to determine the best way to

quantitatively how population growth will affect the compensate those who would lose in such a shift.
natural resources that are also affected by climate change. In order to understand these issues fully, more

The implications of shifts in consumption patterns,, ork needs to be done in understanding institutional

transportation requirements, land-use planning, and S(f?esign and adaptation in the face of anticipated changes

L?ir;qhétgeed to be explored in the context of a changmgn climate. Existing rules and governance structures are
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||ke|y to perSiSt well into the future and will be of Fina”y, throughout our lists of Coping Options in
overriding importance as the region reacts to climatghe abovementioned sections, a theme was the need for a
extremes and climate change. The status quo is, as Ogggional climate service which would provide relevant
analysis showed, often inadequate if notand timely information concerning climate fluctuations
counterproductive in dealing with extremes and changeand trends on a variety of timescales. Such a service would
The focus must therefore be on developing theyso maintain an active dialog with users of the
institutional infrastructure and CapaCitieS to implemen‘information in an ongoing assessment of the impacts of

the kinds of policies that may be enacted in response {Qjmate variability and change in the Pacific Northwest.
climate change. Since so many aspects are water-

dependent, we need to pay particular attention to systems
and assumptions underlying water allocation procedures.

For water resources and salmon, and to a lesser
extent forests and coasts, binational issues with Canada
are of considerable importance and need to be examined.
For example, the hydrological modeling work (see Figure
26) suggests that as the region warms, a greater proportion
of the Columbia Basin’s snowpack will lie in Canada.
What are the policy implications of such a shift, especially
if Canada were to seek to address its own climate-change
related problems by changing the patterns of water
storage? Another example concerns salmon. Already,
binational conflicts over certain salmon runs have led to
heated confrontations both on land and at sea. The U.S.
and Canada recently signed an agreement concerning
salmon, the Pacific Salmon Treaty, after many years of
difficult negotiations. Some of these issues have been
addressed by Cohegt al.[23], but more work remains to
be done.

Another aspect of policy work that should be
addressed is the interactions between sectors. Again,
Cohenet al.[23] has examined in some detail the inter-
sectoral conflicts and opportunities in the Columbia River
Basin. A prime example not discussed there concerns the
question currently under debate about whether to remove
four dams from the lower Snake River in order to improve
the viability of salmon there. Our “coping options” for
giving salmon the best chance at surviving climate change
focus on restoring salmon habitat, which imply removing
some dams. But in our coping options for water resources,
we suggest increasing storage, which implies preserving
dams and perhaps even building more dams (though there
are few remaining usable sites for new dams). Because
we were simply listing some policy options, we have not
sought to resolve such apparent conflicts in our coping
options, but clearly this should be a priority before
reaching a decision about removing the dams.
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precipitation can be evaluated by using a subset of the US
HCN monthly data, which is based on 1221 stations across
the conterminous U.S. and 46 stations in Alaska. In the PNW
there are 113 stations, and 90% of the records go back at
leastto 1915. In the HCN data set used here, inhomogeneities
in the data record (e.g., due to station relocations or
instrument changes) have been removed, and the component
of trends attributable to urbanization has also been removed
[81]. For trend analysis we first average the station data by
climate division, then form a regional average by area-
weighting the climate-division results, and finally calculate
the linear trend.

The climate division data are made up of all
reporting measurements within a geographic area, aggregated
by month. Climate divisions are used to group observations
in climatically similar sections of each state, as shown for
Figgre 46. _Climate divisions for the state of Oregon. Source:Icl:lllijrig?:\/;ivﬁgirgr?ssﬁi I\r;vzlsghl?:;;?] j‘oerOirr(]eglzr;.hzlearsdage i%]O
National Climate Data Center Oregon, for a regional total of 29. To form a regional average,
we area-weight the climate division data. See
http://www.cdc.noaa.gov/USclimate/USclimdivs.html for

Part Ill information and maps; see
http://www.wrcc.dri.edu/spi/divplotlmap.html to examine
AppendiceS time series for a specific climate division.

For both datasets, the stations are disproportionately

located at lower elevations. For example, the highest HCN

station is at Crater Lake, Oregon, with an elevation of 6475

A Climate Data feet (1962m), and only 7 stations are located above 5000
feet (1515m); a substantial fraction of the state of Idaho, and

. . o .. . parts of Oregon and Washington, lie above this elevation.
We use two primary sources of climate data: climate divisiorn_, . . S . . .
his elevational bias in station location probably introduces

(CD) data and historical climate network (HCN) data. HCNa warm bias to the area-average temperature and a dry bias

data are individual stations with long records; climate S oo
L . o . to the area-average precipitation (K. Redmond, pers.
division data are aggregates of available data within a given o : .
. communication, 1999). These biases are unlikely to affect

geographic area and are meant to represent average values ; : .
.oUr results substantially. Mapping programs that take into

over that area (see Figure 46 for the climate divisions mccount clevation and slobe. like the one used to produce
Oregon). We use HCN data for trend analysis and CD dat% Pe, P

L L ! . Figure 2, offer a more realistic view of the spatial variations

for studying interannual variability and for forming spatial . o ,
averages. in precipitation especially.

The HCN data séf{82] provide the best data for
analysis of trends over the twentieth century, especially when
averaged across climate divisions (see below). For monthly
mean temperatures, the adjusted data are preferred, but for
precipitation, unadjusted climate division data are preferred
and have been used with success. These data will be available
on the NCDC home page. Trends of daily temperature and

For more details, see
http://www.ncdc.noaa.gov/ol/climate/research/ushcn/ushen.html
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B Methods Processing of climate model output

Because of the coarse resolution of the climate models,
we do not believe that any reliable information can be
B.1 Climate analysis gained from the spatial variations within a region the size
of the PNW. Model output is therefore spatially
aggregated before plotting. Because this was done largely
in support of the hydrological modeling, the region over
which it was performed was in fact the Columbia River
Basin (CRB), not the three-state region which we define
s the PNW. We do not expect the differences between
pe model output over the CRB and the PNW to be

Empirical orthogonal functions

Empirical orthogonal function, or EOF analysis, is
commonly used in the atmospheric sciences to identif
coherent patterns of variation in data. It produces spati X :
patterns (EOFs) that are ranked according to the fractiofi€@ningfully different. o

of total variance they explain. Associated with each EOF For both temperature and precipitation, 10-year

is a principal component time series (PC), whose meafiverages for the 2020s, 2050s, and 2090s from model

value is zero, that describes how well the EOF pattern i@UtPut for each calendar month are compared to output
correlated with the observed pattern at a given time. (A0M & control (constant, pre-industrial QGimulation.
an illustration of the difference between EOFs and pPCd;0r temperature, the comparison is a difference, while for

see the spatial patterns and time series, respectively, Rf€CiPitation, the comparison is a ratio. Spatially-

Figure 6.) For example, suppose we have a simple datastddregated changes are formed by simply averaging the
of temperature at five stationd, (n,t), whereT is model changes over the CRB. To convert the precipitation

temperaturen represents the station, andienotes the ratios into inches as shown in Figure 14, the area-averaged

time of observation. EOF analysis would generate patterd§0del ratio is applied to the area-averaged monthly

showing coherent variations in temperature among th&limatological value from observations (Figure 3).

five stations; for example, if the stations were in the same

region, the first EOF would probably highlight the

tendency for all stations to be warm or cool at the samB.2  Interviews of resource managers

time. The PC (which represents the time component) in

that case would show when all the stations were warmex series of interviews were conducted by Bridget

or cooler than normal. The second EOF might highlightCallahan, David Fluharty, and Edward Miles. For brevity

the subtler tendency for two stations to vary together ande discuss here only the interviews of water resources

in opposition to the other three. This EOF would also havenanagers [19]; the methods, questions, and variety of

its own PC, showing the times when this tendency wamterviewees were similar for other sectors.

exhibited in the data. For the water resources sector, the interviewers
EOF analysis can also be performed on datasetsonducted 31 interviews of forecasters and water

consisting of different types of variables, provided themanagers at 28 different organizations in the Pacific

variables are first normalized (divided by their standardNorthwest. Interviewees included individuals and groups

deviation). EOFs can identify the dominant patterns obf planners, hydrologists, engineers, climatologists,

correlation across different variables. For example, EOfregulators, and analysts in private, municipal, state,

analysis of the five stations mentioned in the previousederal, and tribal organizations. Each interview began

paragraph could also include precipitation. If temperaturevith a description of the Climate Impacts Group and its

tended to be negatively correlated with precipitation, EORgoals.

analysis would reveal a tendency for warm days to be dry The interview questions were fairly extensive,

and cool days to be wet at all stations. and are summarized here by theme. Some are applicable
The results of the EOF analysis performed herenly to certain interviewees (e.g., number 5 only for those

are discussed in section 1.1.1. who make some kind of forecast themselves).
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What are the major tasks and responsibilities of
your organization? From what legislation does
its authority derive?

What is the size of your organization and of its
scientific staff? Does it have the technical
capacity either to produce or use climate (>30
day) forecasts? Does your organization need
climate information?

What are the most important jobs you perform
in managing water resources?

What have been the most important issues you
have faced recently? Have they been
characterized by conflict or consensus?

If you make forecasts, describe the technique you
use and the interactions with the users of
forecasts.

How important are the seasonal forecasts issued
by the National Centers for Environmental
Prediction? How do you respond to them for
providing water supply and/or water quality?

In what form do you receive seasonal forecasts
and how are they used in making decisions? What
factors limit your use of forecasts?

How sensitive and how vulnerable to climate are
the resources that you manage?
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C Models used for regional analysis MPI | o
The MPI/DKRZ ECHAM4/OPYC3 transient scenario is

derived from a coupled atmosphere-ocean general
circulation model with transient greenhouse and sulfate
aerosol forcing (1S92a equivalent G@nd sulfate

aerosols). The horizontal resolution was T42

Several_cllmate model runs have been used here. The “f!r§ approximately 2.8° x 2.8°) and the model had 19 levels
generation (1995 models) are from the Max-Planck Institl the vertical. Unfortunately, a data storage problem

fur Meteorologie (MP1) [137], UK Hadley Centre (HC) [75], meant that the results for the 2050s were not available
and Geophysical Fluid Dynamics Laboratory [100]. The 199%0 we have used the 2040s instead '

model runs came from the Canadian Climate Centre Model
(CCCQC) [12], HC [75], MPI [137], and GFDL [100]. Many of

the 1998 models were run at least twice with the same forcin@FDL
but different initial conditions; we use only the first ensemble

member each time. The GFDL transient scenario is derived from a coupled

The CCC and HC model runs used here have beegm‘tmosphere—ocean general circulation model with

validated against observations fqr the US [32]. The CCC Transient greenhouse and sulfate aerosol forcing (1%/yr
to.o cool by seyeral degrees Celsius over much of_the West tRcrease in equivalent CWith 1S92a sulfate aerosols).
winter and spring, and is too warm over the PNW in summe he horizontal resolution was R30 truncation in spectral

The HC model generally has a cool bias over the west in all ace (3.75° x $2.25°) and the model had 14 levels in the
seasons; in winter, the PNW lies between an area of co0k rtical ' '

bias to the south and an area of warm bias to the north.
Precipitation is substantially overestimated in both models
all year east of the Cascades, more so in CCC than HC. Comparison of the climate models’ configuration

C.1 Climate models

The HC and MPI models have somewhat higher horizontal
and vertical resolution than the other two, and also use a
more elaborate land surface scheme. All four of the
odels are coupled to an ocean model and use flux
djustment, a common technique for preventing climate
rift in coupled models. The CCC model uses a sea ice

IPCC o 2 1S92a). The CGCML ti - model with thermodynamic equations only, whereas the
emissions scenario a). The time periodor three use dynamic and thermodynamic equations.

is 1850—2100. The horizontal resolution was T31 truncatioq_he HC and MPI models have a sensitivity (global average
in spectral space (approximately 3.75" x $3.75)) and thg, e rature change for equilibrium experiments with

model had 10 vertical levels. doubled CQ) of 2.6°C, while the CCC and GFDL models
have higher sensitivity, 3.5°C and 3.4°C respectively.

CCC

The CCC CGCM1 transient scenario is derived from
coupled atmosphere-ocean general circulation model wit
transient greenhouse and sulfate aerosol forcing (1%/yd
increase in equivalent C@With sulfate aerosols from the

HC C.2 Models used for evaluating the effects

The UKMO Hadley Centre HADCM2 transient scenario is of climate on the Columbia Basin

derived from a coupled atmosphere-ocean general circulation

model with transient greenhouse and sulfate aerosol forcinghe modeling package shown in Figure 47 was
(1%lyr increase in equivalent GQuith 1S92a sulfate constructed to evaluate a broad range of effects on
aerosols). The HADCM2 time period is 1860—2099.Columbia Basin hydrology and water resources associated
HADCM2 is a grid-point model with a horizontal resolution With climate variability and climate change.

of 2.5° latitude x 3.75° longitude, and the model had 19=ach of these models can be run individually using
vertical levels. observed data, or may be linked together to provide a fully
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integrated simulation of the climate/hydrology/waterC.3 PWB econometric model

resources system. The mesoscale climate model used in

this package was developed and implemented bYhe Portland Water Bureau econometric model represents

researchers at Pacific Northwest National Labs based atemand for water over the entire service area. The model

the MM5 weather model. A primary feature of this modelcan be represented by the multiplicative equation

is a sub-grid parameterization for the distribution of

precipitation that captures more of the spatial variability D = aeSWEe"de

of precipitation associated with the complex PNW

topography [92, 93, 94]. The model can be implementewhereD is demandS represents the seasonal variation in

at various spatial resolutions, and is typically run at aboudemandWis a weather variablé is an economic variable.

60-90 km resolution, although higher resolutions arel he variabled,  consists of two indicator terms representing

possible. The Variable Infiltration Capacity (VIC) macro- on-smooth changes: one represents the sharp increase in

scale hydrology model was developed at the Universit§°n3ervat'°” after 1992, and the other represents the

of Washington 97. The model has been used to construffonounced weekly cycle of demand (lower on weekends).

daily timestep simulation tools for a number of riverPaSt data are used to detgrmlne _the model variables.

basins in the United States, Europe, and S.E. Asia, and .. The. sgasonal yanables mlthe mpdel are a set of

. . continuous indicator variables (Fourier series) which account
has been implemented at 1-degree resolution for th . .
Columbia Basin [116]. This 1-degree implementation o or s.easonal_changes in demand. The.weathgr.va_rlable.s are
) maximum daily temperature and total daily precipitation, with

the model has been used for all of the eXperimenty, ious lags. They are present in the form of deviation from

described here. _ _ the respective historical averages for the period 1940—1998.
The ColSim model is a monthly-timestep Thjs approach to generating weather variables allows the

reservoir model that incorporates the major projects andenaration of seasonal influences from changes in demand

operational features of the Columbia basin, and wagtriputed to day-to-day weather conditions. As a result, the

constructed as a research tool for the experimentseasonal changes in demand are explained by the seasonal
described here. The domain of the model is from Micaariables alone.

Dam in British Columbia, near the headwaters of the To apply the two-stage forecasting procedure
Columbia, to Bonneville Dam near the mouth of the riverdescribed on page 43 to the climate-change scenario, we first
It includes many of the major tributaries: the Kootenai,adjust the average temperature and second apply a specific
Pend Oreille, Clark Fork, and Snake River systems. Theeather year. We must take this approach because the model
dams on the Yakima and Spokane rivers, however, are ndbes not have a mechanism for directly adding changes in
simulated. annual average temperature and precipitation. We focus on
The input of the model is streamflow, month-by- the peak season for demand (June—September) and construct
month, for a given year, whether from observations (ir{hree scenarios for input to the demand model, bracketing
which case the unregu|ated or “Virgin” flow is used) Orthe seven Climate ScenariOS Outlined in SeCtion 1.2.1. The
from the hydrology model driven by output from a climatefirst scenario is a “best-case” scenario composed of (1) the
model. ColSim can thus be used to explore reliabilitﬂargeSt increase in summer precipitation combined with the

under hypothetical conditions like the climate of thesmallest increase in summer temperature (HC model), and
2050's. (2) a weather year (1948) whose June—September and

January—May precipitation anomalies are closest to those
of the HC simulation. The “worst-case” scenario has the
largest decrease in summer precipitation (early MPI
simulation) and largest increase in summer temperature (early
'GFDL simulation), combined with a year (1991) whose
r]]une—September and January—May precipitation anomalies
are cbsest to those of the MPI simulation. Finally, the

The outputs of the model are the reliability of the
following flow targets: flood control, hydropower
production (both firm and non-firm), agricultural
diversions from the middle Snake River, navigation
recreation, and instream flows for fish. More details ca
be found in Mileset al. [105].
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Monthly Temperature and
Precipitation Changes from
Global Climate Model
Simulations

ColSim
Reservoir
Model

VIC

Evapotransporation
(canopy and soil layers)

Routing Model

Base Flow

Tnter-layer Infiltration

Figure 47. Hydrological modeling system used in this study.

“average” scenario has the average temperature change of In using this approach, we assume implicitly that
all the models and a year (1980) whose precipitation wathe daily temperature variations within the peak season are
close to normal. not affected by long-term climate changes. Rather, this
With representative weather years selected aapproach adjusts all temperatures during the peak season in
described, we add temperature adjustments to bring each afcordance with the projected overall rise in summertime
the years up to the lowest, average, and highest averatgmperatures. These adjusted temperature figures were used
temperature changes from the seven model scenarios. Tleegenerate the weather variables used for the demand forecast

temperature adjustments for the three scenarios were 3.67fEyisions.
4.83°F, and 6.72°F. To use these adjustments in the yearly
peak-season weather data from the econometric model, the
following process was followed:

* The average maximum daily temperature
over the peak season was computed for each
of the three years selected;

* The seasonal averages were increased for
each year by the amounts just mentioned

* The adjusted averages were proportionately
distributed to the proper days in the peak
season.
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D Population projections

As part of the National Assessment, NPA Data Services, Inc.
has produced three alternate scenario projections for
population and economic activity for the period 1997—2050.

These projections are described in more detail in two
documents issued by NPA [149, 150], which documents are
summarized briefly here. We use here only the population
projections.

The projections are available at several levels of
spatial aggregation, from the level of counties and metropolitan
statistical areas up to the whole USA. We have used the county
data to form aggregates as indicated in Figure 4.

The three projections differ only in the choice of
national-level assumptions and are intended to span the range
of plausible outcomes. The high-growth scenario assumes
robust growth in productivity and output fueled in part by
vigorous immigration. The low-growth scenario projects
stagnating population and economic growth and sharply
curtailed immigration. The following key variables and
assumptions are used in generating the population growth
scenarios:

1. Birth rate. Based on high and low projections
by the Bureau of Census in 1996.

2. Death rate. Also from Bureau of Census; rates
for all three scenarios are the same after 2025.

3. Immigration. The high projection assumes
that immigration will continue to increase at
the rate that it did from 1987 to 1997; the
low projection assumes a constant
immigration of 300,000 per year.

From 1997 to 2050, the population of the USA grows from
267 million to 510 million for the high-growth scenario, 409
million for the baseline scenario, and 316 million for the low-
growth scenario.

The interested reader may contact NPA for more information:
NPA Data Services, Inc.

1424 16th Street NW, Suite 700
Washington, DC 20036
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E National Assessment

The Global Change Research Act of 1990 [Public Law 101-

606] gave voice to early scientific findings that human activitie
were starting to change the global climate:

1. Industrial, agricultural, and other human
activities, coupled with an expanding world
population, are contributing to processes of
global change that may significantly alter the
Earth habitat within a few generations

. Such human-induced changes, in conjunction
with natural fluctuations, may lead to
significant global warming and thus alter world
climate patterns and increase global sea levels.
Over the next century, these consequences
could adversely affect world agricultural and
marine production, coastal habitability,
biological diversity, human health, and global
economic and social well-being.

S

The USGCRP’s National Assessment of the Potential
Consequences of Climate Variability and Change, which is
focused most intensely on answering the question about why
we should care about and how we might effectively prepare for
climate variability and change, is being conducted under the
provisions of this Act.

The overall goal of the National Assessment is to
analyze and evaluate what is known about the potential
consequences of climate variability and change for the Nation
in the context of other pressures on the public, the environment,
and the Nation’s resources. The National Assessment process
has been broadly inclusive, drawing on inputs from academia,
government, the public and private sectors, and interested
citizens. Starting with broad public concerns about the
environment, the Assessment is exploring the degree to which
existing and future variations and changes in climate might affect
issues that people care about. A short list of questions has guided
the process as the Assessment has focused on regional concerns
around the US and national concerns for particular sectors:

What are the current environmental stresses and
issues that form the backdrop for potential
additional impacts of climate change?

To address these new findings, Congress established
the U.S. Global Change Research Program (USGCRP) and
instructed the Federal research agencies to cooperate in
developing and coordinating “a comprehensive and integrated
United States research program which will assist the Nation,
and the world to understand, assess, predict, and respond to
human-induced and natural process of global change.” Further,
the Congress mandated that the USGCRP “shall prepare and
submit to the President and the Congress an assessment which

1. integrates, evaluates, and interprets the findings of the
Program and discusses the scientific uncertainties
associated with such findings;

. analyzes the effects of global change on the natural
environment, agriculture, energyqguiuctionand use,
land and water resources, transportation, human
health andwelfare, human social systems, and
biological diversity; and

inducted and natural, and projects major trends for the
subsequent 25 to 100 years.”
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How might climate variability and change
exacerbate or ameliorate existing problems?
What new problems and issues might arise?

What are the priority research and information
needs that can better prepare the public and
policy makers for reaching informed decisions
related to climate variability and change? What
research is most important to complete over the
short term? Over the long term?

What coping options exist that can build
resilience to current environmental stresses, and
also possibly lessen the impacts of climate
change?

The National Assessment has three major components:

1. Regional analyses: Workshops and assessments are

characterizing the potential consequences of climate variability
and change in selected regions spanning the US. The reports
Nrom these activities address the interests of those in the
particular regions by focusing on the regional patterns and
texture of changes where people live. Most workshop reports



are already available (see http://www.nacc.usgcrp.gov) and
assessment reports will start to become available in late 1999.

2. Sectoral analyses: Workshops and assessments are
being carried out to characterize the potential consequences
of climate variability and change for major sectors that cut
across environmental, economic, and societal interests. The
sectoral studies analyze how the consequences in each region
affect the Nation, making these reports national in scope and
of interest to everyone. The sectors being focused on in this
first phase of the ongoing National Assessment include
Agriculture, Forests, Human Health, Water, and Coastal Areas
and Marine Resources, and Native Peoples/Native
Homelands. Assessment reports will start to become available
in late 1999.

3. National overview: The National Assessment
Synthesis Team has responsibility for summarizing and
integrating the findings of the regional and sectoral studies
and then drawing conclusions about the importance of climate
change and variability for the United States. Their report is
to be available by spring 2000.

Each of the regional, sectoral, and synthesis
activities is being led by a team comprised of experts from
both the public and private sectors, from universities and
government, and from the spectrum of stakeholder
communities. These teams are supported in a shared manner
by the set of USGCRP agencies, including the departments
of Agriculture, Commerce (National Oceanic and
Atmospheric Administration), Energy, Health and Human
Services, and Interior plus the Environmental Protection
Agency, National Aeronautics and Space Administration, and
the National Science Foundation. Through this involvement,
the USGCRP is hopeful that broad understanding of the issue
and its importance for the Nation will be gained and that the
full range of perspectives about how best to respond will be
aired. Extensive information about the assessment,
participants on the various assessment teams and groups, and
links to the activities of the various regions and sectors are
available over the Web at http://www.nacc.usgcrp.gov or by
inquiry to the Global Change Research Information Office,
PO Box 1000, 61 Route 9W, Palisades, New York 10964.
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