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EXECUTIVE SUMMARY

This Phase 1 draft final report provides a fager compilation of what is knownand not knowd

about climate change effects on freshwater aquatic and riparian ecosystems inrégehgeegtent of

the North Pacific Landscape Conservation Cooperative (NPLCC). The U.S. Fish and Wildlife Service
fundedthis report to help inform members of the newly established NPLCC as they assess priorities and
begin operations. Production of thipogt was guided byniversity of Washingtod €limate Impacts
Groupand information was drawn from more than 250 documents and more than 100 interviews. A final
report will be published in 2012 following convening of expert focus groups under Phadeidl of t

project.

Information in this report focuses on the NPLCC region, which extends from Kenai Peninsula in
southcentral Alaska to Bodega Bay in northwestern California, west of the Cascade Mountain Range and
Coast Mountains. The extent of the NPLCC readtiasd up to 150 miles (~240 km) and thus only
includesthe lower extent ofmostlargewatersheds. This area is home to iconic salmon, productive river,
lake, and wetland systems, and a wide variety of fish, wildlife, amphibians, and other organismst Many
these species, habitats, and ecosystems are already experiencing the effects of a changing climate.

Carbon Dioxide Concentrations, Temperature, and Precipitation

Increased atmosphegarbon dioxide€CO,)c ont ri butes to t heeadiagitot hds gr ee
increased air temperature, altered precipitation patterns, and consequent effects for biophysical processes,
ecosystems, and species.

e Atmospheric CO,concentrations have increasetb ~392 parts per million (pprhjrom the
preindustrial value oR78 ppn? higher than any level in the past 650,000 yé&g.2100,CO,
concentrations are projected to exceed ~600 ppm and may exceed 1000 ppm.

¢ Annual average temperatures have increase€ll-2°F (~056-1.1°C) from coastal British
Columbia to northwestarCalifornia over the 20century and 3.4F (~1.9°C) in Alaska from
1949 t02009° Winter temperatures increased most®B.@8.4°C) in Alaskd and ranging from
1.8 to 3.3F (1.0-1.83°C) in the remainder of the regi8iBy 2100, the range of projectadnual
increases varies from 2.7 to 13°F (Z.8°C), with the largest increases projected in Aldska.
Seasonally, winter temperatures will continue to warm most in Afdsidaile summers are
projected to warm most in the remainder of the region9aFF, 1.55.0°C).!* These changes are
projected to reduce snowpatknd summer streamflol¥jncrease water temperatutand will
likely lead to increasing physiological stress on temperatemsitive specie$,drying of alpine
ponds and wetlands, and redutedbitat quality for dependent reptiles and amphibtans.

e Seasonal precipitation varies but is generally wetter in winterCool season precipitation (Gct
March) increased 2.17 inches (5.51 cm) in Alaska fronpém®ds 19712000 to 19812010 In
Washington and Oregowinter precipitation (JaiMarch) increased 2.47 inches (6.27 cm) from
1920 to 2000° In California, winter precipitation increased between 1925 and 2a@8ie in
British Columbia both increases and decreases in winter pratipit were observed, depending
on the time period studié@increased cool season pretipion raised winter flood riskh much
of the Puget Sound basin and coastal areas of Washington, Oregon, and C&li@vaiahe 21
Century, winter and fall pregitation is projected to increase 6 to 11% in BC and 8% in
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Washington and Oregowhile summer precipitation is projected to decrea8¢a-13% in BC
and-14% in WA and ORJ? In southeast Alaska, however, warm season precipitation is projected
to increas 5.7%% These changes have implications for future patterns of winter flooding and
summer low flows and will affect the water quality and supply that freshwater species rely
upon?

Impacts of climate change on freshwateaquatic and riparian systems

Increases in C@and air temperature, combined with changing precipitation patterns, are already altering
numerous conditions, processes, and interactions in freshwater aquatic and riparian ecosystems. In most
cases, these trends are projected to continue.

e Reduced snowfall and snowpackespecially at lower and mid elevationdn Juneau (AK)
winter snowfall decreased ~15%, or nearly 1.5 feet (~0.45 m) between 1943 arfd|20D8
Cascade Mountainapril 1 snow water equivalenSYWE) hasdeclined 16% to 25% since
1930 And in thelower Klamath Basin (CA)April 1 SWE decreased significantly at most
monitoring sitesower than 5,905 feet (1,800) butincreased slightly at higher elevatidfigy
2059, April 1 SWE is projected to declifrem 28%° upto 46%°in the NPLCC region. A 73%
decline in snow accumulation is projected for
atmospheric Coconcentrationé! For all but the highest elevation basins, loss of winter
snowpack is projected to result in reddsummer streamflow, transforming many perennial
streams into intermittent streams and reducing available habitat for fish, amphibians, and
invertebrates dependent on constant flow and associated wetland coriflitions.

e Earlier spring runoff: In the NPLCC rgion, thetiming of the center of mass of annual
streamflow (CT) shifted one to four weeks earlier and snow began tappetiximatelyl0 to
30days earlier from 1948 to 2062From 1995 to 2099, CT is projected to shift 30 to 40 days
earlier inWashington, Oregon and Northern Califoraiad 10 to 20 days earlier in Alaska and
western Canad¥.Both the spring freshet and spring peak flows are projected to occur earlier for
basins currently dominated by glaciers, snow, or a mix of rain and 8nevcurrently rain
dominant basinsunoff patterns will likely mimic projected precipitation chand®s
snowmeltdominant streams where the seaward migration of Pacific salmon has evolved to
match the timing of peak snowmelt flows, reductions in sprimgsnowmelt may negatively
impact the success of smolt migratidhs.

¢ Increased winter streamflow and flooding:In six glaciated basins in the North Cascades, mean
winter streamflow (NosMarch) increased 13.8%om 1963 to 2003° Winter streamflow also
increased in nofrain-dominated basins in British Columbia and the Pacific Northwest from 1956
to 2006% In the western U.S. from ~1975 to 2003, flood risk increased ird@iminant and
particularly in warmer mixed raisnowdominant basins, and probably remed unchanged in
many snowmeltand cooler mixedain-snowdominant basins in the interifUnder a warmer
future climate with increased rainfall and decreased snowfall, winter streamflow and flood risk
will increase, particularly for mixed ranow basis in the regiod! At Ross Dam on the Skagit
River (WA), the magnitude of 5¢earreturn flood events is projected to increase 15% by the
2040s(compared to 1918006)** The eggto-fry survival rates for pink, chum, sockeye,
Chinook, and coho salmon wilelmegatively impacted as more intense and frequent winter
floods wash away the gravel beds salmon use as nestin§’sites.
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e Decreased summer streamflowtn the Pacific Northwest, northwestern California, and coastal
British Columbia thosewatersheds receiving some winter precipitation as snqerienced a
decrease isummer streamflow from 3% to more than 40% between 1942 and2Bp&100,
further declines in the number and magnitude of summer low flow days are projected throughout
theregion®l n  Wa s h i n gnd mired sirsmow basins, the-day low flow magnitude is
projected to decline by up to 50% by the 2080Brojected declines in summer streamflow will
reduce the capacity of freshwater to dilute pollutAh®mbined withincreased summer stream
temperature, this will reduce habitat quality and quantity for sttgpsChinook and coho
salmon, steelhead, and other freshwater fi¢hes.

¢ Reduced glacier size and abundance in most of the regidfifty-three glaciers have
disapeared in the North Cascades since the 185flaciers in the Oregon Cascades lost 40% to
60% of their area from 1901 to 208and the Lemon Glacier near Juneau (AK) retreated more
than 2600 feet (792 m) from 1953 to 1998lowever, in California, Mt. Sast a6s gl aci er s
exhibitedterminal advance and little change in ice volua®increased temperatures were
counteracted bincreased winter snow accumulatirLimited projections for the Z'icentury
indicate glacial area losses of 30% to 75% in parte@NPLCC regiori: The Hotlum glacier on
Mt. Shasta is projected to disappear by 208&here the contribution of glacial meltwater to
streamflow is reduced or eliminated, the frequency and duration of low flow days is projected to
increase? raising strem temperature and suspended sediment concentrations and altering water
chemistry?®

e Increased water temperature:Observed increases in lake and river temperatures are generally
projected to continue, exceeding the threshold for salmon survival inaseias of the NPLCC
region.Annual average water temperature in Lake Washington increased ~1.6°F (0.9°C) from
1964 to 1998’ In Johnson CreefOR) water temperatureariability increased over a recent-10
year periogdsuggestinghat streameemperatures fragently exceed the locttiresholdevel of
64.4°F (18°C)? In western Washington, simulationsrofiximum August stream temperatures
from 1970 to 1999 showed most stations remained below 68°F (20°C), the upper threshold for
salmon survival® However, in the21* century,a prolonged duration of water temperatures
beyond the thermal maximum for salmon is projected for the Fraser RivefY®€)l.ake
Washington/Lake Union ship canal (WA), the Stillaguamish River (Wand the Tualatin
River (OR)% In Washingon by the 2080s, stream temperatures are projected to increase by 3.6
to PF (2-5°C).%

e Changes in water quality:Documented effects of climate change on water quality were not
found, and water quality projections are both limited and widely varyindnéoNPLCC region
In seasons and areas where increased flows are projected, nutrient contaminants may be diluted
(e.g. northwest BCj or alternatively, sediment nutrient loads may be increased (e.g. during
winter in the Tualatin Basin, ORjProjected deahes in summer flows and water supply may
decrease nutrient sediment loads, but projected increases in development or other stressors may
counteract the declirfé Lakes may experience a longer stratification period in sufinvaich
could enhance eutrophitan and lead to oxygen depletion in deep zones during summer,
eliminating refuges for coldwate@dapted fish specié8in coastal areas, saltwater intrusion due
to sea level rise was observedsland County (WAY and is projected to increase in the

—
| —
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neichboringGulf Islands (BC)? as well ather areas where coastal water tables are influenced
by marine system§

¢ Reducedseasonal ice coverThe spatial and seasonal extent of ice cover on laitklse
reduced due to climate charfjeFor example,n several British Columbia lakes, the duration of
ice cover decreased by up4aBdays over the 1976 to 2005 periddror midlatitude lakes, each
1.8°F (1°C) increase in mean autumn temperature leads to a 4 to 5 day delay in iegpfreeze
while the saméncrease in mean spring temperature leads to a 4 to 5 day advance in the onset of
ice breakup.”* Community and invasion processesy be affected as reduced ice cdnereags
light levels for aquatic plants, redegthe occurrence of low oxygen condit®im winter, and
expogsaquatic organisms to longer periods of predation from terrestrial predfatorsrthern
regions where productivity is limited by ice cover and/or temperature, productivity may increase,
providing additional food for fish and othspecies®

Implications for ecosystems, habitats, and species

Climateinduced changes in air temperature, precipitation, and other strassatseadffectingthe
physical, chemical and biological characteristics of freshwater ecosy<titary of these trends will be
exacerbated in the futurkenpacts o habitat (loss and transitioahd species (range shifts, invasive
species interactionandphenologylare highlighted here.

Habitat loss and transition

Increasingeémperatureand associated hydrologic changes are projected to result in significant habitat
impacts. Lake levels and river inputs are likely to decline if increases in evapotranspiration (due to higher
temperatures, longer growing seasons, and extendéeé&perods) are not offset by an equal or greater
increase in precipitatioff.However, areas that become wetter could have higher lake [@\Vétere lake

levels are permanently lowered, the productive nearshore zone rdagraelechs more shoreline is

exposed? Habitat for fish that require wetlands for spawning and nursery habitat would be reduced if
lake-fringing wetlands become isolat&d.

Warmer temperatures, reduced snowpack, and altered runoff timing is projected to cause drying of alpine
ponds and otheretland habitats, reducing habitat quality for Cascades frog, northwestern salamander,
long-toed salamander, garter snakes, and other dependent §pelcie®ver, loss of snowpack may

allow alpine vegetation establishment, leading to improved habitat woredibr some high elevation

wildlife species?® In the short term, vegetation establishment will be limited to areas favorable to rapid

soil development!

A modeling study suggests tvtbirds of Alaska will experience a potential biome shift in climate thi
century,althoughthe rate of changeill vary across the landscafgMuch of southeast Alaska may be
shifting from the North Pacific Maritime biome (dominated by-gidwthforests of Sitka spruce,
hemlock, and cedatd the more southerly Canadian Padvaritime biome (dominated by yellow and
western red cedar, western and mountain hemlock, amabilis and Dfiydbitka spruce, and aldet).

Range shifts, invasive species, and altered phenology

Climate warming is expected to alter the extertiadjitat available for coldcool, and warmwater
organisms, resulting in range expansions and contraéfi®egerestricted speciesnd habitats
particularly polar and mountaintop species and habitats that require cold thermal fégimesmore




Climate Change Effecia Freshwater Ecosystems
Draft Final: August 2011

sevee range contractions than other groups and have been the first groups in which whole species have
gone extinct due to recent climate chaffg@mphibians are among the most affected.

The effects otlimate changen aquatic organisms may be particularly pronounced in streams where
movements are constrained by thermal or structural battiBrsl trout distribution is strongly
associated with temperatufeand in the southern end of their range (WA, OR, north®agt this
coldwater species is generally found at sites where maximum daily temperatures remabOU@ow
(16°C)* However, summer stream temperaturesiany bull trout waters at the southern end of their
rangeare projected to exceed 68F0°C)by 2100

Climate change may enhance environmental conditions such that some species are able to survive in new
locations, known invasive species expand into new territories, and species that currently are not
considered invasiveould become invasiveausingsignificant impacts® Invasive aquatic species that
appear to benefit from climate change include hydrilla, Eurasian watermilfoil, white wattalilyl, reed
canarygras$’ In Washington, Oregon, and Idaho, a habitat suitability model projects 21% ofjiiwe re
could support suitable habitat for the invasive tamansR099(a two- to tenfold increase§® Tamarisk
currently occupies less than 1% of this area, andetim@inder isonsideredighly vulnerable to
invasion®

Numerous ecological studisspportag e ner a | p a t phenoloygicabebporsgs & climates 6
change: on average, leaf unfolding, flowering, insect emergandéhe arrival of migratory birdeccur
earlier than in the pa&t’ A significant mean advancement of spring events by 2.8 paydecade has
been observelf! Studies of phenology from the NPLCC region have found:

e Lamprey run timing shifted 13 days earlier from 1939 to 2007 as Columbia River discharge
decreased and water temperatures incredébtigration occurred earliest in warm, lew
discharge years and latest in cold, highflow yé%rs.

e Popul ations of Lake WaDaphngshow longterm ktadisticatyone her b
significant declines associated with an increasing temporal mismitchs food source (the
spring diatom bloom)%* In contrastalthough the phytoplankton peak advanced by 21 dlags,
herbivorous rotifeKeratellamaintained a corresponding phenological respansiexperienced
no apparent decoupling tife predateprey relationship-2°

In the future, populations that are most mistimed are generally expected to decline most infffober.
fishes dependent on water temperature for spawning tigespawning time may shift earlier if river
waters begin to warmooneiin the spring®’ Changes in plankton populations such as those desdedibed
DaphniaandKeratellain Lake Washingtomay have severe consequences for resource flow to upper
trophic levels:®

Adaptation to climate change forfreshwater aquatic and riparian sysems

Given that C@concentrations will continue to increase and exacerbate climate change effects for the
foreseeable futur®; adaptation is emerging as an appropriate response to the unavoidable impacts of

climate changé’®’Adapti ve acti ons r e d'linceaseitssapacityéomwidhstand ul ner a
or be resilient to changé& and/or transfornsystems to aew state compatible with likely future

conditions™*® Adaptation actions typically refletree commonly citetenets: (1) remove other threats

and reduce noolimate stressors that exacerbate climate change effé(23;establish, increase, or
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adjust protected areas, habitat buffers, and corriddasid, (3) increase monitoring and facilitate
management under uetainty, including scenaribasedplanning and adaptive managemefit

Adaptation actions may occur in legal, regoigt institutional, or decisicmaking processes, as well as
in onthe-ground conservation activitie§’ For example, actions that maintainincreasénstream flow
can counteradhcreased stream temperaturesiuctions in snowpagckndchanges imunoff regimes
such as reduced summer stream flows and altered flow tiffiAgtions to restore or protect wetlands,
floodplains, and riparian @as can help moderate or reduce stream temperatures, allevitdeding

and scouringeffects ofextreme rainfall or rapid snowmeilinprove habitat quality, and enable species
migrations:*® Decisionmakers may also modify or create laws, regulatiors paticies to incorporate
climate change impacts into infrastructure planning to protect freshwater ecosySgmsiote green
infrastructure and low impact development approaches to reduce extreme flows and improve water
quality and habitat* andadapt Edy Detection and Rapid Response protocols to identify, control, or
eradicate new and existing invasive species before they reach sever&evels.

Although uncertainty and gaps in knowledxngst, sufficient scientific information is available to plan for
and address climate change impacts AoWwmplementing strategic adaptation actieaslymay reduce
severe impacts and prevent the need forentostly actions in the futut& To identify and implement
adaptation actiongractitioners highlight four broasteps:

1. Assess current and future climate change effects and conduct a vulnerability ass&3sment.

2. Select conservation targets and a course of action that reduce the vulnerabilities and/or climate
change effects identified in Stepg.

3. Measure, evaluate, amdmmunicate progress through the design and implementation of
monitoring program&?’

4. Create an iterative process to reevaluate and revise the plan, policy, or program, including
assumptiong?®

Adaptive approaches to addressing climate change impactsawilby sector and management goal,

across space and time, and by the goals and preferences of those engaged in tHé& pnalksases,

adaptation is not a ortéme activity, but is instead a continuous process, constantly evolving as new
information isacquired and interim goals are achieved or reass&84ditimately, successfutlimate
changg@dapt ati on supports a systemds capacity to mai

impacts or transform to a new state amenable to likely fubmditons™®*

1NOAA. (2011c)

2 Forster et al(2007, p. 141)

3 CIG. (2008)

* Meehl et al(2007, p. 83)

® Mote (2003, p. 276)Butz and Safford(2010, p. 1)

® Karl, Melillo and Petersor(2009,pp. , p. 139)

’ Alaska Climate Research Centg009)

8 B.C. Ministry of Environment(2007, Table 1, p.-B); Mote (2003, Fig. 6, p. 276)

° For AK, Karl, Melillo and Petersor(2009, p. 139)For WA and OR, CIG(2008, Table 3)For OR alone, Mote et
al. (2010, p. 21)For CA, CA Natural Resources Agend2009, p. 1617) andPort Reyes Bird Observatory
(PRBO).(2011, p. 8)
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10 Cayan et al(2008, Table 1, p. S25Karl, Melillo and Petersor{2009) Mote and Salathé, J2010, Fig. 9, p.
42), PRBQ (2011, p. 8)

1 B.C. Ministry of Environment(2006, Tablel0, p. 113)

2 E|sner et al(2010, Table 5, p. 244Pike et al(2010, p. 715)PRB0O.(2011,p. 8)

13 AK Department of Environmental Conservati@EC). (2010, p. 23); Chang and Jonef010, p. 94)Mantua,
Tohver and Hamle{2010, p. 20405}, Pike et al(2010, p. 719)Stewart.(2009, p. 89)

1 Mantua et al(2010)

> Mantua et al(2010)

1% Halofsky et al(n.d., p. 143)

Y This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Juneau) on June 10, ZIHd datum for 1972000 is arofficial datum from the
National Climatic Dat&enter (NCDC). Thealum for 19812010is a preliminary, unofficial daturacquired from
Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National Weather Serviceadjion May 12, 2011. The
NCDC defines a climate normal, in the strictest sense, as thiea3@verage of particular variable (e.g.,
temperature).

18 Mote (2003, p. 279)

¥ Killam et al.(2010, p. 4)

2 pike et al(2010, Table 19.1, p. 701)

2 Hamlet and Lettenmaief2007, p. 15)

22 For BC, BC Ministry of Environmen{2006, Table 10, p. 113fFor OR and WA, Mote and Salathé, (2010, 42
44), Seasonal precipitation projections for California were not available.

2 Alaska Center for Climate Assessment and Po{@§09, p. 31)

24 Allan, Palmer and Poff2005, p. 279)Hamlet and Lettenmaief2007, p. 16)Martin and Gick. (2008, p. 14)
Pike et al(2010, p. 731)Poff, Brinson and Day2002, p. 15)

% Kelly et al.(2007, p. 36)

% stoelinga, Albright and Mas§2010, p. 2473)

2" pelto.(2008, p. 73)Snover et al(2005, p. 17)

2y/an Kirk and Naman(2008, p. 1035)

2 pike et al(2010, p. 715)

%0 Elsner et al(2010, Table 5, p. 244)

31 PRBQ (2011, p. 8)

32 poff, Brinson and Day2002)

¥ Stewart, Cayan and Dettingé2005) Snover et al. (2005)

% Stewart, Cayan and Dettingé2004, p. 225)

% Chang and Jone€010, p. 192)Pike et al (2010, p. 719)Stewart.(2009, p. 89)

% pike et al(2010, p. 719)

3" Mantua, Tohver ahHamlet.(2010, p. 207)

3 pelto.(2008, pp. , p. 774)

% pPelto.(2008, Table 5, p. 72Pike et al(2010, pp. , p. 706, 717Htewart(2009, Table V, p. 89)

“Hamlet and Lettenmaief2007, p. 1516)

“1 AK DEC. (2010, p. 52); Pike et al(2010, p. 719)Tohver and Hamle{2010, p. 8)

2 Seattle City Ligh({2010) The authors cite CIG (2010) for this information.

“*3Mantua, Tohver and HamlgR010,p. 207) Martin and Glick.(2008, p. 14)

4 Chang and Joneg2010) Pelto.(2008) Pike et al(2010) Snover et al(2005) Van Kirk and Naman(2008)

%> AK DEC. (2010, p. 23); Chang anddnhes.(2010, p. 94)Mantua, Tohver and HamlgR010, p. 204205}, Pike et
al. (2010, p. 719)Stewart.(2009, p. 89)

“® Mantua, Tohver and HamlgR010, p. 204205)

“" Pike et al.(2010, p.730) Kundzewicz et al(2007, p. 188)

8 Mantua, Tohver and HamlgR010, p. 20210); Mantua, Tohver and HamlgR010, p. 207)

“9WA Department of Ecology (ECY}2007)

0 Chang & Joneg2010)

*LKelly et al.(2007, p.33)

*2Howat et al(2007, p. 96)

3 Chang and Jonef2010, p. 84)Howat et al (2007, p. 96)Pike ¢ al. (2010, p. 716)
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8 Halofsky et al. (in press)

8 Halofsky et al (in press)
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8 Parmesan(2006, p. 657)
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197 palmer et al(2008, p. 30)
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PREFACE

This report is intended as a reference docurmanscience summaiyfor the U.S. Fish and Wildlife

Service (FWS) Region 1 Science Amgliions Program. The report compiles findings on climate change
impacts and adaptation approachesaeshwater aquatic and riparianosystems within the North Pacific
Landscape Conservation Cooperative area (NPLCC). The report is intended to maKe scienti

information on climate change impacts within the NPLCC region accessible and useful for natural
resources managers and others. It is produced by National Wildlife Federation under a grant from the U.S.
FWS (FWS Agreement Number 10170AG200).

Thisrepori s a compl ete fADraft Final 0 PaaseOnefatwophasel r epr e
project.UnderPhase Twofunded througla separate gramtiWF will convene expert focus groups and

producea final report in 2012 that incorporates additional information. A compdnior af t f i nal 0 a
final report compiling similar information amarine and coastakosystems within the NPLCC area will

also be completed under the same timeline.

Production and M ethodology

This report draws from peeeviewed studies, government reports, and publications from non

governmental organizations to summarize climate change and ecological literature on historical baselines,
observed trends, future projections, polioglananagement options, knowledge gaps, and the

implications of climate change for species, habitats, and ecosystemdrgstivvaterenvironment.

Because the report strives to reflect the state of knowledge as represented in the literature, in most cases
language is drawn directly from cited sources. By compiling and representing verbatim material from
relevant studies rather than attempting to paraphrase or interpret information from these sources, the
authors sought to reduce inaccuracies and possibleharacterizations by presenting data and findings

in their original form. The content herein does not, therefore, necessarily reflect the views of National
Wildlife Federation or the sponsors of this rep@&iiven the extensive use of verbatim materfabrder

to improve readability while providing appropriate source attributions, we indicate those passages that
reflect verbatim, or near verbatim, material through use of an asterisk (*) as part of the citation footnote.

In general, verbatim materialfisund in the main body of the report, while the Executive Summary

Boxes and Case Studiesgeneralle f | ect t he report authorsé synthes

To produce this report, the authors worked with the University of Washington Climate Impaigs Gr

(CIG) and reviewers from federal, state, tribal, qg@vernmental, and university sectors. CIG provided

expert scientific review throughout the production process, as well as assistance in the design and
organization of the report. Reviewers providedess to local data and publications, verified the accuracy

of content, and helped ensure the report is organized in a way that is relevant and useful for management
needs. In addition, we engaged early with stakeholders throughout the NPLCC regioistanasand

input in the production of this report. More than 100 people provided toputreview of this document.

XX
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Description of Synthesis DcumentsUtilized

This report draws from primary sources as well as synthesis repasigithesis reports, waecepted

information as it was presented. Readers are encouraged to refer to the primary sources utilized in those
synthesis reports for more information. In most cases, we include the page number for reference. In cases
wherea primary source igeferened in a secondary source, we have indicated it in the fooffiute.

global, regional, state, and provincial level synthesis reploatsn from include

¢ Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4): Climate
Change 2007(2007).

¢ Global Climate Change Impacts in the United Sta{2309).

e Alive and I nseparabl e: Bri {2006lh Col umbi ads Coast e

e Compendium of forest hydrology and geomorphology in British Columbia: Climate Change Effects
on Watershed ProcessiesBritish Columbia(2010).

e Environmental Trends in British Columbia: 2007.

¢ Climatic ChangeVolume 102, Numbers-2 (September 2010). This volume pshkd the findings
of the Washington Climate Change Impacts Assessment (WACCIA).

e Washington Climate li&ange Impacts Assessment (WACEEAD9).

e Oregon Climate Assessment Report (OCE&R]0).

e 2009 California Climate Adaptation Strategy: A Report to the Governor of the State of California in
Response to Executive Ordefl$2008.

e Adapting to Climat€Change: A Planning Gide for State Coastal Managef2010).

e Helping Pacific Salmon Survive the Impact of Climate Change on Freshwater Ha(2i0418).

e Preliminary review of adaptation options for climaensitive ecosystems and resour¢2308).

¢ Recommandations for a National Wetlands and Climate Change InitiatR@09).

e Strategies for Managing the Effects of Climate Change on Wildlife and Ecosy&eo®).

¢ The State of Marine and Coastal Adaptation in North Ame#c8ynthesis of Emerging ldeas.
(2011).

How to Use This Document

Being the first reference document of its kind for the North Pacific LCC region, the extensive details on
climate change trends and projections are necessary to provide baseline information on the NPLCC.
However, we encouge the reader to focus on the general magnitude and direction of projections, their
implications, and on the range of options available to address climate change impacts. It is our hope that
this document will provide useful information to North Pacificd.@iembers and stakeholders, and help
facilitate effective conservation that accounts for climate change and its impacts in the region.
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l.  INTRODUCTION

This report compiles existing knowledge on known and potential climate chdage eh freshwater
aquatic and riparian ecosystems within the geographic extent of the North Pacific Landscape
Conservation Cooperative (NPLCC). The report also includes a menu of policy and management
responses, culled from published science and gemaliire, to adapt to climate change in marine and
coastal environments. The North Pacific Landscape Conservation Cooperatieeof twentyone
Landscape Conservation Cooperatives (LGQ@ahned for the United States, Canada, and México.
LCCsare membedirected conservation partnerships among State and Federal agencies, Tribes,
nongovernmental organizations, universities, existing partnership efforts, and other conservatioh entities.
Other key partners of the NPLCC will be the three regional Climzien& Centers (CSCs) within the
geographic area of the NPLGQAlaska, Northwest, and Southwest CSThie CSCs will deliver basic
climate change impact science for their region, prioritizing fundamental science, data and-decision
support activities basaatincipally on the needs of the LCEECCs will link the science with
conservation deliveryThus, LCCsare managemeiscience partnerships that inform resource
management actions and provide needed fddtsre specifically, LCCs generate applied science to
inform conservation actions related to climate change, habitat fragmentation, and other laledstape
stressors and resource issUEsr further information, please see
http://www.fws.gov/science/shc/lcc.htifdccessed March 14, 2011).

Description of NPLCC

The NPLCC region comprises approximately 204,000 square miles (530,000 square kilomé&xéns, km
sevenwestern U.Sstates an€Canadiarprovinces (seerigure 1.2 The inland extent of the NPLCC is
delineated according to the Pacific Flyway, ecoregions, and the crests of several mountain ranges and,
from the coast, stretches inland up to 150 miles (~240 km); therefore only the lower extent of thany
larger river watersheds are included within the aféa.total amount of coastline is approximately

38,200 miles (~ 61,500 krhand extends from Kenai Peninsula in southcentral Alaska to Bodega Bay in
northern CaliforniaPublic lands make up appiimately 78 percent, or 159,000 square miles (412,000

1*Us Fish and Wildlife Servic€US FWS) Landscape Conservation Cooperatives: Better Conservation through
Partnerships in the Pacific Regiof2010, p. 1)

2*JS FWS.North Pacific Landscape Conservation@perative (August 2010, p. 1)

¥ USFWS.North Pacific Landscape Conservation Cooperative (pdf, webgeember 2010, p. 2A total of

eight CSCsre being established to support the 21 LCCs. They consist mainly of uniserségt consortiums.

4*.S. Department of the Interiomterior's plan for a coordinated, scientmsed response to climate change
impacts on our land, water, and wildlife resoes (pdf, websitejn.d., p. 2)

®*.S. Department of the Interiofn.d., p. 5)

®*JS FWS.(August 20D, p. 1)

"*JS FWS.(August 2010, p. 1)

8 USFWS.North Pacific Landscape Conservation Cooperative High Resolution (28f0) Within the Yukon
Territory (YT; 186272 mf, 482,443 krf), the only land within the NPLCC region is that covered by the Kluane
National Park and Preserve (8,487 nfil&d, 980 krft ~4.6% of total area in YT), located in the southwest corner
of the Territory. Given the climate impactsthis area are likely to be more similar to adjacent lands in BC and AK
than to the Territory as a whole, this report does not specifically address climate data and research from YT. While
information on climate change adaptation planning in Kluane NatiRexd and Preserve was limited, information
for the Government of Yukon was available. Please see Chapter #, Section # for further information.

® USFWS.(2010)
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km?) of the NPLCC, with 82,000 square miles (212,008)kof Federal lands in the U.S. portion of the
NPLCC and 77,000 square miles (200,000)knfi Crown lands in the Canadian portion of the NPL'€C.

Numerous small to mediwsized rivers and small, high elevation lakes occur throughout the région.
Several large freshwater and saline lakes are also prominent, as is Pugef $ouhd.north, glaciated
basins increase and are especially common in Afdslend types includevetlands, glaciers, forests,
beaches, and estuaridswide variety of fish, wildlife, and other organisms populate this region

example, drested habitatin the Pacific Coast range support many resident and migrant birds including
the marbled murrelet, spotted owl, and Queen Charlotte goshawk, all species of conservatiort‘concern.

Recently deglaciated habitats in coastal Alaska are important to breadingtKl i t zds murrel et s
species of concerfi.

Organization of Report

Key findings begin in Chapter Il, which describes observed trends and future projections, both globally

and within the NPLCC geography, for greenhogag concentrationtsemperatureand precipitation

Chapter Il describes the primary effects of changes in greenhouse gas concentrations, temperature, and
precipitation on the regionbés hydrology. The repo
Il and the effects on hydmay presented in Chapter Il impact freshwater ecosystems (Chepter

species, populations, andhigical communities (Chapter)Vand specific fish, amphibians, and
macroinvertebrates in the NPLCC regi@hapter \). In Chapter W, the report provides a menu of

policy and management responses to address the impacts of climate change on species and habitats in the
freshwater environment describedGhapterdV-VI. These responses are baseg@merakenets of

climate change agbtation for natural systenamdare culled from published scientific literature, grey

literature, and interviews with experts throughouthRL.CC regionChapteVIll briefly describes

future work in the NPLCC region. Five appendices proWeleterms ad definitions, an explanation of

climate modeling and emissions scenarios, an explanationgsfdom climate variabilityresources for

adaptation principles and responses to climate chamg@ list of reviewers and interviewees.

Definitions for Freshwater Aquatic and Riparian Environments

This report covers freshwatecsystems, their hydrology, atlde majorphysicalcomponents of these

systems: wetlands, rivers, streams, lakesds, reservoirs, and glacigt&reshwater ecosystesare

aquatic sygms which contain drinkable water or water of almost no salt coriteytrologyis the

science encompassing the behavior of water as it occurs in the atmosphere, on the surface of the ground,
and underground; theydrologic cyclerefers to the existen@d movement of water on, in, and above

the Earth'®

Y USFWS.(2010)

1 xMelack et al.Effects of climate change on inland waters of the Pacific coastal mountains and western Great
Basin of North Americg1997, p. 972)

2xMelack et al.(1997, p. 972)

13*Melack et al.(1997, p. 972)

4 USFWS.(December 2010, p. 1)

15 USFWS.(December 2010, p. 1)

% U.S. Environmental Protection Agency (EPAyjuatic Biodiversity: Freshwater Ecosystems (webg(2€)10)
7%U.S. EPA.(2010)

18*Brooks et al Hydrologyand the Management of Watershe@§03)
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Wetlands arelands transitional between terrestrial and aquatic systems where the water table is usually at

or near the surface or the land is covered by shallow wegétiands may be permanent or imétent

(e.g. seasonalf.The U.S. Fish and Wildlife Service (FWS) defines wetlaamlands transitional

between terrestri@nd aquatic systems where the water table is usuaillyragar the surface or the land

is covered by shallow watéMajor freshwater wetland types in the NPLCC region incluoletidal

marshes such as wet meadows and vernal pooésted and shrub swampegs and fens* Wetlands

can be found in lowlands or coastal areas, yet they frequently form the headwater aressnfisraat

lakes?® The patterns of water depth and the duration, frequency, and seasonality of ftogditgr
constitute a wetlandodés hydroperiod, which deter mi
organisms, and other ecosystem charactesisti

Streans are defined athe water flowing in a natural channel (as distinct from a camady is the

common term for a large stregffiThe habitats and species that utilize a stream are determined by the
streamds shape (i thethenunbérofdranghed (zerovonentwo onngpte), thei tyghes

of rocks and soils that make up the channel and banks, access to and elevation compared to groundwater,
and their characteristics over time and space (i.e., continuous, intermittent, seasphaimeral flow;

spatial continuity or interruption among stream segménts).

Lakes and reservoirare deepwater habitats with all of the following characteristics: (1) situated in a
topographic depression or a dammed river channel; (2) lacking trees, shrubs, persistent emergents,
emergent mosses or lichens with greater than thirty percent coverpiptaldrea exceeds twenty acres
(eight hectares¥.A lake may be defined more simply asery slowly flowing or nonflowing (lentic)
open body of water in a depression aatlin contact with the ocearhé defiition includes saline lakes
but excludes stuaries and othenainly marine embayment€ Reservoirs are distinguished from lakes:
they areconstructed by humaneften within river corridors, an@vVels are generally controlled by an
outlet at a dam. Natural lakes that have been dammed may radsiofiuas partial reservoirs.

A glacieris amass of land ice, formed by the further recrystallization of fim, fld snow that has
become granular and compacted), flowing continuously from higher to lower elevtions.

¥%.S. FWS.660 FW 2, Wetlands Classification System (webg6p3)

20 cowardin et alClassification of Wetlands and Deepwater Hatsitaf the United States, FWS/OB%31 (1979,
p. 3)

21 U.S. EPAWetlands Wetland Types (website). Availablehaip://water.epa.gov/typektlands/types_index.cfm
(accessed 8.22.2011).

“Brooks et al(2003, p. 120)

% poff, Brinson and DayAquatic ecosystems and global climate change: potential impacts on inland freshwater
and coastalvetland ecosystems in the United Stat2802, p. 1819)

% Brooks et al(2003) U.S. Geological Surveyseneral introduction and hydrologic definitions (webjsi{2008)

% Brooks et al(2003) USGS (website).

#*Dahl. Status and trends of wetlands in the conterminous United States 1986 t¢208@7 p. 75)Lakes and
reservoirs are part of the lacustrine system, as indicated in Table 1 (p. 15) of the cited report.

?"Dodds & Whiles(2010, p. 143)

2 xAmerican Meteorological Sdety. Glossary of Meteorology (websitéh.d.)

—
| —


http://water.epa.gov/type/wetlands/types_index.cfm

Climate Change Effecia Freshwater Ecosystems
Draft Final: August 2011

ALASKA
YUKON -
NORTHWEST =N

TERRITORY =
TERRITORIES

BRITISH

COLUMBIA ALBERTA

Public land ownership
within the
North Pacific LCC

U.S.Federal

¥ Us.seate

OREGON
Govt. of Canada or B.C. p'S

~"_~~ LCC Boundary

0 150 300 "
)

N :

3 1 Miles

} JKilometers
N oo 250 500

NEVADA

Cingibyn] Pt Region
{*{/‘BJ Qemtbar 22011 ICALIFORNIA
e

Al v

Figure 1. Public land ownership within the North Pacific Landscape Conservation Cooperative (NPLCC).
Source: U.S. Fish and Wildlife Service (2011). This is a preliminary land ownership map, including only federal,
state, and provincialdnds. At a later date, the map will be updated to include Native Alaskan, First Nations, and
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[I. CO, CONCENTRATIONS, TEMP ERATURE, AND PRECIPI TATI ON

Box L Summary of observed trends and future projections for greenhouse gas concentrations,
temperature, and precipitation

Observed Trends

e Atmospheri€CO;concentrations in March 2011 were approximately 392 parts pe(ppitli#hhigher
than any level in the past 650,000 ¥aaict 41% higher than the {inelustrial value (278 pp#hlrom
20002004 the emissions growth rate (>3%/yr) exceeded that of the keghissions IPCC scenario
(A1F1), and the actual emissionsai@jg was close to that of the A1F1 scefario.

e Annual average temperaturethe NPLCC regiomcreased, in general°F (~0.61°C) over the 20
century3 Alaska is an exceptidm 3.4°F (~1.9°C) increase was observed from2DE¢

¢ Inthe 2@ century and early2dentury, ie largest incase in seasonal temperabwaurred in winter
(JanuarMarch) +3.3°F (+1.83°C) in western BC, OR, ancd&Ad +1.82.0°F (+1.61.1°C) in
northwestern CA.These increases tend to drive the annual tpantsularly in AK (6.2°F or 3.2C
from 19492009 near Juneau).

¢ Inthe 2@ century and early®2dentury, @erage annual precipitation trends are highly variable, wit
increases of 2 to approximately 7 inched§-&n) observed in WA, GRand northwestern GAand
bot h small increases and decreases (N1inch
areas, depending on the time period stéfdedcipitation trends in Alaska were not available. How
precipitation was 39inches (8@00cm) in southcentral Alaska and at least 39 inches (100cm) in
southeast Alaska from 1943984

¢ Inthe 2@ century and early®2dentury, sasonal precipitation trends are highly variable, with incre
winter and spring precipitationsebved in WA, OR,and northwestern CAand both increases and
decreases observed in BC, depending on location and tim& Seeolically, in WA and OR, spring
precipitation increased +2.87 inches (7.29cm) and winter precipitation increasedsZ 612 Ticahljpom
1920 to 2008

A summary of future projections can be found on the next page.

Note to the readeriIn Boxes, we summarize the published and grey literature. The rest of the reporyi
constructed by combining sentences, typically verbatimpublished and grey literature. Please see tjie
Preface: Production and Methodology for further information on this approach.

29 National Oceanic and Atmospheric AdministratiorO(NA). (2011c)

0 CIG. (2008)

3L Forster et al(2007, p. 141)

32 Raupach et a[2007)

%3 Mote (2003, p. 276)Butz and SafforgButz and Safford 2010, 1Butz and Safford refer the reader to Figures 1 & 2 in the
cited report.

3 Karl, Melillo and Petersor(2009, p. 139)The authors cite Fitzpatrick et al. (2008) fdstimformation.

% Mote. (2003, p. 276)

% Butz and SafforqButz and Safford 2010, 1The authors refer the reader to Figures 1 & 2 in the cited report.
37 Alaska Climate Research Cenf&CRC). (2009)

3 Mote. (2003, p. 279)

¥ Killam et al.(2010, p. 2)
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Future projections

e Projectecaitmospheri€0O, concentrations in 2100 range from a low of about 600 ppm under the A1T, B1, and
B2 scenarios to a high of about 1000 ppm in the A1F1 se&Radenemissions trajectories are close to that
of the A1F1 scenario.

e By 2100, average annual temperatuties NPLCC regioare projected to increés&6.1°F(1.%23.4C)
(excluding AK & BC, where temperatures are projected to increagéR2(h.41.5°C) by 2058nd5-13°F
(2.87.2°C)after 2050respectivelyy.The range of projected increases variesZromo 13°F (1:3.2C); the
largest increasepiojected in AKY Baselines for projectioase 1960s1970s in AK, 1961990 in BC, 1970
1999 in the Pacific Northwest (PNW), and 200D in northwest CA.

e By 2100, seasonal temperatures are projeatecese the most in summer (regiae: 2.9.CF, 1.55°C):.
iNBC,2.7Ft o 5. 8EE) (&4l 6ng theFNor 9hGEEBM6h] Bnd 2heé [Sout
WA and OR, 5-8 . 1 E-B . B5&TBd)exception is AK, where seasonal temperaterpsojected to increas
the most in winteé. The baseline for projections varies by study location:19@Bsin Alaska, 196290 on
the BC coast and northern CA, 19999 in the PNW.

e Precipitation may be more intense, but less frequent, and likehote fall as rain than sn&vnnual
precipitation is projected to increase i€ (2050s: +6% along the coast, no range pro¥ided)WA
and OR (2042099: +4%, range &f0 to +20%}5 but is projected to decrease in CA (2020t0-35%,
further decreases by 218Mcreases in winter and fall precipitation drive the trend (+6 to +1lA% [-25%
in winter] in BC and +8% [small decrease to +#2WJA and OR)while decreases in summer precipitation
mitigate the upward tren@® to-13% inBC F50 to +5%] and14% [some models proje20 to-40%] in WA
and ORY? In southeast AKa5.7%increase in precipitation during the growing season is projected (no yange or
baseline provideebBaselines for BC, WA, OR, and CA are the same as those listed in thebpiietio

D

“0pike et al(2010, Table 19.1, p. 701)

L Stafford, Wendler and Curti€2000, p. 41) Information obtained from Figure 7.

2 Mote. (2003, p. 279)

“Killam et al.(2010, p. 4)

* Pike et al(2010, Table 19.1, p. 701)

“>Mote. (2003, p. 279)

“°Meehl et al(2007, p. 803)This information was extrapolated from Figure 10.26 by the authors of this report.
“"Raupach et alGlobal and regional drivers adccelerating C@emissions(2007)

“8 For BC, Pike et al2010, Table 19.3, p. 711or AK, U.S.Karl, Melillo and Petersor{2009, p. 139)For WA and OR,
CIG. Climate Change (websitg2008, Table 3and Mote et al(2010, p. 21)For CA, California NaturdResources Agency
(NRA). (2009, p. 1617), Port Reyes Bird Observatory (PRB@O011, p. 8) and Ackerly et al(2010, Fig. S2, p. 9)

“9For AK, Karl, Melillo and Petersor{2009, p. 139)For WA and OR, CIGClimate Change (websitgR008, Table 3and
Mote et al.(2010, p. 21)For CA, CA NRA. (2009, p. 1617)and PRBO(2011, p. 8)

0 For BC, BC Mhistry of Environment (MoE)2006, Table 10, p. 113for OR and WA, Mote and Salathé, (2010, Fig.
9, p. 42)For CA, PRBO(2011, p. 8)

*1 Karl, Melillo and Petersor(2009)

*2Karl, Melillo and Petersor(2009)

3 Karl, Melillo and Petersor(2009, p. 139)

> pike et al(2010, Table 19.3, p. 711)

% Climate Impacts Group (CIGBummary of Projected Changes in Major Drivers of PacifictiNeest Climate Change
Impacts (draft document; pdfR010, p. 2)

*% California Natural Resources Agen¢g009, p. 1617)

" For BC, BC MoE (2006, Table 10, p. 113For OR & WA, Mote & Salathé, J(2010, 4244).

%8 Alaska Center for Climate Assessment and Po{2§09, p. 31)
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1. CARBON DIOXIDE ( CO,) CONCENTRATIONS 7 global observed trends and future
projections

Observed Trends

e Overall changeAtmosphericCO, concentrations in March 2011 werepapximately 392 parts per
million (ppm),59 higher than any level in the past 650,000 )ﬁé)amd 41% higher than the piredustrial
value (278 ppm?.1 Current CQ concentrations are about 3.4 percent higher than the 2005 concentration
reported b ypurth AssesshaPt@REpdrs (AR4: 379 + 0.65 ppiRyom 20062004, the actual
emissions trajectory was close to that of the fgigtissions A1F1 scenarfd.
e Annual growth rates
0 19602005: CQ concentrations grew 1.4 ppm per year, on avetage.
0 19952005: CQ concentrations grew 1.9 ppm per year, on avetabeis is the most rapid rate
of growth since the beginning of continuous direct atmospheric measurements, although there is
yearto-year variability in growth rate®.
0 20002004:the emissions growth rate3%/yr) exceeded that of the higheshissions IPCC
scenario (A1F1§’
0 2010:the annual mean rate of growth of g€dncentrations was 2.68 ppn

¥ NOAA. Trends in Atmospheric Carbon Dioxde (websi2D11c)

€9 CIG. Climate Change: Future Climate Change in the Pacific Northwest (wek{it€)8)

®L Forster et al(2007, p. 141)

%2 Forster et al(2007, p. 141)

%3 Raupach et alGlobal and regional drivers of accelerating ¢€missions(2007)

“lI pcc. ASummar y f cClimate Gharnge 3007 aTheePhysicabSciénoe Basis. Contribution of Working
Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate G2adge.p. 2)
% |PCC.(2007f, p. 2)

8 xPCC. (20071, p. 2)

" Raupach et a[2007)

%8 NOAA. (2011c)
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Box 2. The Special Report on Emissions Scenari¢gSRES).

Changes igreenhouse g&SHG, e.g. carbon dioxide, g@nd sulfate aerosol emissimsbased on different
assumptions about future population growth, smtinomic development, energy sources, and technologicg
progressBecause we do not have the advantage of perfechtoaesigge of assumptions about each of thesg
factors are made to bracket thnge of possible futures,daenariogndividual scenarios, collectively referred
as the IPCC Special Report on Emissions Scenarios or SRES scenarios, are gowpedantoiso 0 f a
modeling purposeBorty individual emissions scenagi@sgrouped into siamiliesA1F1, A1B, A1T, A2, B1, ar|
B2. The O0A6 families are more economic in focu
The Aland B1 families are more global in focus compared to the more regional A2 and B2. All scenariog
assumed to be equally valid, with no assigned probabilities of ocdlndadke scenarios cover multiple GH
and multiple drivers are used to prajaenges, this report focuses on B€zause it is the major driveclohate
change impac#nd is tightly coupled with many ecological processes.

e The Al scenarigdlF1, A1B, and A1T) assume rapid economic growth, a global population that peak
century, and rapid introduction of new and more efficient technologies. They are differentiated by ass
about the dominant type of energy source: theifdssisive A1F1, neiossil intensive ALT, and mixed ene
source A1B scenarios. Cumulative €fiissions from 1990 to 2100 for the A1T, A1B, and A1F1 scenar
1061.3 Gigatons of carbon (GtC), 1492.1 GtC, and 2182.3 GtC, respectively. These correspond to a
mediumhigh, and higlemissions scenario, respectively.

e The Bl scenarmssumes the same population as Al, but with more rapid changes toward a service g
information economy. This is a{emissions scenario: cumulative @@issions from 1990 to 2100 are 97
GtC.

e The B2 scenaridescribes a world with intermediate paimn and economic growth, emphasizing local
solutions to sustainabilitignergy systems differ by region, depending on natural resource avEiieshidits.
mediumlow emissions scenario: cumulative €@gissions from 1990 to 2100 are 1156.7 GtC.

e TheA2 scenariassumes high population growth, slow economic development, and slow technologic
Resource availability primarily determines the fuel mix in different regions. Thisimiadiais scenario:
cumulative C@emissions from 1990 to Plére 1855.3 GtC.

Cumulative CQ, - :
(GtC), 19962100 P
Peaks in mid . . . .
AlF1 2182.3 2%t century Rapid Fossiffuel intensive
Peaks in mid . .
AlB 1492.1 2%t century Rapid Mixed energgources
Peaks in mid . Non-fossil fuel
sl — 2Xstcentury Rapid intensive
, Determined by
A2 TS Al e resource availability
B2 1156.7 Intermediate | Intermediate Determined b_y .
resource availability
Peaks in mid | Rapidd towardservice | Non-fossil fuel
Bl 975.9 ; ; . :
21stcentury | & information economy intensive

Source:IPCC.Climate Change 2007: Synthesi@B@pdRCC.The SRES Emissions Scenarios (2a3)itBCC.IPCC
Special Report on Emissions Scenarios: Chapters 4.3 (2BLO)(\RESIERES Final Data (version 1.1) Breakdown (weh
(2000) CIG.Climat€hange (web$ié18)
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Future Projections

e Compared to the concentration in 2005 (~379 pptmpsphericCO, concentrationare projected to
increaseover the period 2062100 across all six SRES scenafftisom a low of about 600 ppm under
the A1T, B1, and B2 scenarios to a high of about 1000 ppm in the A1F1 sc¢@nario.

¢ Note: Most projections in this chapter are basedlimate modeling and a number of emissions
scenarios developed by the Intergovernmental Panel on Climate Change (IPCC) Special Report on
Emissions Scenarios (SRES, see Box 2 and Appendix 3 for further inforfation).

Box 3. Why are atmospheric C@concentrations, temperature, and precipitation important for a
discussion of climate change effects on freshwater ecosystems?

e Increasing carbon dioxide concentratiotise atmosphere contribute to the greenhouse effect, led
to increases in globakaage air temperature.

e Changes in air temperature are reflected in water tempalthimgh there is a lag time due to the
temperaturenoderating effect of groundwater on surface waters.

e Warmer air holds more water vapor.

e Air temperature affects thming of key hydrological events (e.g. snowmelt) as well as the amoul
precipitation falling as rain and snow: increases in air temperature correspond to more rain, an
snow.Higher temperatures drive higher evapotranspiration and increasevarywbedn precipitation
is constant).

e Precipitation is important because its type (e.g. rain vs. snow), amount, frequency, duration, ar
affect other hydrological processes such as the amount of snowpack, timing of snowmelt, amo
timing of $reamflow, and frequency and intensity of flooding.

o Together, temperature, precipitation, angdoBficentrations affect the land (ergsion), wat€e.g.
scour, flow)freshwateenvironment (e.gutrient cycling, disturbance reginasd the habitwmiand
biological communities dependent on each.

Sources: Allan, Palmer, and Poff (2005); Hamlet et al. (2007); Pew Center on Global Climate Cha
Isaak (2010); Trenberth et al. (2007).

9 Meehl et alClimate Change @07: The Physical Science Basis: Global Climate Projecti@@07, p. 803)This
information has been extrapolatiedm Figure 10.26 by the authors of this report.

O Meehl et al(2007, p. 803)This information has been extrapolated from Figure 10.26 by the authors of this report.
" |PCC.Climate Change 2007: Syntle®Report(2007c, p. 44)
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2. TEMPERATURE i global and regional okerved trends and future projections

Observed Trends

Globally

¢ In 2010, the combined land and ocean global surface temperature was 58.12°F (14.52°C; NCDC
dataset)? This is tied with 2005 as the warmest year on record, at 1.12°F (0.62°C) abov& the 20
cenury average of 57.0°F (13.9°C; NCDC datas&The range associated with this value is plus or
minus 0.13°F (0.07°C; NCDC datasét).

o From 1850 through 2006, 11 of the 12 warmest years on record occurred from 1995 to
20067

o0 In 2010, Northern Hemispheoembined land and ocean surface temperature was the
warmest on record: 1.31°F (0.73°C) above thHB@dhtury average (NCDC datas&t).

e From 1906 to 2005, global average surface temperature increased ~1.34°F + 0.33°F (0.74°C +
0.18°C)!"

o From the 1910s to940s, an increase of 0.63°F (0.35°C) was obsefvBden, about a 0.2°F
(0.1°C) decrease was observed over the 1950s and 1960s, followed by a 0.99°F (0.55°C)
increase between the 1970s and the end of Zgare2).”

e The 20012010 decadal land and ocean average temperature trend was the warmest decade on record
for the globe: 1.01°F (0.56°C) above thd'2@ntury averagéNCDC dataset°

o From 19062006, the decadal trend increased ~0.13°F + 0.04°F (0.07°C £ 0.02°C) per
decadé! From 19552005, the decadal trend increased ~0.24°F + 0.05°F (0.13°C * 0.03°C)
per decadé

¢ Warming has been slightly greater in the winter mofittre 1906 to 200%December tdviarch in
the northern hemisphere; June through August in the southern hemi$phAeadysis of longterm
changes in daily temperature extremes show that, especially since the 1950s, the number of very cold
days and nights has decreased and the numiestrefely hot days and warm nights has incre&sed.

"2NOAA. State of the Climate Global Analysis 2010 (webs{&§11b)

NOAA. (2011b)

“NOAA. (2011b)

S*PCC. Climate Change 2007: Synthesis Report: Summary for Policym4R865g, p. 2)
" NOAA. State of the Climate Global Analysis 2010 (webs{211b)

""*Trenberth et alClimate Change @07: The Physical Science BasBbservations: Surface and Atmospheric Climate
Change (2007, p. 252)

8 Trenberth et al2007, p. 252)

" Trenberth et al2007, p. 252)

8ONOAA. (2011b)

8 Trenberth et al2007, p. 237)

8 Trenberth et al2007, p. 237)

8 *Trenberth et al(2007, p. 252)

8 *Trenberth egl. (2007, p. 252)
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Jan-Dec Global Mean Temperature over Land & Ocean
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Figure 2. JanDec Global Mean Temperature over Land & Oce&ource: NCDC/NESDIS/NOAA. Downloaded from
http://www.ncdc.noaa.gov/sotc/service/global/glelzaid-oceanmntpanom/201004201012.9if(7.27.2011).

Southcentral and Southeast Alaska

e Annual averagéemperature has increased 3.4°F (~1.9°C) over the last fifty years, while winters have
warmed even more, by 6.3°F (3.5®€T.he time period over which trends are computed is not
provided.However, compared to a 1960970s baseline, the average temperdtora 1993 to 2007
was more than°E (1.1°C) highef?

o Annual average temperature increased 3.2°PC).i8 Juneawver 19492009% From 1971
to 2000, temperatures in Anchorage increase®. »§°F (1.27C).%8

e From 1949 to 2009, winter temperatures @éa®d the most, followed by smy, summer, and autumn
temperature®. For example, in Juneau, winter temperatures increased by 6.2°€)(Zgring
temperatures increased BY@°F (1.6C), summer temperatures increase®t®?F (1.2C), and
autumn temperatures increased°F (0.8C).”

8 *Karl, Melillo and PetersonGlobal Climate Change Impacts in the United Stat2809, p. 139)The report does not
provide a yar range for this information. The authors cite Fitzpatrick et al. (2008) for this information.

% Karl, Melillo and Petersor(2009, p. 139)See the figure entitle@bserved and Projected TemperatiRise

87 Alaska Climate Research Centéemperature Change in Alaska (websi(@p09)

8 Alaska Center for Climate Assessment and Politimate Change Impacts on Water Availability in Alaska (presentation).
(2009, p. 4)

8 Alaska Climate Research Centet009)

% Alaska Climate Research Centét009)
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e A comparison of official data from the National Climatic Data Center (NCDC) for-2900 and
unofficial National Weather Service (NWS) data for 12810 for Juneau, Alaska indicatgerage
annual, warm season (ApfilSeptember), and cold season (Octdbklarch) temperatures have
increased from 1972000 to 19842010 [Table1):*

0 Annual:+0.6°F(+0.33°C), from 41.5°F (5.28°C) to 42.1°F (5.61€)
o April-September+0.2°F (+0.1°C), from 50.9°F (10.5°C) to 51.1°F (10.6*C)
o OctoberMarch:+0.8°F (+0.444°C), from 32.1°F (0.0556°C) to 32.9°F (0.506°C)

Table 1. Annual andseasonal temperature trends for Juneau, AK over two-tfedy time periods.
1971:2000* | 198%:2010* Aé’[f;’r']‘gee Percent
F (°C) F (°C) °F (°C) Changé
Average 41.5(5.28) | 42.1(5.61) | +0.6 (+0.33) +1.45
Annual Average maximum 47.6 (8.67) | 48.1(8.94) +0.5 (+0.27) +1.05
Average minimum 35.3(1.83) | 36.1(2.28) | +0.8 (+0.45) +2.27
Warm season Average _ 50.9 (10.5) | 51.1 (10.6) +0.2 (+0.1) +0.393
(April i Sept) Average maximum 58.2 (14.6) | 58.3 (14.6) +0.1 (0.06) +0.172
Average minimum 43.5(6.39) 44.0 (6.67) | +0.5(+0.28) +1.15
Cold season Average _ 32.1 (0.0556) 32.9 (0.500)| +0.8 (+0.444) +2.49
(Octi March) Average maximum 37.0(2.78) | 37.7(3.17) | +0.7 (+0.39) +1.89
Average minimum 27.2 €2.67) | 28.1¢2.17) | +0.9 (+0.50) +3.31
*Data for19722000 are official data from the National Climatic Data Center (NCDC). Data for 198
2010 are preliminary, unofficial data acquired from Tom Ainsworth and Rick Fritsch (Meteorologis
NOAA/National Weather Service, Juneau) on May 12, 2011. Thealffieita for 1982010 are
scheduled for release by NCDC in July 2011. The table was created by the authors of this report &
approved by Tom Ainsworth and Rick Fritsch on June 10, 2011.
APercent change reflects the2000®l®WPAI¥ e i ncr e

Western British Columbia

e Observed trends in the annually averaged daily minimum, mean, and maximum temperatures from 1950
to 2006 are available for four stations along the BC cdadtl¢2).%

1 This information was obtained from andpapved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.

92 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) dune 10, 2011.

% This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.

% This information was obtained from and approved by Tom Ainsworth and RickHF(Neteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.

% BC Ministry of Environment (MoE)Environmental Trends in British Columbia: 2007: Climate Char(ge07, p. 7)
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Table 2. Trends in the average daily minimum, mean, and maximum temperatures per decade in
in southern coastal British Columbia, 19%006.

Temperature|  Annual Winter Spring Summer Autumn
Abbotsford | Minimum 0.72 (0.40) | 1.58(0.88) | 0.86 (0.48) | 0.58 (0.32) | 0.23 (0.13)
Airport, near| Average 0.59 (0.33)* | 0.52 (0.29)* | 0.68 (0.38)* | 0.74 (0.41)* | 0.27 (0.15)*
Vancouver | Maximum 0.20 (0.11) | 1.13(0.63) | -0.41(-0.23) | 1.21 (0.67) | -0.76 (0.42)
Comox Minimum 0.58 (0.32)* | 0.40 (0.22)* | 0.79 (0.44)* | 0.65 (0.36)* | 0.38 (0.21)*
Airport, east| Average 0.41 (0.23)* | 0.40 (0.22)* | 0.50 (0.28)* | 0.45 (0.25)* | 0.22 (0.12)*
Vancouver | Maximum 0.23 (0.13)*| 0.31 (0.17)*| 0.23 (0.13) | 0.27 (0.15) | 0.11 (0.06)
Island
Port Hardy | Minimum 0.38 (0.21)* | 0.43 (0.24)* | 0.50 (0.28)* | 0.45 (0.25)* | 0.04 (0.02)
Airport, NE | Average 0.34 (0.19)* | 0.49 (0.27)* | 0.36 (0.20) | 0.31 (0.17) | 0.07 (0.04)
Vancouver | Maximum 0.27 (0.15)* | 0.52(0.29)* | 0.41 (0.23)*| 0.14 (0.08) | 0.05 (0.03)
Island
Victoria Minimum 0.40 (0.22)* | 0.36 (0.20)* | 0.63 (0.35)* | 0.45 (0.25)* | 0.20 (0.11)*
Airport, near| Average 0.45 (0.25)* | 0.40 (0.22)* | 0.58(0.32)* | 0.52 (0.29)* | 0.22 (0.12)*
Victoria Maximum 0.43 (0.24)* | 0.52(0.29)* | 0.43 (0.24)* | 0.49 (0.27)* | 0.18 (0.10)
Note: Asterisks indicate a statistically significant difference, meaning there is at least a 95% probg
that the trend is not due to chance.
Source: Adapted from B.C. Mo007, Table 1, p.-8) by authors of this report.

PacificNorthwest(Figure3)

e Average 20 century warmingvas 1.64°F0.91°G the linear trend over the 192000 period,
expressed in degrees per centity

e Warming over the 20century varied seasonally, wistverag warming in winter being the largest
(+3.3°F, +1.83°C), followed by summer (+1.93°F, +1.07°C), spring (+1.03°F, +0.57°C), and autumn
(+0.32°F, +0.18°CY Data reflect the linear trend over the 192ID0 period, expressed in degrees
per century; dta for smmer are significant at the 0.05 level.

e Increases in maximum and minimum temperatures in the cool (Oditdyeh) and warm (April
September) seasons from 1916 to 2003 and from 1947 to 2003 have been obsdates)i®

¢ When comparing the 1982010 climate normals (i.e., the-§8ar average) to the 192000 climate
normals, both maximum and minimum temperatures are about 0.5°F (~0.3°C) warmer oniaverage
the new normals across the United StéffEEhe averaged annual statewide increases in maximum
and minimum temperatures observed over this period are:

o Maximum: +0.3 to +0.5°F (~+0D.3°C) in Washington and Oregdh.

% Mote. Trendsin temperature and precipitation in the Pacific Northwest during the Twentieth Ce(®068, Fig. 6, p.
276)

" Mote (2003, Fig. 6, p276)

% Mote (2003, Fig. 6, p. 276)

% Hamlet et alTwentiethcentury trends in runoff, evapotranspiration, and soil moisture in the western United §a6%.
Table 1, p. 1475)

10sNOAA. NOAA Satellite
101xNOAA. (2011a, F. 1)

and | nf o20M&limate Norntals (websitép011a) NOAAds 1981
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0 Minimum: +0.3 to +0.5°F (~+0:2
0.3°C)in Washington and +0.1 to
+0.3°F (~+0.060.3°C) in Oregon®?

Northwestern California

PRISM data (a climatenapping system)
suggest that most of the SRiversNational
Forest area, lmated in northwestern
California, experienced increases in mean
annual temperature of about 1.8°F (1°C)
between the 1930s and 2000s, although so
coastal areas have seen a slight decrease i
temperaturé®® Average temperatures at the

Orleans station increased approximately 2°| &

(1.1°C) in the period from 1931 to 2009
(1931 baseline: ~56.2°F, or ~4@).** The
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trend is driven by a highly significant
increase in mean minimu(i.e., nighttime)
temperaturewhichroseby almost 4°F
(2.2°C) between 1931 and 2009 (1931
baseline: ~42°F, or ~5.5°¢} Note: For a

Figure 3. Historical average (1918003) winter

figure showing mean annual temperature temperature in the Pacific Northwest.
and annual temperature seasonality from Source: Downloaded with permission from Center for
1971 to 2000, please see Figure S1 in the Science in the Earth System August 13, 2011

(http://cses.washington.edu/cig/maps/index.shtml

link included in the footnot&®

192xNOAA. (2011a, Fig. 2)
193xButz and SaffordA summary of current trends and probable future trends in climate and dlirisén processes for
the Six Rivers National Forest and surroundiagds (pdf)(2010, p. 1) Butz and Safford refer the reader to Figure 1 in the
cited report.

1%4*Butz and Safford(2010, p. 1) Butz and Safford refer threader to Figure 1 in the cited report. For the 1931 baseline,
please see Figure 2 in the cited report.
1%5+Butz and Safford(2010, p. 1) Butz and Safford refer the reader to Figure 2 in the cited report.
196 Ackerly et al.The geography of climate change: implications for conservation biogeography (Supplemental Information)
(2010) http://onlinelibrary.wiley.com/store/10.1111/j.1472

4642.2010.00654.x/asset/supinfo/DDI_654 sm_Data SlandFig S1
S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d71{eaBessed 6.8.2011).
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http://onlinelibrary.wiley.com/store/10.1111/j.1472-4642.2010.00654.x/asset/supinfo/DDI_654_sm_Data_S1andFig_S1-S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d710ca3e
http://onlinelibrary.wiley.com/store/10.1111/j.1472-4642.2010.00654.x/asset/supinfo/DDI_654_sm_Data_S1andFig_S1-S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d710ca3e
http://onlinelibrary.wiley.com/store/10.1111/j.1472-4642.2010.00654.x/asset/supinfo/DDI_654_sm_Data_S1andFig_S1-S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d710ca3e
http://cses.washington.edu/cig/maps/index.shtml
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e Whencomparing the 1982010 climate normals (i.e., the-§8ar average) to the 192000 climate
normals, both maximum and minimum temperatures are about 0.5°F (~0.3°C) warmer on average in
the new normals across the United St#teEhe averaged annual incezain maximum and minimum
temperatures in California observed over this period are:

0 Maximum: +0.3 to +0.5°F (~+0:D.3°C)*®
0 Minimum: +0.3 to +0.5°F (~+0:D.3°C)!*

Table 3. Regionalscale maximum and minimum temperature trends during-2008 and 1942003 for
the cool season (Octobédarch) and warm season (ApBeptember) in the Pacific Northwest
(°F per century witl?C per century in parenthesesends extrapolateddm 19162003 and 194-2003 data records
Source:Modified from Hamlet et a(2007, Table 1, p. 147%y authors of this report.
19162003 1.82 (.09
toberMarch
Maximum temperature Detobertare 19472003 3.47 .99
April-September 19162003 0.40 0.22
19472003 2.68 (.49
19162003 3.01 .67
OctoberMarch
Minimum temperature 19472003 4.09 @.27)
April-September 19162003 2.43 (.35
19472003 3.47 (.93

Future Projections

Note: The studies presented here differ in the baseline used for projections. Baselines inchi89%980
(IPCC), 19611990 (BC, CA), 1972999 (WA, OR), 1972000 (CA) and 1962970s (AK).

Globally (19801999 baseline)

¢ Even ifgreenhouse gas (GH@pnceatrations were stabilized at year 2060els (not currently the
case) an increase in global average temperature would still occur: 0.67°F (0.37°C) bg0R1L 1
0.85°F (0.47°C) by 2048065, 1.01°F (0.56°C) by 208099, and 1.1°F (0.6°C) by 202099(all
compared to a 1980999 baseline)®***

e Global average temperatures are projected to increase at least 3.2°F (1.8°C) under the B1 scenario
and up to 7.2°F (4.0°C) under the A1F1 scenario by -208® compared to a 198®99 baseliné'?
The range oprojected temperature increases is 2.0°F (1.1°C) to 11.5°F (6.4°C) 22090
compared to a 1980999 baselinéFigure4).™?

07*NOAA. (2011a)

18xNOAA. (2011a, Fig. 1)

199xNOAA. (2011a, Fig. 2)

H10%PCC. (20079, p. 8)See Figure SPM.1 for the information for 208109.

1 Meehl et al(2007) Data for 20112030, 20462065, 20862099, and 218@199 weraeproduced from Table 10.5 pn
763. Data fo 20902099 were obtained from 749.

H121pCC.(2007g, p. 8)See Figure SPM.1.

131pCC. (2007, Table SPM.3, p. LAOGCMsare Atmosphere Ocean General Circulation Models.
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e A study by Arora et a2011) suggests that limiting warming to roughly 3.6°F (2.0°C) by 2100 is
unlikely since it requires an immediate ramp down of emissions followed by ongoing carbon
sequestration after 2058,

Figure 4. Solid linesare multrmodel
global averages of surface warming
(relative to 19801999) for the scenario
A2, A1B and B1, shown as continuatic
of the 20th century simulations. Shadit
denotes the +1 standard deviation rani
of individual model annual averages. 1
orange line is for the experiment where
concentrations were held constant at y
2000 values. The grey bars at right
indicate the best estimate (solid line
within each bar) and tHiely range
assessed for the six SRES marker
scenarios. The assessment of the bes
estimate andlkely ranges in the grey
bars includes the AOGCMs in the left
part of the figure, as well as results fro —
a hierarchy of independent models ant 2000 2100
observational constirats. {Figures 10.4 Year
and10.29}Source:Reproduced from
IPCC. (2007, Fig. SPM.5, p. 14)y
authors of this report.

—_— A2
— AI1B
— B
‘Year 2000 Constant
Concentrations
— 20th century

n w by o @
o o =] o o

Global surface warming (°C)
o =
(=) (=]

I
e
o

B1
AT
B2
A1B
A2
A1FI

g
[=]

Southcentral and Southeast Alagk860s1970s baseline)

e By 202Q compared t@ 19601970s baseline varage annual temperatures in Alaska are projected to
rise 2.0°F to 4.0°F (1-2.2°C) under both the lovemissions B1 scenarios and higleenissions A2
scenario®

e By 2050, average annual temperattne8laskaare projected to rise 3.5°F to 6°F (B®°C) under
the B1 scenario, and 4°F to 7°F (32°C) under the A2 scenario (194®70s baselin€}’ Later in
the century, increases of 5°F to 8°F (2.8°C) are projected under the B1 scenario, and increases of
8°F to 13°F (4.47.2°C) are projected under the A2 scend(i®601970s baseliney’

¢ On a seasonal basBlaska is projected to experienfag more warming in winter than summer
whereasnost of the United States is projected to experience greater wamsammer than in
winter.!*8

¢ No data werdound for mean temperatures associated with the ranges reported here.

H4xArora et al.Carbon emission limits required to satisfy future representative concentration pathways of greenhouse gases.
(2011)

15 Karl, Melillo and Petersor(2009, p. 139)See the figure title®bserved and Projected Temperature Ri=tbn on

Regional Impacts: Alaska)

18 Karl, Melillo and Petersor(2009, p. 139)

17Karl, Melillo and Petersor(2009, p. 139)

H8xKarl, Melillo and Peterson(2009)
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WesternBritish Columbia 19611990 baseling

e Al ong the North Coast by the 2050s, annual air-r
compared to a 1961990 baseline (mukinodel average; scenarios not providétiAlong the South
Coast, annual air temper at ucoemparedtoplogigoetadelne 1t o
(multi-model average; scenarios not providédThe NorthCoast extends from the border with
Alaska to just north of Vancouver Island; the South Coast extends to the Washingtort’border.

¢ Along the North Coast by 2050, seasonal projections are as fallmwsared to a 1961990
baseline (multimodel average; sceras not provided)

o Inwinter, temperatures are projected to incredse¢ 0o 6 .-33HECK; and 0
o In summer, temperatures are projected to increaSEL.d 5. BeRE) (1. 5

e Along the South Coast by 2050, seasonal projections are as fotbomgared to a 1961990
baseline (multmodel average; scenarios not provided)

o Inwinter, temperatures are projected to incredbe 0o 5 .-ee) ,( Oand
o In summer, temperatures are projected to increaSEL.d 9 . e (1. 5

Pacific Northwest (180-1999 baseline)

e Average annual temperature could increase beyond the range-td-year variability observed
during the 28 century as early as the 20265Annual temperaturesverageacross all climate
models under the A1B and B1 scenarar®, ppjected to increase as follok9701999 baseline)
o By the 2020s: 2.0eF (1.1ACH19Cwith a range c
o By the 2040s: 3.2¢F (1.8ACR8Cuamdh a range ¢
o By the 2080s: 5.3eF8eF3t0ARATEHWI t(HL.&6range
e Seasonal temperaturesveraged across all modeisder the B1 and A1B scenariese pojected to
increase as describedTiable4 (compared to a 1970999 baseline).
¢ In another look at the Pacific Northwest by the 2080s, temperatures are projected to increase 2.7 to
10.4 °F (1.85.8 °C), with amulti-mo d e | average increase of 4.5e¢ekF
6 . 1(24FC) under the A1B scenario (197099 baselinel®

119pike et alCompendium of forest hydrology and geomorphology in Bifishimbia: Climate Change Effects on

Watershed Processes in British Columi§#2010, Table 19.3, p. 711)

120 pjke et al(2010, Tabé 19.3, p. 711)

121 please see the map availablétap://pacificclimate.org/resources/publications/mapvieecessed 3.16.2011).

122B C. Ministry of EnvironmentAlive and InseparableBritish Columbia's Coastal Environment: 208006, Table 10, p.

113). The authors make the following note: From data in the Canadian Institute for Climate Studies, University of Victoria
(wwwi.cics.uvic.ca study of model results from eight global climate modelling centres. A total of 25 model runs using the

eight models were used to determine the range of values under different IPCC emission scenarios (Nakicenovic and Swart
2000).

123B C. Ministry of Environment(2006, Table 10, p. 113 he authors make the following note: From data in the Canadian
Institute for Climate Studies, University of Victoriajw.cics.uvic.castudy of moel results from eight global climate

modelling centres. A total of 25 model runs using the eight models were used to determine the range of values under different
IPCC emission scenarios (Nakicenovic and Swart 2000).

124xC|G. Climate Change Scenarios: Future Northwest Climate (web&x@)8)

125 C|G. Climate Change: Future Climate Change in the Pacific Northwest (wek(&@6€)3, Table 3)

1% Mote, Gavinand HuyeC | i mat e change in Oregon @610,p2hd and marine en
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Table 4. Projectedmulti-modelaverage temperature increases, relative to the-1999 mean.
(°F with °C in parentheseSpurce:Modifiedfrom Mote and Salathé, J(2010, Fig. 9, p. 42by
authors of this reportPlease see Figure 9 in the cited report for the range of each average shown be

2020s 2040s 2080s

Bl AlB Bl AlB Bl AlB

Winter (DecFeb) 20(1.1) | 22(1.2)| 29(1.6) | 3.4(1.9) | 49(27) | 509 (3.3

Spring (MarckMay) | 1.8 (1.0) | 1.8 (1.0)| 2.5(1.4) | 3.1(1.7) | 3.8(2.1) | 5.0 (2.8)

Summer (Junéug) | 2.3 (1.3) | 3.1(1.7)| 3.4(1.9) | 49(2.7) | 54(3.0) | 8.1(4.5)

Fall (SeptNov) 1.8(1.0) | 20(L.1)| 27(15) | 3.6 (20) | 43(2.4) | 6.1(3.4)

Northwestern Californi@19611990 and 1972000 baselines)

Compared to a 1961990 baseline under the B1 and A2 scenarios, Califevila annual average
temperatures are projected to increase as follows:

o By 2050: 1:38),am 5.4 eF (1

o By 2100: 3B°®*to 9 eF (2
In northwestern California, regional climate models project mean annual temperature increases of 3.1
to 3.4°F (1.71.9°C) by 2070 (no baseline providé#)in contrast, Ackerly et al. (0) project a
mean annual temperature increase of more 3hang2Jj but less than 5¢4 £3°C) by 20702099
(Figure5; 1971-2000 baseline’?

0 By 207, mean diurnalife., daily) temperature range is projected to increase by 0.18 to

0 . 3 6 e-0r2°Q)lased on two regional climate modEfiNo baseline was provided.

In northern California, Cayan et al. (2008) project average annual temperature incf@agés
(1.5°C) or 4.9F (2.7°C) under the B1 scenario (PCM and GFDL models, respectively) afid 4.7
(2.6°C) or 8.2°F (4.5°C) (PCM and GFDL models, respectively) under the A2 scenario by-2099
(1961-1990 baseline}*
Seasonally,hte projected impact climate change on thermal conditionsorthwestern California
will be warmer winter temperatures, earlier warming in the spring, and increased summer
temperature$” Average seasonal temperature projections in northern California are as follows
(19611990 baseline)*

o0 Winter projections

A 20052034 at least ~0.18°F (0.1°C; A2, PCM model) and up to 2.5°F (1.4°C; A2,
GFDL model).

127 California Natural Resources Agen@009 California Climate Adaptation Strategy: A Report to the Guweof the

State of California in Response to Executive Ord&B2008 (2009, p. 1617). Figure 5 p. 17) indicates projections are
compared to a 1961990 baseline

128xport Reyes Bird ObservatorProjected effects of climate change in California: Ecoregional summaries emphasizing
consequences for wildlife. Version 1.0 (p2p11, p. 8)

129 Ackerly et al.(2010, Fig. S2, p. 9)Ackerly et al. use biasorrected and spatially downscaled future climate projections
from the CMIR3 multi-model dataset. Data are downscaled t§ ##&gree spatial resolution (see p. 2).

130x+port Reyes Bird Observator§2011, p. 8) This data was based on two regional climate models presented in Stralberg et
al. (2009).

131 cayan et alClimate change scenarios for the California regi(@008, Table 1, p. S25)

132xport Reyes Bird Observator{2011, p. 8)

133 Cayan et al(2008, Table 1, p. S25)

—t



Climate Change Effecia Freshwater Ecosystems
Draft Final: August 2011

A 20352064 at least 1.6°F (0.9°C; A2, PCM model) and up to 4.3°F (2.4°C; B1, PCM
model).
A 20702099 at least 3.1°F (1.7°C; BP.CM model) and up to 6.1°F (3.4°C; A2,
GFDL model).
0 Summer projections:
A 20052034 at least ~1°F (0.6°C; B1, PCM model) and up to 3.8°F (2.1°C; A2,

GFDL model).

A 20352064 at least ~2.0°F (1.1°C; B1, PCM model) and up to 6.1°F (3.4°C; A2,
GFDL model).

A 20702099 at least 2.9°F (1.6°C; B1, PCM model) and up to ~12°F (6.4°C; A1,
GFDL model).

e Coastal regions are likely to experience less pronounced warming than inland t&gions.

B Ackerly et al., Fig. S2

35 40

Temp change, 16 GCMs (°C)
25

3.0
Temp seasonality change (16 GCMs)
03 04 05 06 07

2.0

Figure 5. Changes in (A) mean annual temperature and (B) temperature seasonality, averaged over 16 GC
scenario, for 2072099(19712000 baseline)

Source: Reproduced from Ackerly et(@010, Fig. S2, p. Dy authors of this report.

Note: Temperature seasonality is the standard deviation of monthly nieaves values indicateemperature
varies less throughout the year, i.e. temperature is more constant throughout the year in blue areas than ir
and red areas.

134xCalifornia Natural Resources Agend009, p. 17)
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3. PRECIPITATION 1 global and regional observed trends and future projections

Observed Trends
Note: Please seBox4 for information on extreme precipiiah in the NPLCC region.
Global(see also: projections below)

e Atmospheric moisture amounts are generally observed ittcheasing fier about 1973 (prior to which
reliable atmospheric moisture measurements, i.e. moisture souratiagsostly noavailable):*

e Most of the increase is related to temperature and hence to atmosphericolditey capacity>®i.e.
warmer air holds more moisture.

Southcentral and Southeast Alaska

¢ In southeast Alaska from 1949 to 1998, mean total annual precipite®at least 39 inches (1000
mm).”*” The maximum annual precipitation over this period was 219 inches (5577 mm) at the Little Port
Walter station on the southeast side of Baranof Island about 110 miles (177 km) south of*3uneau.

¢ In southcentral Alaska fro949 t01998, mean total annual precipitation was at least 32 inches (800
mm) and up to 39 inches (1000 mt).

¢ A comparison of official data from the National Climatic Data Center (NCDC) for-2000 and
unofficial National Weather Service (NWS) data f881-2010 for Juneau, Alaska indicates annual,
warm season, and cold season precipitation incréSEak official NCDC record indicates average
snowfall increased from 1972000 to 19842010, but the local NWS database indicates average snowfall
decreasedver the same time periodgable5, see notes)* In addition:

0 The date of first freeze occurred, on average, one day earlier over 1981 to 2010 than over 1971 to
2000, on October 3 instead of Octobel¥4.

0 The date of last freeze occurred two days earlier, on average, ovap X810 than over 1971 to
2000, on May 6 instead of May'8.

135+Trenberth et alThe changing character of precipitatiof2003, p. 1211)The authors cite Ross and Elliott (2001) for

this information.

136 +Trenberth et al(2003, p. 1211)

137 stafford, Wendler and Curti¥emperature and precipitation of Alaska: 50 year trend analyd@00, Fig. 7, p. 41)

138 Stafford, Wendler and Curti§2000, Fig. 7, p. 41)

139 Stafford, Wendler and Curti§2000, Fig. 7, p. 41)

140 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.

11 This informationwas obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.

142 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.

143 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.
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Table 5. Annual and seasonal precipitation and datieesze trends for Juneau, AK over two thiyeyar
time periods.
19712000 | 19812010* Aé)tf:rlll;;t: Percent
inches(cm) | inches (tn) inches(cm) Changé

Total annual precipitation 58.33 62.17 +3.84 +6.58

(including melted snow) (1482) (157.9) (+9.75) '

Average snowfall 93.0° 8638 -6.2 6.7

(JanDec, NWS/Juneau) (236) (220 (-16) '
Annual and date| Average snowfall 84.1 .
of freeze trends | (JanDec, NCDC/Asheville) (214) N/A N/A N/A

Date of first freeze, on averag October 4 | October 3 C;r;?”(iz;ly N/A

Date of last freeze, on averag May 8 May 6 T\évgrlcilsrys N/A

Average seasonal precipitatic 26.85 28.52 +1.67 +6.22

(mostly rain) (68.20) (72.44) (+4.24) '
Warm season | Average snowfall 1.0 1.1 +0.1 +10
(April T Sept) (NWS/Juneau) (2.5) (2.8) (+0.3)

Average snowfall 1.0 .

(NCDC/Asheville) (2.5) e e N/A

o 31.48 33.65 +2.17

Average seasonal precipitatic (79.96) (85.47) (+5.51) +6.89
Cold season Average snowfall 92.0 85.7 -6.3 6.8
(Octi March) (NWS/Juneau) (239 (218) (-16) '

Average snowfall 83.1 .

(NCDC/Asheville) (211) N/A N/A N/A
*Data for 19712000 are official data from the National Climatic Data Center (NCDC). Data for 1981
2010 are preliminary, unofficial data acquired from Tom Ainsworth and Rick F(itdeteorologists,
NOAA/National Weather Service, Juneau) on May 12, 2011. The official data for20d81are
scheduled for release by NCDC in July 2011. The table was created by the authors of this report &
approved by Tom Ainsworth and Rick Fritsch emd 10, 2011.
APercent change reflects t he2000®ll®BRUI¥ e i ncr e
#Two values for average snowfall for 192000are reportediue to differences between the locally hel
National Weather Service (NWS) database in Juneau and the official NWS database in Asheville,
Carolina. Differences represent the quality assurance processing and filtering that occurs at the Ng
Climatic Data Center (NCDC) in Asheville (the source of official U.S. climate data) as well as missi
data in the NCDC record. The Juneau office ofNN¥S is investigating the discrepancy.

Western British Columbia

¢ Annual and seasonal precipitation trengsr thirty, fifty, and 108sear time periods in the Georgia Basin
and remaining coastal regions of B.C. within the NPLCC region are summarizadl@6.'** The
Georga Basin includes eastern Vancouver Island and a small portion of the mainland east of Vancouver
Island; the coastal region includes all remaining areas in B.C. within the NPLCC ¥&gion.

144 pike et alCompendium of forest hydrology and geometpby in British Columbia: Climate Change Effects on
Watershed Processes in British Columi§2010, Table 19.1, p. 701)

145 pike et alCompendium of forest hydrology and geomorphology indBriolumbia: Climate Change Effects on
Watershed Processes in British Columi2010, Fig. 19.1, p. 702)
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Table 6. Historical trends precipitation i80-, 50, and 108year periods, calculated from mean
daily values as seasonal and annual averages
(inches per month per decade, with millimeters per month per decade in parentheses)
Source: Modified fronkike et al.(2010, Table 19.1, p. 70by authors of this report.
Time period Coastal B.C. Georgia Basin
30-year: 19712004 0.064 (1.63) -0.017 €0.42)
Annual 50-year: 19512004 0.040 (1.01) -0.017(-0.43)
100-year: 19012004 0.089 (2.25) 0.047 (1.20)
30-year: 19712004 -0.24 (6.08) -0.32 ¢8.06)
Winter (DecFeb) 50-year: 19512004 -0.12 €3.06) -0.21 €5.35)
100-year: 19012004 0.13 (3.39) 0.070 (1.78)
30year: 19712004 0.14 (3.50) -0.071 €¢1.80)
Summer (Juné\ug) 50-year: 19512004 0.083 (2.11) -0.011 €0.27)
100-year: 19012004 0.036 (0.91) 0.034 (0.93)
Pacific Northwest
e Annual precipitation ncr eased 12. 9% (@(®ROtOMA® 17. 76cm) from
e Observedelativeincreaseswere ar gest in the spring (+37%; +2.87
(+12.4%; 2.470; 6.27cm), summer (+8.9%; ffolh. 390;

1920 to 2006* The spring trend (Aprilune) is significant at the p < 0.05 leV&l.

From aboutt973 to 2003, clear increases in the variability of cool season precipitation over the western
U.S. were observed?

Note: For thereader interested in trends imean temperature, maximum temperature, minimum
temperature, and precipitation annually, seasbn and monthly, an online mapping tool produced by

the Office of the Washington State Climatolowistvailable at
http://www.climate.washington.edu/trendanaly$sicessed 6.8.2011).

19°Mote. Trends in temperature and precipitation in the Pacific Northwest during thetitke Century (2003, p. 279)
147 Mote. (2003, p. 279)

148 Mote. (2003, p. 279)

149Hamlet and Lettenaier. Effects of 20th century warming and climate variability on flood risk in the westerfa0(¥,

p. 15)
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o Box 4. Trends and projections for
Northwestern California extreme precipitation in the NPLCC
region.

e A preliminary study found annual precipitation increasq
2 to 6 inches (~A.5cm) from 1925 to 2008° Therealso | Trends. In the Pacific Northwest, trends i
appears to be a shift in seasonality of precipitation: an | EXféme precipitation are ambigugus
. o . S Groisman et al. (2004) find no statistical
increase in winter an.d.ea.rly spring precipitation and a significance in any season in the Pacific
decrease in fall precipitatidnom 1925 to 2008* Northwest (1902000Y°' Madsen and

e From 1925 to 2008he daily rainfall totals show a shift | Figdor (2007) find a statistically significar]
from light rains to morenoderate and heavy rains that is| increase of 18% (3%) in the Pacific
especially evident in northern regiofi&The increase in | States (WA, OR, CA), a statistically

recipitation intensity over this time period is similar to SEET RS ol 060 (¢ 20) I
precip y P Washington, and a statistically significant

results from other regions of the United States. decrease of 14%}(tod 24%) in Oregon
L (19482006)>? In southern British Columbi
Future Projections and along the North Coast, Vincent and

Note: The studies presented hereetiiffi the baseline used fo| MEKIS (2006) report some stations showe
significant increasén very wet days (the

projections. Baselines include 196990 (BC, CA) and 1970 number of days with precipitation greater
1999 (WA, OR). than the 98 percentile) and heavy
precipitation Mays

Note: Please see Boxfdr information on extreme L .
limited number of stations also showed

precipitation in the NPLCC region. significant decreases.
Global Projections. Precipitation patterns in the
Northwestareexpected to beconneore
¢ Global precipitation patterns apeojectedo follow variable, resulting in increased risk of
observed recent trends, increasing in high latitudes and extreme precipitation events, including
decreasing in most subtropical land regith@verall, droughts™ In northern California, daily

extreme precipitation occurrences (99.9

recipitation m more inten I fr nt, ar . . ,
precipitation may be more intense, but less frequent, a percentile) are projected to increase from

is more likely to fall as rain than snd. occurrences (196990) to 25 (+108%) or

e Note: There is greater confidemoverall inprojected 30 (+150%) occurrences by 2@099 under
temperaturechangeghanprojectedchanges in A2 simulations in the PCM and GFDL
precipitation given the diffidties in modeling models, respectivety.

%0 Mote, Gavin and Huye(2010, p. 17)

151 Groisman et alContemporary changes in the hydrological cycle over the contiguous United States: Trends dervied from
in situ observationg2004, Fig. 8, p. 71)

152 Madsen and FigdokVhen it rainsit pours: Global warming and the rising frequency of extreme participation in the
United States (pdff2007, App. A & B, p. 3837)

153Vincent and MekisChanges in daily and extremertperature and precipitation indices for Canada over the twentieth
century (2006, Fig. 5, p. 186)

134 capalbo et alToward assessing the economic impacts of climate change on O(2gd, p. 374)

135 Cayan et al(2008, Table 4, p. S30For the 99 percentile, the occurrence of extreme precipitation is projected to increase
from 111 (19611990) to 161 (45%) or 127 (~14%) occurrences by 2R@99 under A2 simulations in the PCM and GFDL
models, respectively.

1% Killam et al.California rainfall is becoming greater, with heavier storrt2010, p. 2)

157xKjllam et al. (2010, p. 4)

18 xKillam et al. (2010, p. 3)

19xKijllam et al. (2010, p. 3)

180%1pCC. (20079, p. 8)

11xKarl, Melillo and Petersor(2009)
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precipitationt®”and the relatively large variability in precipitation (both historically and between climate
model scenarios) compared wigmperature.

Southcentral and Southeast Alagk861-1990 and 2000 baseline)

e Climate models project increases in precipitation over Al&#8I&imultaneous increases in evaporation
due to higher air temperatures, however, are expected to lead to drig¢ioosrlrerall, with reduced soll
moisture’®

0 Using a composite of five Global Circulation Models (GCMs) under the A1B scéefraritg
study projects an average increase of 0.59 inches (15 mm) by2299(0(19611990 baseline),
from a mean of 3.1 inches (78 mm) in the 196890 period to a mean of 3.7 inches (93 mm) in
the 20962099 period, an approximately 19% increase from the-198D mean at the rate of
approximately 0.059 inches per decade (+1.5 mm/deé&de).

¢ In the coastal rainforests sbuthcentral andautheast Alaska, precipitation duritfie growing season
(time period between last spring freeze and first fall friggbydected to increase approximately four
inches(~100 mm, or 5.7%) from 2000 to 209@om approximately 69 inches (~1750 mm) in 2000 to
approximéaely 73 inches (1850 mm) in 2099 using a GCM composite (scenario not proViided)

e The University of Alaskd Fairbanks Scenarios Network for Alaska Planning (SNAP) hashaskd
mapping tools for viewing current and future precipitation under the B1, A1B, and A2 scenarios for the
20002009, 203€r039, 206€2069, and 2092099 decadefhaseline not providedYools ae available at
http://www.snap.uaf.edu/weltasedmaps(accessed 3.16.201%F.

WesternBritish Columbia 19611990 baseling

e By the 2050s, annual precipitation is projected to increasg&3ge not provied)along the B.C. coast
compared to a 1961990 baseline (mukinodel average; scenarios not providéd).
¢ Along the North Coast by the 2050s, seasonal projections are as folowsired to a 1961990
baseline (multimodel average; scenarios not provided
o In winter, precipitaibn is projected to increase 690 to +25%)'"
o0 In spring, precipitation is projected to increase (r&ge not provided)
o In summer, precipitation is projected to decreas& 8325 to +5%)'"* and
o In fall, precipitatdn is projectedo increase 11% (range not providéed).

121G, (2008) The authors cite the IPCC AR4, Chapter 8 of the Working Groupottpr this information.

183 Karl, Melillo and Petersor(2009, p. 139)

164xKarl, Melillo and Petersor{(2009, p. 139)The authors cite Meehl et £007)for this information.

185 Alaska Center for Climate Assessment and Po(2909, p. 1611)

166 Alaska Center for Climate Assessment and Po{2§09, p. 13)

167 Alaska Center for Climate Assessment and Po{2§09, p. 31)

18 Maps are also available for current and future mean annual temperature, date of thafretste up, and length of

growing season. The scenario and decadal options are the same as those described for precipitation.

%9pike et al(2010, Table 19.3, p. 711)

9pike et al(2010, Table 19.3, p. 711)

171B.C. Ministry of Environment(2006, Table 10, p. 113p.C. Ministry of Environment makes the following nofieF r o m

data in the Canadian Institute for Climate Studies, University of Victasia(cics.uvic.castudy of model results from

eight global climate modelling centres. A total of 25 model runs using the eight models were used to determine the range of
values wunder different | PCC emission scenarios (Nakicenovi
72pike et al(2010, Table 19.3, p. 711)

173B.C. Ministry of Environment(2006, Table 10, p. 113)
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e Along the South Coast by the 2050s, seasonal projections are as fmioywared to a 1961990
baseline (multimodel average; scenarios not provided)
o In winter, precipitation is projected to increase'6%10 to +5%),'"®
o In spring, precipitation is projected to increase (f&fige not providedl)’
0 In summer, precipitation is projected to decreE3% ® (-50 to 0%):° and
o In fall, precipitation is projected to increase 9énge not provided}®

Pacific Northwest (197099 baseline)

¢ Annual average precipitation is projected to increase as fo(lb9&1999 baseline)
0 By 20102039, precipitation is projected to increase 19a¢ +12%)
0 By 20302059, precipitation is projected to increase increase-2%t¢ +12%)and
0 By 20702099, precipitation is projected to increase 4% (o +20%)-3*
¢ Winter projections are as follow$9701999 baseline)
o In 201062039 and 203@059, 58 to 90% of models project increases in precipit&tion.
0 In 20732099, an 8% increase in precipitatiis projectedsmall decrease to +42%; 1.2 inches;
~3cm)®3
e Summer precipitation is projected to decrease 14% by the 2080s, although some models project decreases
of 20 to 40% (1.2.4 inches; cm)compared to a 1970999 baseling®
e These regionally avaged precipitation projections reflect all B1 and A1B simulations, along with the
weighted reliability ensemble average (REA, an average that gives more weight to models that perform
well in simulating 28 century climate}®

Northwestern Californi#1961-1990 baseline)

e Annual average precipitation is projected to decrease 12 to 35% kgentiay, with further decreases
expected by 207@099compared to a 1961990 baseling®® Over 20052034, small to moderate
decreases are projectenmpared to a961-1990 baseliné®” These projections are based on six climate
models using the 2and B1 emissions scenarigs.

" Ppike et al(2010, Table 19.3, p. 711)

> Ppike et al(2010, Table 19.3, p. 711)

176 B.C. Ministry of Environment(2006, Table 10, p. 113)

""Ppike et al(2010, Table 19.3, F11)

18 pike et al(2010, Table 19.3, p. 711)

179B.C. Ministry of Environment(2006, Table 10, p. 113)

180 pjke et al(2010, Table 19.3, p. 711)

181 The range of precipitation reported here was obtained from the Climate Impacts Group. It can be found in a document
titted Summary of Projected Changes in Major [@ris of Pacific Northwest Climate Change Impaétslraft version is
available online atttp://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521 projecteddrivigfiagichccessed
1.5.2011).

182 Mote and Salathé JFuture climate in the Pacific Northwe$2010, p. 4344)

183 Mote and Salathé J{2010, p. 4344)

184 Mote and Salathé J{2010, p. 42)

185 Mote and Salathé J{2010, p. 39)

18 xCalifornia Natural Resources Agend2009, p. 1718)

187xCalifornia Natural Resources Agend2009, p. 1718)

188 California Natural Resources Agen¢g009, p. 1718)
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Information Gaps

¢ Information on sasonal temperature projections in Califoiniaeeded.

¢ One reviewer suggested updated regional runs couttblde for Oregon and Washingt@mother
reviewer stated precipitation extremes are generally not well captured due to the spatial scale of the
GCMs. Regional scale models are providing some guidance (e.g., Salathe et al., 2010), but additional
research iseeded.

e Peterson and Schwing (2008) identify four categories of information needs for the California Current
region (south of Vancouver, B.Q.)xlimate data, monitoring, models, and climate products and forecasts:

o Climate data are needed to provide ¢henate forcing and environmental context for climate
impacts on the CCE, for developing sciefesed operational indicators, and to provide
continuity of satellite data and produ&?g.

0 Monitoring needs include laregeale monitoring to provide informati on gyrescale
circulation, monitoring in the coastal region, and maintaining NDBC monitoring and data
archives:®

0 Modeling of climate and atmospheric and oceanic physics needs to be linked with similar
work being carried out by NOAA and its partné?Js.

o Climate product and forecasting needs include indicators and indices of climate variability,
seasonal and longéerm forecasts and projections, and additional research to understand the
mechanisms linking equatorial ENSO processes and teleconnectior@ahitmnia Current
conditions and their populatioﬁ%z.

189 peterson an&chwing.Climate Impacts on U.S. Living Marine Resources: National Marine Fisheries Service Concerns,
Activities and Needs: California Current Ecosysté2908, p. 49)

190xpeterson anBchwing.(2008, p. 49)

191xpeterson anSchwing.(2008, p. 49)

192xpeterson an&chwing.(2008, p. 50)
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.  MAJOR CLIMATE IMPACT S ON HYDROLOGY IN TH E NPLCC REGION

The hydrologic cyclé the pathway of water movement on Earth and in the atmospligstrongly coupled to

the climate systef?®The di stri bution of water on the Earthoés s
temperature and precipitation pattettist is also controlled by those pattefffsAs a result, hydrologic changes,
particularly the changes in snowpacks and runoff pattéescribed herein, are among the most prominent and
important consequences of climate chalige.

Regional patterns of warmirigduced changes in surface hydroclimate are complex and less certain than those in
temperature, with both regional increases axtehses expected in precipitation and rulié€ontinued

warming and changing precipitation patterns will have a large effect on the hydrology of western North America,
with significant implications for water resources, the economy, instrastructures@sysems?® Based on a

search of the scientific and grey literature, including global and regional synthesis reports (see Preface), the
following major climate change effeats hydrologyin the NPLCC regiomave been identifie@Figure6):

Changes in snowpack, runoff, and streamflow regimes
Reduced glacier size and abundance

Increased floodingnd extreme flow

Increased water temperature

Changes in water quality

Altered groumwaterlevels, recharge, and salinity

ourwWNE

The following structure will be used to present information on climate change effects on hydrology in the NPLCC
region:

e SectionsummaryboXx s ummary of the sectionds key points

¢ Dynamic interactions influencing impacti definition and description of physical, chemical, and/or
biological dynamics and processes contributing to each impact

e Observed trendsi observed changes, compared to the historical baseliregutiicentral and southeast
Alaska, British Columbia, Washgton, Oregon, and northwestern California. Sectiaiso includes
information on changes observed across the NPLCC region.

e Future projections i projected direction and/or magnitude of future chdogsouthcentral and
southeast Alaska, British Columb&ashington, Oregon, and northwestern California. Secfi@mi4
also include information ofuture projectionscross the NPLCC region.

¢ Information gapsi information and research needs identified by reviewers and literature searches.

193xFurniss et alWater, climate change, and forests: watershed stewardship for a changing c(@0d1@, p. 19)

9% Furniss et al(2010, p. 19)

19 %Fyrnisset al.(2010, p. 19)

9% Fyurniss et al(2010, p. 19)

197+ Milly, Dunne and VecchiaGlobal pattern of trends in streamflow and water availability ichanging climate(2005, p.
347)

198 xSchnorbus et aHydrologic impacts of climate change in the Peace, Campbell and Columbia watersheds, British
Columbia, Canada2011, p. 1)
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Figure 6. Examples
of potential direct ar
indirect effects of
climate change on tl
hydrologic cycle.
Most components ai
intensified by climat
warming. Base imag
from the COMET
program, used by
permission by
Furniss et al(2010)

Sea level rises. More

coastal eosion. Sltwater Vs Figure reproduced
freshwater aquifers. from Furniss et al.
(2010, Fig. 16, p. 23
by authors of this

report.
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1. CHANGES IN SNOWPACK, RUNOFF, AND STREAMFL OW REGIMES

Box 5. Summary of observed trends and future projections folhanges in snowpack, runoff, and
streamflow regimes

Observed Trends

The dominant trends across the NPLCC region overtttee2ury are reduced snowpack, earlier sprir
runoff, and decreased summer fl&Ws:

e Briti sh caastdl watetsheassHshifting towards increased winter rainfall and flow,
declining snow accumulation, decreased summer flow, and an earliersbytagy fre

¢ In the Pacific Northwest, significant reductions in snowpack ovethttenf@ry have been
observed, runoff timing has shifted earlier in the spring, and strong and significant declines
runoff have been observed in many locat¥®ns

¢ In the Klamath Basin (OR and CA), April 1 snowpack decreased significantly at most snow
lower than 5,905 feet (1,88Dand increased slightly at higher elevations (conif@#&905 to
19421976202

Future Projections

e Overall, the dominant futurend is one of transition: glaca@igmented regimes shift to snow
dominant regimes, snaleminant regimes shift toward mixed-ssiow regimes, and mixed fain
snow regimes shibward rairdominant regimes3

e From 1995 to 200¢nder a Business as Usual scertheaate of the center of mass of annual 1
is projected to shift 10 to 40 days earlier across western North AA0edc) days earlier in the
contiguous U.S. and 10 to 20 days earlier in Alaska and wester??CCanada

¢ Near Juneau (AK), runoff is projected to increase ampaciois projected to decredse

e Throughout the rest of the NPLCC region, the largest changes are projected for ran@ad rair
regimes: reduced April 1 snowpack, increased winter ambffee@ased summer runaf

e Projected loss of interannual snowpack and ongoing glacial recession would reduce late s
moisture and streamflow and increase water tempé&tature

Note to the readerin Boxes, we summarize the published anditgreyure. The rest of the report is
constructed by combining sentences, typically verbatim, from published and grey literature. Plea
Preface: Production and Methodology for further information on this approach.

199 pijke et al(2010) Luce & Holden.(2009) Pelto.(2006) Snover et al(2005)

200pijke et al(2010)

21| yce & Holden(2009) Pelto.(2006) Snover et al(2005)

22y/an Kirk & Naman. (2008)

203pjke et al(2010) Mantua, Tohver and Hamlg2010) Chang and Jonef010)

24 stewart, Cayan anidettinger.(2004, p. 225)

23Kelly et al.(2007)

2% Chang and Jone§010) Elsner et al(2010) Hamlet and Lettenmaief2007) Mantua et al(2010) Pike et al(2010)
Stewart (2009)

207 pjke et al(2010) Chang and Jone010) Hamlet et al(2007)

29
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Relationship betweentemperature, precipitation, snowpack, runoff,and streamflow

The role of snow in the climate system includes strong positive feedbacks related tqiahagdlectivity,
highervalues are more reflectivand other, weaker feedbacks related to moisture storage, latent heat and

insulation of the underlying surface, which vary with latitude and se&sorthe
temperaturalbedo positive feedback loop, rising temperatures increaling of
snow and sea ice, reducing surface reflectance, thereby increasing solar
absorption, which raises temperatures, and £8°dime feedback loop can also
work in reversé® Feedbacks between temperature, cloud cover and radiation
alsopotentially important agents of climate charfg#lt is thought that if climate
warms, evaporation will also increase, in turn increasing cloud é6\Because
clouds have high albedo, more cloud cover will increase the earth's albedo ar
reduce the amount of soladiation absorbed at the surfa&€&Clouds should
therefore inhibit further rises in temperatdYe-dowever, cloud cover also acts as
a blanket to inhibit loss of longwave radiation from the earth's atmosfihBse.
this process, an increase in temperatuaditgg to an increase in cloud cover cou
lead to a futter increase in temperature positive feedback'® Knowing which
process dominates is a complex is8liAs reported in the IPCC AR%é

radiative forcingdue to the cloud albedo effect, in the cahtaf liquid water
clouds, is estimted to bé 0.7 (range:i 1.1 to +0.4\W/n, with alow level of
scientific understandin@emphasis in originaf'®

Thetiming, volume, and extent of mountain snowpauig the associated
snowmelt runoff, are intrinsicallynked to seasonal climate variability and chan
(seeBox 8).2° Trendsin April 1 snowwater equivalent (SWE, the liquid water
content of the snowpa®R) appear to beriven primarily by temperature, which,

along thePacific Coast, is a function of elevation and latitéidand secondarily

Box 6. Why are changes in
snowpack, runoff, and
streamflow regimes
projected?

Warmer air holds more
water vapor andair
temperature affects the
timing of key hydrologic
events Projected increaseg
in cold season temperaturg
will reduce snow
accumulation, because a
greater fraction of
precipitation will fall as rair
while warmer spring
temperatures would haster
snowmelt, thereby shifting
runoff timing earlier in the
seasn and reducing the
amount of summeand fall
streamflows

Sources: Hamlet et al. (20
Trenberth et al. (2007); St
(2009).

208+ emke et al.Climate Change 2007: The Physical Science Basis: Observations: Changes in Snow, Ice and Frozen
Ground.(2007, p. 342)The authors cite M. P. Clark et al. (1999) for information on latent heat and imsuéthe

underlying surface.

29 xNational Snow and Ice Data Center (NSID@Jctic Climatology and Meteorology: Feedback Loops: Interactions that

Influence Arctic Climate (websitgR011)

#%+National Snow and Ice DatCenter (NSIDC)(2011)
21 +National Snow and Ice Data Center (NSID(011)
Z12+National Snow and Ice Data Center (NSID(011)
Z3*National Snow and Ice Data Center (NSID(011)
Z4xNational Snow and Ice Data Center (NSID(2011)
Z5National Snow and Ice Data Center (NSID(2011)
#%xNational Snow and Ice Data Center (NSID(2011)
#7*National Snow and Ice Data Center (NSID(2011)

Z8+Eorster et alClimate Change 2007: The Physical ScieBasis: Changes in Atmospheric Constituents and in Radiative

Forcing. (2007, p. 132)

#9xstewart. Changes in snowpack and snowmelt runoff for key mountain regee9, p. 78)

220+ E|sner et allmplications of 21st century climate change for the hydrology of Washington (866, p. 228)
#2lxvan Kirk and NamanRelative effects of climate amater use on basiow trends in the lower Klamath Basif2008,
p. 1036) The authors cite Knowles and Cayan (2004) and Mote (2006) for this information.
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by precipitatiorf? Warmercold season temperatures reduce snow accumylagoause greater fraction of the
precipitationis rain (lowea snow to total precipitatioratio), while warmespring temperatures hasten snowmelt,
thereby shifting théiming of runoff to earlier in the season and reducingatheunt of summer and fall flovi§’

Variations in precipitatiogquantitydetermine the total runoff volume, while the seasonafifyrecipitation
affects the fraction storems snow antherefore the volume of the spring snownf#&it

Streamflowregimes are controlled primarily by seasonal patterns of temperatupeemipitation as well as
watershed characteristics such as glacier cover, lake cover, and g@bBiggamflow analyses can be strongly
affected by the date metrics used to idertténds’*® For example, analyses of changes in the date of the center of
volume (i.e. the date by which half of the volume of annual total streamflow has occurred) gave varying results
when computed for the calendar year arderyear (generally, Octobertth September 30 in the Northern
Hemisphere§?’ More recent studies have found the continuation of streamflow timingdsttarough 2009

however, in spite of the recent very warm decade, an acceleration of streamflow timing changes is not clearly
indicated®®

Thehydrologic effects of climate change will have an important influence on all types of watersheds, not just
those with coleseason precipitation storage as snowggaekBox 7).”* For example,figlaciers are initially in

equilibrium with currentlimatic conditions (i.eif snow accumulation balancablation of snow and ice), then

the onset o€limatic warming will produce an initial increaseglacial melt and runoff contributions to

streamflow?*® Eventually, however, thiess of glacier area will reduce total meltwater generat&sylting in a

decrease in glacier runoff contributiciosstreamflow’*! Glaciers are key sources of alpine sumstezamflow?*?

Four types of runoff regimes are found in the NPLCC regitatierdominant, snownelt dominantmixedrain-
andsnowhybriditransient andrainrdominant(seeBox7). For consi st e n ctyansientramisnowr ep o r
to refer tothetransient/mixed/hybrid regimes.

222x\/an Kirk and Naman(2008, p. 1036)The authors citelamlet et al. (2005), Mote et al. (2005) and Stewart et al. (2005)
for this information.

223 x Stewart. (2009, p. 7879). The authors cite Motet al. (2005) and Stewart et al. (2005) as examples.

224 Stewart.(2009, p. 79)

25 +pike et al(2010, p. 718)

226 xpike et al(2010, p. 705)

27xpike et al(2010, p. 705)The authors cite Déry et al. (2009) for this information.

228+ Fritze, Stewart and Pebesn&hifts in western North American snowrmetioff regimes for the recent warm decades.
(2011)

*29xpike et al(2010, p. 719)

20+ pike et al(2010, p. 717)The authors cite Hock et al. (2005) and Moore et al. (2009) for this information.

#1xpike et al(2010, p. 717)

#32xpelto. Impact of climate change on North Cascades alpine glaciers, and alpine r{208f8, p. 72) The authors cite
Bach (2002) for this information.

—t



Climate Change Effecia Freshwater Ecosystems
Draft Final: August 2011

Box 7. Characteristics of the four runoff regimes found in the NPLCC region

Glacierr-dominant: In British Columbia, drainage basins with more than two to five percent of the area cd
glaciers have regimes similar to sstmwinant regimes, except that the period of high flows extends from a
May to August or September, andflow conditimis occur only when precipitation is accumulating in the
snowpack, usually from December to March (e.g. Lillooet RiverBabmextended melt freshet is partly
associated with the higher elevations typical of glacierized drainage basins thatdietdrsiocivd summer, bl
is primarily associated with the presence of glaciers which, during the melt season, act as resef¥birs of

Snowmelt dominant: In snowmefdominant watersheds (e.g. Columbia River Basin), much of the winter
precipitation istored in the snowpack, which melts in the spring and early summer resulting in low strea
the cool season and peak streamflow in late spring or early sumriely¥fyow flows may also occur durir]
the late summer and fall as a result of fewigtation inputs and the exhaustion of the water supply from
snowmelg3é

Mixed/hybrid/transient : These watersheds exhibit characteristics of botamdimekdominated streamflow
regimes (e.g. Willamette River Ba%iahd are termed mixeginsnow hybrid, or transiemainsnowregimes
depending on the cited sounxedansndiwh  rt €« omefi sn etna )
They are characterized@gedrainsnow due to their michnge elevation and where winter tempesatur
fluctuate around freeziff§.Mixedrainsnowwatersheds receive some snowfall, some of which melts in the
season and some of which is stored over winter and melts as seasonal temperatdteshearelasee
importance of the rainfall influerdecreases inland from the coast or northwards up the coast; in both cas
mean temperature tends to decrease, promoting the occurrence of snow rather than rain duririéf Rieevs
draining these watersheds typically experience two streagakewope in winter coinciding with seasonal
maximum precipitation, and another in late spring or early summer when water stored in snoifdack mel

Rain dominant Raindominant watersheds are typically lower in elevateie little snowfa#ind occumostly
on the west side of tineountain ranges such as the Cascade MougetginShehalis River Bagtaktreamflow
peaks in the cool season, roughly in phase with peak precipitation (usually November throiéh January)

Z3xEaton and MooreCompendium of forest hydrology and geomorphology in British Columbia: Chapter 4: Regional
Hydrology (pdf).(2010, p. 86)
Z4xEaton and Moorg2010, p. 86)
25+ Elsner et al(2010, p. 226)

2% xEaton and Moorg2010, p. 86)
#7xEaton and Moorg2010, p. 86)
238 xE|sner et al(2010, p. 226)
29xElsner et al(2010, p. 226)
240+ Eaton and Moorg2010, p. 86)
241xElsner et al(2010, p. 226227)
242E|sner et al(2010, p. 226)
243xE|sner et al(2010, p. 226)
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Observed Trends

Regional

Widespread and regionally coherent trends toward earlier onsets of springtime snowmelt and stteamaflow
taken place across most of western North America, affecting an area that is much larger than previously
recognizedencompasses half a continesgeTable7).?** In general (66% of all gauges), a consistent one to four
week earlier shift in streamflow in recent decades compared with the 1950980l observed throughout the
West(Figure7).>** These trends were found to be strongest in the interior Pacific Northwest, western
Canada and coastalaska for midelevation gages?*° By contrast, for norsnowmeltdominated
streamdrom 1948 to 2000thedate ofcenter of mass of annual flow at most gauges are trending in the
opposite direction, toward later snowmelt timing, with shifts fivententy-five days later*’

There is also evidence, that a set of vulnerable basingtiwatwestern North Amerieaxperienced runoff

regime changes, such that basins that were snowmelt dominated at the beginning of the observational period
shifted to mostt rain dominated in later yea®8 The most vulnerable regions for regime shifts are in the
California Sierra Nevada, eastern Washington, Idaho, and-eastiern Mexicdi.e., outside NPLCC regiorff®

Table 7. Summary of observed chges in snow cover and snowmedrived streamflow for the westert
North American mountain ranges *Note: This table is reproduced froBtewart(2009, Table V, p. 8%y
authors of this reporfThe references listed are those from the cited publication.

Findings Study Period References

General decline of SWE and snowpack, especiall 19162002: | Mote, 2003b; Mote et al., 2005;
in spring, except for cold high elevations or wher§ 19530000 | Regonda et al., 2005; Earman and
precipitation increased Dettinger, 2006; Kalra et al., 2006

Reduced and earlier peak snowpack; greatest S\
changes in coastal areas where winter temperaty
remain close to freezing (OregdBalifornia); more | 19162003 | Hamlet et al. (2007)
winter runoff, earlier spring peak flows by up to 4!
days; no consistent precipitation trends

Reduction in the snow to precipitation ratio
connected to temperature increases, largest for§ 19490004 | EA'MaN and Dettinger (2006);

that remain Iose to freezing in winter; less Knowles et al. (2006)
groundwater recharge

Earlier start of thenowmelt runoffi.e. spring pulse Cayan et al, 2001; McCabe and
onset) earlier timing of the cept of mass byoneto 19482002 | Clark, 2005; Regonda et al., 2005;
four weeks; increasing March flow; decreasing Stewart et al., 2005; Kalra et al.,
April-June flows 2006; Hamlet et al., 2007

24 stewart, Cayan and Detting&@hanges toward earlier streamflow timing across western North Am¢gieas, p. 1136)
245*dall and BatesClimatic and hydrologic trends in the western U.S.: A review of recentrpe@wed research (pdf).

(2007, p. 4)

#46xdal and Bates(2007, p. 4)

247xStewart, Cayan and Detting¢2005, p. 1142)

28+ Fritze, Stewart and Pebesn&hifts in western North American snowmelt fifinegimes for the recent warm decades
(2011, p. 1)

249%Fritze, Stewart and Pebesm@011, p. 1)
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Southcentral and Southeast Alaska

In southcentral and stheast Alaska over 1948 to 2002, the timing of the center of mass of annual flow has
shifted at least ten days earlier, while the timing of the spring pulse onset has shifted five to fifteen days earlier in
some locations and up to five days later in atf{seerigure7).?° Information on snowfall and snow cover trends

for theCity and Borough of Juneauresummarized in a report to theayor produced by a Scientific Panel on

Climate Change:

Snowfall has been consistently below average since thd @7ids with the exception of a period in the
early1990s** Average winter snowfall at the airport decreased by almosedt.50.45m), from109

inches to 93 inches (~2%M to ~236cm) between 1943 and 2085.

The trends in climate appear to affect late winter and early spring snowfalls in Juneau most3trongly.
Since 1975, average snowfall in March and April in Juneau has decsggisiédantly; however, there

has not been a significant change in average snowfall in other months in which snow typically falls at sea
level.?>*

The decrease in snowfall at sea level appears to be driven by climate warming rather than a decrease in
winter precipitation”

The negative mass balance for most local glaciers suggests that snowfall at higher elevations is also
decreasing=® It is possible, however, that a warmer, wetter climate will result in an increase in snowfall

at the highest elevationsthin the City and Borough of Juneau (such as the upper reaches of the Juneau
Icefield) where winter temperatures are consistently well below the freezing point of\water.

20 gtewart, Cayan and Dettingé2005, Fig. 2, p. 1141)

HlxKelly et al.Climate Change: Predicted impacts on Juneau. Report to: Mayor Bruce Botelho and the City and Borough of
Juneau Assembly (pdfR007, p. 37)

2xKelly et al.(2007, p. 36)

3xKelly et al.(2007, p. 3940)

4xKelly et al.(2007, p. 40)

5xKelly et al.(2007, p. 36)

Z6xKelly et al.(2007, p. 40)

B7xKelly et al.(2007, p. 40)
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Box 8. The role of the Pacific Decadal Oscillation (PDO) andEl Nino Southern Oscillation
(ENSO) in regional climate.

ENSOand PDO are major sources of climate variability in the NPLCC Tegid?DO is often describeq
as a londjved, El Nifielike pattern of climate variability in the Padifim main charactetiiss distinguish
the Pacific Decadal Oscillations (PDO) from El Nifio/Southern Oscillation (ENSO): first, 20th centd
"events" persisted for-20-30 years, while typical ENSO events persisted for 6 to 18 months; secon
climatic fingerprints of 66PDO are most visible in the North Pacific/North American sector, while

secondary signatures exist in the trepiesopposite is true for ENSBor example,oB. C. 6 s S
some streams that are normally raidéetlinated have snowmelt runofthie spring during cool La Nifia yearn
This can result in years with two streamflow peaks in watersheds where normally only one would occu
Chemainus Riveth areas that typically flood in January or February in the simulations (i.e., espata¢are
precipitation signals are most pronounced, changes in floods associated with ENSO and PDO may be
large. This can be seen in the effects of ENSO on flood risks in basins in western Washington ariteOre
potential for precipitatiomd temperature extremes is higher when ENSO and PDO are in the same

e A warm ENSO (i.e. El Nifio) is characterized by DecemidanuarFebruary sesurface temperaturg
>0.5 standard deviations above the mean and has been associated with:
o Warmer thamaverage seairface temperatures in the ceaindl eastern equatorial Pa€oean
0 Reduced strength of easterly trade winds in the Tropical Pacific
0 Flood risks generally lower in PNW and northern CA.
¢ A neutral ENSO isneither warm nor cool. There acestatistically significant deviations from aver
conditions at the equator.
e A cool ENSO (i.e., La Nifia) ischaracterized by DecemfJanuarf-ebruary mean searface
temperatures-0.5 standard deviations and has been associated with:
o Cooler than average se@face temperatures in the central and eastern equatorial Pacific
0 Stronger than normal easterly trade winds in the Tropical Pacific
0 Flood risks generally higher in PNW and northern CA.
0 Some rainfatlominated streams in®B have snowmelt runoff in the spring.
e A warm PDO ischaracterized by searface temperatures >0.5 standard deviations above the
for the OctobeiNovembeiDecembetlanuarf-ebruaryMarch mean and has been associated wi
0 Negative upwelling in wimntgpring
o Warm and fresh continental shelf water
0 Advance spring or summer freshet, lower peak flows, cause drier summer periods in B.C.
0 Flood risks generally lower in PNW and northern CA.
e A neutral PDO isneither warm nor cool.

e A cool PDO ischaracterized by ssarface temperaturesdss standard deviations for the Octebe
NovembefDecembetlanuarnFebruaryMarch mean and has been associated with:
o Positive upwelling in wintspring
o Cold and salty continental shelf water
o Flood risks gendhahigher in PNW and northern CA.

SoureeCIG. http://cses.washington.edu/cig/pnwc/ci.shtr(é¢arsked?8.14.2011); Hamlet & Letf@0figier.
Table 1, p.;6hdependent Scientific Adviso(g@Yardable 4, p.;84antua. (2000).
http://www.jisao.washington.edapcgsed 8.14.2Bike)et 82010, p. 708pPike cites Fleming et al. (2007)
Zhange et al. (2000)
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Trends in the Spring Hulsa
(1948-2002) —

O

@ > 20d earlier
@ 15-20d earlier
2 10-15d earlier
(0 5-10d earlier
< 5d

0 5-10d later

0 10-15d later
@ 15-20d later
@ > 20d later
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Trends in CT
(1948-2002)
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Figure 7. Trends in (a) spring pse onset and (b) date of centémass of annual flow (CT) for snowmedtnd (inset) non
snowmeltdominated gauges across western North America. Shading indicates magnitude of the trend expressed as the
change (days) in timing over the 192800 period. Larger symbols indicate statisliiy significant trends at the 90%
confidence interval. Note that spring pulse onset dates could not be calculated for CanadiaisgaugeReproduced

from Stewart, Cayan and DettinggR005, Fg. 2, p. 1141py authors of this report.
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British Columbia

TheMinistry of Environment reportedverall decreasing trends in Apiil' SWE from1956to 2005 based on

data from 73 londerm snow coursg$3 decreased increased}® The largest decreasescurred in the mid
Fraser Basin, whereas the Pe@umrtheast B.C,)Skeengwestcentral B.C.) and Nechakg¢southcentral B.C.)
Basins had no notable charmeer the 56year study period, and the provincialerage SWE decreasedhteen
percenf

The dominant trend of glacier retreat has influerstegamflow volumes® negative trends have been
documented for summstreamflow in glaciefed catchments in Britis@olumbia, with the exception of the
northwestwhere streamflow haseen increasing in glaciéed catchments® Thus, it appears that the initial
phase of streamflow increases associated with accelglatdr melt has already passed for most of the
province, whereas the northwest is still experienaimgmentedgtreamflow’®? In B . Ccodstl watersheds,
regimesare shifting towards increased winter rainfafid declining snow accumulation, with subsequbanges
in the timing and amount of runoff (i.eveakened snowmelt componefi®)This, coupledvith decreasd
summer precipitation, is shifting tls¢reamflow pattern in coastabtershed$®*

e Over the last fifteen yearsgecific date range not providethe Fraser Rivefsnowqglacial systenmear
Vancouve) shows increased peak flows and lower recessional flows, illustrating changes in the
associated watersheds, perhaps away from a gldoirinated regime towards a sndaminated regime
with an earlier freshet and faster recessional péffod.

e TheChemainus Riveshowed predominantly increased flow in winter and decreased flow during May,
although the response varied over the re¢b®$62006)**° This is a snowsupported but rainfall
dominant system located on south Vancouver Isféind.

e TheSwift River showed increasl winter and spring flows and decreased summer (l®&62006)%®
This is a snowdominant system located in northwest BC.

e On the Chemainus and Swift Rivens¢ieased streamflow from November to April and decreased
streamflow from June to Septemhessobserved (1972006)>™

8+ pike et al(2010, p. 703)

9+ pike et al(2010, p. 703)The authors cite B.C. Ministry of Environment (2007) for this information.

20+ pike et al(2010, p. 703)The authors cite Moore et al. (2009) for this information.

#lxpike et al(2010, p. 717)

#2xpike et al(2010, p. 717)

23+pike et al(2010, p. 706)

24 xpike et al(2010, p. 706)

25+pike et al(2010, p. 706)

2%xpike et al(2010,p.706) The Chemai nus Ri Verds basin size is 355
%7 xpike et al(2010, p. 706)

28 xpike et al(2010, p. 717)

29xpike et al(2010, p. 706)

210+ pike et al(2010, p 706) Note that results for the Chemainus and Swift Rivers are a trend analysis of seqeeémyial 5
average runoff values
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PacificNorthwest

April 1 snowpack, a keyemperatureensitiveindicator of natural water storage available for the warm season,
has already declined substantially throughout the regton

e Snover et al. (2005) report that Aprishowpack (measured as SWE) has declined markedly almost
everywhere in the Cascade Mountains (OR and WA) since (186énd date provided}’ These declines
exceededwentyfive percent at most study locations, and tended to be largest at lower ele¥/ations.

e Stoelinga et al.2010 examined snowpack data in the Cascade Mountains over a longer time period
(19302007) and concluded that snowpack loss occlatedelatively steady rate dfvo percent per

decaddafter Pacific variability is removedyieldinga sixteen percemcbss.274

¢ Pelto (2008) find the increase in winter temperature has led to a tfianpercent decline in April 1
SWE at eight USDA snow course sites since 1@#cend date providedy This declineoccurred
despite an increase in wintarecipitation(e.g., NovMarch precipitation increased 3%@oncrete and
Diablo Dam from 194€00579.?"" The declining ratio between winter precipitation (Ndarch) and
April 1 SWE demonstrates that reduced April 1 SWE is not due to precipitation deciirte,reduced
accumulation of snowpack and winter ablation of existing snowfda€kis reflectsvarmer conditions,
yielding more rainfall events, leading to more winter melt and less snowpack accunfii&jwecific
observed trends in April 1 SWE (192605) include:

o -1.2feet{0.37m) at Lyman Lake (mear&.31 ft., orl.62m)

0 -0.95feet{0.29m) at Rainy Pass (mea8:31 ft., orl.01m)

o0 -2.5feet{.075m) at Stevens Pass (me&®4 ft., orl.20m)
o -1.3feet {0.40m) at Fish Lake (mear2.9 ft., 0r0.89m)

o0 -0.95 feet{0.29m) at Miners Ridge (mea#:.33 ft., orl.32m)

Changes in the timing, amount, d@nelquency of runoff and streamflow have also been fotimmlighresultsvary
by study Table8). While factors such as land use practices and natural cycles ofatreaspheric chandge.g.,
PDO)mayplay a role in observed changes, the changesomsistent with climate chand@Forexample, in a
study investigating the detection and attribution of streamflow timing changes to climate chanige, étida
(2009) concludethe observed trend49501999)toward earlier centdiming of snowmeHdriven streamflows
in the western Unétd States ardetectably different from natural variabilj%?/1 With very high confidenceecent

2"LxKarl, Melillo and Peterson(2009, p. 135)

272xgnover et alUncertainFuture: Climate Change and its Effects on Puget So(2@05, p. 1617)

23 xgnover et al(2005, p. 17)

2’4 stoelinga, Albright and Mas# new look at snovgek trends in the Cascade Mountai(®010, p. 2473)This loss is very

nearly statistically significant and includes the possible impacts of anthropogenic global warming. It is also calchlated wit

Pacfic climate variability removed.

25 +pelto. (2008, p. 73)

27%xpelto. (2008, p. 71)

2" *pelto. (2008, p. 73)

2’8xpelto. (2008, p. 72)

29*pelto. (2008, p. 73)

#0gnover et al(2005,p.17) The aut h don sftheabdemed frends s probably due to reservoir management
and changing |l and use, which were not corrected for in

#lxHidalgo et alDetection and attribution of streamflow timing changes to climate change in the western Uniéed Stat

(2009, p. 3838)They aresignificant at the p < 0.05 level.
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trends toward earlier streamflows in the ColunfRiger basin are in part due to anthropogenic climate ch%ﬁ‘?ge.
Similarly, Barnett et al. (2008)nd that up tosixty percent of the climateslated trends of river flow (center
timing: 0.3 to 1.7 days per decade eafifgrwinter air temperature (Javarch: +0.500.77 °F/decade;0.28

0.43 °C/decade), and snowpack (SWE to precipitation +a#10-7.9%) betweer 1950 and 1999 are human
induced™®

Northwestern California

Climate has been proposedthe primarycauseof baseflow decline in the Scott River, an importaaho

salmon rearing tributary in the Klamath Ba&ftBased on comparison with a neighboratg@am that drains
wilderness, Van Kirk and Naman (2008}ienatethatthirty-nine percenof the observed 1fillion cubic meters
(Mm?®) decline in July 10ctober 22 dischargever 19772005 (as compared to 194976)in the Scott River is
explained byegionatscale climatic factor€® The remainder of the decline is attributable to local factors, which
include an increasa irrigation withdrawal from 48 to 103 Mhperyear since the 1956%.Van Kirk and Naman
also found that:

e Of eighteen snow coursetudiedin the lower Klamath BasjApril 1 SWE decreased significantly at
most snow courses lower than 5,905 feet (118P@nd increased slightly at higher elevatidifdean
April 1 SWE was lower in the 1972005 period at all seven snow courses beloWd r8eters, and these
differences were significant at four of these courses and marginally significant at&ffban April 1
SWE was higher in the 1972005 period at five of the nine courses with elevations above 1,800 meters,
but none of these diffenees were significar?tg.0

e Base flow decreased significantly in the two streams with the lowest la#itijdsted elevation and
increased slightly in two highelevation stream&* baseflow decline in the Scott River was larger than
that in all other streasnand larger than predicted by elevafiBrive streams werstudied®?

¢ Van Kirk and Naman note: oestimate thathirty-nine percenbf the decrease in Scott River bdkav
is due to climatic factors is contrary to that of Drake e{26100), who concluded that sevesight
percentof the decrease is due to decline in April 1 sWErhe disparity in these conclusions is easily
explained by analys'methods.295

282xHidalgo et al(2009, p. 3838)The authors cite Solomon et al. (2007a; box T$.1.f or t he term Avery
283+Barnett et alHumaninduced changes in the hydrology of the western United S(ages, p. 1081081)
24+Barnett et al (2008, p. 1080)

285+\/an Kirk and Naman(2008, p. 1035)

286 x\/an Kirk and Naman(2008, p. 1035)

#87%\/an Kirk and Naman(2008, p. 1035)

288 x\/an Kirk and Naman(2008, p. 1035)

#89x\van Kirk and Naman(2008, p. 1042)The authors cite Table 2 in the cited publication.

290+y/an Kirk and Naman(2008, p. 1042)

291xyan Kirk and Naman(2008, p. 1035)

292x\/an Kirk and Naman(2008, p. 1035)

293 *y/an Kirk and Naman(2008, p. 1035)The five basins studied are listed in Table 1 (pp.1039) as the Scott IRdian
Creek, Salmon River, South Fork Trinity River, and Trinity River.

294%\/an Kirk and Naman(2008, p. 1047)

2%*\van Kirk and Naman(2008, p. 104y, The authors explain the discrepancy on p. 1047.
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Table 8. Observed trends in the timing, amount, fnedjuency of runoff and streamflow, NPLCC regid
Note: Table ceated by authors of this repoiftable continues on next page.

Observed Trends | Location | Study Period | Citation
TIMING
e The peak of spring runoff shifted from a few daysto| NPLCC Karl et al.
) . 06 ) 19502000
many as thirtydays earlief: region (2009)
e The dates of maximum snowpack and 90% +oett Cascade 19302007 Stoelinga et
have shifted five days earlié¥. Mountains al (2010)
e Summemelt events in Thunder Creek accounted for
of the 26(65%) highest peak flowfom 19501975, but
from 1984 to 2004, 8 of 13 (62%) yearly peak flow North
. ) Cascade Pelto
events resulted fromvinter rain on snow melt events, . 19502004
. L Mountains, (2008)
the other five (38%) occurring in sumntét. WA
e Theearlier release of meltwater has become more
pronounced sirec 1990°%°
. . Puget Sound Snover et
e A twelve day shift toward earlier onset of snowmelt WA 19482003 al. (2005)
AMOUNT
e Trends in the lower part of the distribution of annual
streamflow show strong arsignificant declines at a Pacifi Luce and
large majority (72%) of gauging statiof?s. actie 19482006 | Holden
. . ) Northwest
e In addition, the driest 25% of years are becoming (2009)
substantially drief®*
e An 18% decline in the fraction of annual river flow
enteringPuget Sound between June and Septefffber| Puget Sound Snover et
. . . 19482003
e A 13% decline in total inflow due to changes in WA al. (2005)
precipitation in Puget Souritf
¢ Increased mean wintéNov-March)streamflow:+17%
in Newhalem Creek, +20% in Thunder Creek, +13.8! North
in all six basins studiell! and+0.344%/year (range: Cascade 19632003 Pelto
0.01%/yr to 0.55%/yracross all six basins studi&a. Mountains, (2008)
e Declining mean summer streamflov28% in WA
Newhalem Creek3% in Thunder Cree¥®and

29K arl, Melillo and Peterson(2009, p. 135)The authors cite Stewart, Cayan and Dettinger (2004) for this information.
297+ Stoelinga, Albright and Mas§010, p. 2473)Both shifts are statistically insignificant.

2% pelto.(2008, p. 73)

29+pelto. (2008, p. 73)

390*_uce and HolderDeclining annual streamflow distributions in the Pacific Northwest United States;2(B8(2009,
p. 5)

301+ yce and Holde. (2009, p. 5)

392xSnover et al(2005, p. 17)

393xsnover et al(2005, p. 17)

394 pelto.(2008, p. 73)

3% pelto.(2008, Table 5, p. 72)

3% pelto.(2008, p. 73)
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-0.48%/yr(range:-0.04%/yr to-1.11%/yr)in all six
basins studiedf”

e Mean spring streamflow was nearly unchanged:
+0.0233%/yr (range0.01%/yr to +0.31%/y¢§®

. . . I North Riedel &
mer
. Depent:lllng on thizl::;sn:), glacial cc;r;)grlbutlora;mmn e Cascades, 19932009 Larrabee
streamflow was 112% above normat. WA (2011)
Chang and
¢ Inthe Cascade Range of western Oregon, relative Jones
. . . Cascade
streamflow in August decreased significantly in two Mountains 20" century (2010)
snowdominated basins, but not in two ralominated ' citing
western @R
basins®® Jefferson et
al. (2006)
e Runoff ratios and baseflow have declined significant] Aan}‘;'WS Chang and
during spring, but they have not changed during : 19522006 | Jones
et Experimental (2010)
summer or winter. ForestOR
FREQUENCY
e Anincrease in the likelihood of both low and unusua| Puget Sound 19482003 Snover et
high daily flow events. WA al. (2005)

397 pelto.(2008, Table 5, p. 72)
3% pelto.(2008, Table 5, p. 72)

309+Riedel & LarrabeeNorth Cascades National Park Complex glacier mass balancéariog annual report, Water year

2009: North Coast and Cascades Netw@2011, p. 9)

319+ Chang and Jone€limate change and freshwater resources in Ore@@®110, p. 80) The authors cite Jefferson et al.

(2006) for this information.

1% Chang and Jone010, p. 80) The authors cite Moore (2010), Figure 3.10, for this information.
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Box 9. Trends andprojections for evapotranspiration in the western United States, southcentral British
Columbia, and Alaska

Definition of evapotranspiration:Evapotranspiration refers to water evaporation from soils, plant surface
water bodies and water logkesugh plant leavég

Role of evapotranspiration in the watershedEvapotranspiration affects water yield, largely determines w
proportion of precipitation input to a watershed becomes streamflow, and is influenced by forest, range
agricultural mnagement practices that alter vegetat®uarface waters will decline even if precipitation incre
if evapotranspiration increases by a greater atffount

Observed trendsHamlet et al. (2007) found thiatadughout the western United States and sauithcBritish
Columbigrom 1916 to 2003ends in simulated warm seaseapotranspiraticas a whole have followed tren
in precipitationhowever, in areas with substantial snow accumulation in spring, some systematic chang
associated with temperatare also apparent:

e In early spring, water availability from snowmelt has generally increased due to earlier snowme
evapotranspiratiaiuring ApridJune has followed these upward trends.

e In late summer, simulated increaseaniperatureesult in decreasing trends in water availability fror
snowmelt, which has tended to redaa@potranspiratiaiuring JulySeptember.

e Changes in the seasonal timingvajpotranspiratian summer in coastal areas of the Pacific Northw
and Californiara much more clearly related to temperature changes, because there is relatively
precipitation in summer to offset losses of water availability due to earlier SHowmelt.

Future projections:In Alaska, increases in evaporation due to highemaeratures are expected to lead to
conditions overall, with reduced soil moisttire

SourcesAllan, Palme& Poff. (2005)Brooks et al2003)Hamlet et al2007)Karl, Melillo& Peterson(2009)

Future Projections

Regional

Across western North America, Stewart et al. (2004) project earlier streamflow timing by thirty to forfyodays

1995to0 209 using a statistical model and assuming that observed trends of streamflow timing cohlituse

strongly impacted by this prajed shift in the date of the center of mass of annual flow (CT) are the Pacific
Northwest, the Sierra Nevada, and the Rocky Mount&i@omewhat less impacted are the Alaskan, and western
Canadian rivers, where shifts of ten to twenty days are predigtétblend of the century, despite ttact that
temperatures, and local temperature indices (f@hds increase poleward in the climate projection (using

Parallel Climate Model Business as Usual scendficfhe weakening of the Gtrends in Canadand Alaska

reflects the historical tendency for the CT of northern rivers to be less sensitive to temperature fluctuations, at
leastin part because the basinsavesc ol d t hat O6normal &6 temperature fl uc

312xBrooks et alHydrological Processes and Land U§2003)

313Brooks et al(2003)

314 Allan, Palmer and PofClimate change and freshwater ecosyste@305)

35 Hamlet et al(2007)

3% Karl, Melillo and Petersor(2009) The authors cite Meehl et al. (2007) for this information.

37 Stewart.(2009, Table V, p. 89)Stewart is summarizing the results of Stewart et al. (2004).

318+Stewart, Cayan and DettinggEh anges in snowmelt runoff timing Ushuadebst e
climate change scenarig2004, p. 225)

319xStewart, Cayan and Dettingd2004, p. 225)
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timing that inbasins nearer the freezing pojemphasis in originaff° Data analyzed by MillygeeFigure8)
projects:

e atwenty to forty percent increase in runoff in Alaska (more than 90% of models in agreement)

e aten to twenty percent decrease in runoff in California (more than 90% of modgleément), and

¢ in Washington and Oregon, the range of projected runoff chang&sis-2 percent (more than 66% of
models in agreement).

Figure 8. Median, over 12 climate models, of the percent changes in runoff from United States water resources regions for
2041-2060 relative to 1901970. More than 66% of models agree on the sign of change for areas shown in color; diagonal
hatching indicates grésx than 90% agreement. Recomputed from data of Milly, Dunne, and Vecchia (2005) by Dr. P.C.D.
Milly, USGS. Source: Reproduced froRalmer et al. (2008, Fig. 6.14, p. 28)y authors of this regrt.

Southcentral anddsitheast Alaska

Increases invinter precipitation cold lead to increased snowpabtlowever, winter melting events and a
shortening of the period of snow accumulation could have the opposite?’éﬁéd:he latter conditions dominate
and overall snowpack decreasAlaska could expect a shorter spring melting period with lower runoff intensity
and generally lower summer baseflof8As precipitation in southeastern Alaska shifts toward increased rain

320xStewart, Cayan and Dettingd2004, p. 225)

321 xAK Department of Environmental Conservation (DEEjnal Report Submitted by the Adaptation Advisory Group to the
Alaska Climate Change Suabinet (pdf) (2010, p. 22 to 23). The authors cite Serreze et al. (2000) for information on
precipitation and snowpack.

322 AK -DEC. (2010, p. 23)
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