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EXECUTIVE SUMMARY

This Phase 1 draft final report provides a fager compilation of whas knowrd and not knowd

about climate change effects on freshwater aquatic and riparian ecosystems in the geographic extent of
the North Pacific Landscape Conservation Cooperative (NPLCC). The U.S. Fish and Wildlife Service
fundedthis report to help inforrmembers of the newly established NPLCC as they assess priorities and
begin operations. Production of this report was guidedriyersity of Washingtod €limate Impacts
Groupand information was drawn from more than 250 documents and more than 10@wsef/final

report will be published in 2012 following convening of expert focus groups under Phase Il of this
project.

Information in this report focuses on the NPLCC region, which extends from Kenai Peninsula in
southcentral Alaska to Bodega Bay inth@restern California, west of the Cascade Mountain Range and
Coast Mountains. The extent of the NPLCC reaches inland up to 150 miles (~240 km) and thus only
includesthe lower extent ofmostlargewatersheds. This area is home to iconic salmon, productae

lake, and wetland systems, and a wide variety of fish, wildlife, amphibians, and other organisms. Many of
these species, habitats, and ecosystems are already experiencing the effects of a changing climate.

Carbon Dioxide Concentrations, Temperatureand Precipitation

Increased atmosphergarbon dioxide€CO,)c ont ri butes to the earthds gree
increased air temperature, altered precipitation patterns, and consequent effects for biophysical processes,
ecosystems, and species.

e Atmospheric CO,conaentrations have increasedo ~392 parts per million (pprhjrom the
preindustrial value of 278 pprhigher 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 emperatures have increased1-2°F (~056-1.1°C) from coastal British
Columbia to northwestern California over thé"2@ntury 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 regi8my 2100, the range of projected annual
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 moétdska’® while 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 physiologicstress on temperatusensitive specie$,drying of alpine
ponds and wetlands, and reduced habitat quality for dependent reptiles and amphibians.

e Seasonal precipitation varies but is generally wetter in winterCool season precipitation (Gct
March) ircreased 2.17 inches (5.51 cm) in Alaska frompiagods 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 19252008*° while in
British Columbia both increases and decreases in winter precipitation were observed, depending
on the time period studié@increased cool season pretipion raised winter flood riskh much
of the Puget Sound basin and coastal are¥gashington, Oregon, and CaliforrfizOver the 21
Century, winter and fall precipitation 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¢q-13% in BC
and-14% in WA and ORJ? In southeast Alaska, however, warm season precipitation is projected
to increase 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 aqaaticaaian 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|2QDB
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 higer elevation$® By
2059, April 1 SWE is projected to declifrem 28%° up to 4694 in the NPLCC region. A 73%
decline in snow accumulation is projected for
atmospheric Coconcentrationé! For all but the higheéslevation basins, loss of winter
snowpack is projected to result in reduced summer streamflow, transforming many perennial
streams into intermittent streams and reducing available habitat for fish, amphibians, and
invertebrates dependent on constant fiowl associated wetland conditidhs.

e Earlier spring runoff: In the NPLCC regionthetiming 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 ctrently dominated by glaciers, snow, or a mix of rain and sfiow.currently rain
dominant basinsunoff patterns will likely mimic projected precipitation chand®s
snowmeltdominant streams where the seaward migration of Pacific salmon has ewolved
match the timing of peak snowmelt flows, reductions in springtime snowmelt 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%0om 1963 to 2003° Winter streamflow also
increased in nonain-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@minant and
particularly in warmer mixed raksnowdominant basins, and probably remained unchanged in
many snowmeltand cooler mixedain-snowdominant basins in the interifUnder a warmer
future climate with increased rainfall and decreased snowfall, winter streanmitbfioad risk
will increase, particularly for mixed ranow basins in the regidhAt 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 will be negatively impacted as more intense and frequent winter
floods wash away the gravel beds salmon use as nestin§’sites.
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Decreased summer streamflowtn the Pacific Northwest, northweste@alifornia, and coastal
British Columbia thosewatersheds receiving some winter precipitation as sa@erienced a
decrease isummer streamflow from 3% to more than 40% between 1942 and2Bp&100,
further declines in the number and magnitude ofreanow flow days are projected throughout
the regiorl 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 éfeshwater to dilute pollutantéd Combined with increased 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 the region: Fifty-three glaciers have
disappeared in the North Cascades since the T8gBg;iers 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) w1953 t0o 1998'However , in California, Mt.
exhibitedterminal advance and little change in ice volua®increased temperatures were
counteracted bincreased winter snow accumulatiriimited projections for the Z'icentury
indicateglacial area losses of 30% to 75% in parts of the NPLCC régikime 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 lemdfigs is projected to
increase? raising stream temperature and suspended sediment concentrations and altering water
chemistry?®

Increased water temperature:Observed increases in lake and river temperatures are generally
projected to continue, exceeditige threshold for salmon survival in some areas 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 perid, suggestinghat streameemperatures frequently exceed the |dbetsholdevel 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 upgleolthfer
salmon survival® However, in the 22Lcentury,a prolonged duration of water temperatures
beyond the thermal maximum for salmon is projected for the Fraser RivePY{B€)_ake
Washington/Lake Union ship canal (WA), the Stillaguamish River (%and the Tualatin

River (OR)% In Washingtorby the 2080s, stream temperatures are projected to increase by 3.6
to PF (2-5°C).%

Changes in water quality:Documented effects of climate change on water quality were not

found, and water quality projectismare both limited and widely varying for the NPLCC 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, ORJ.Projected declines 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 peiicslimme?’ which

could enhance eutrophication 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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neighboringGulf Islands (BC)? as well ather areas where coastal water tables are influenced
by marine system§"

¢ Reducedseasonal ice covelThe spatial and seasonal extent of ice cover on laktelse
reduced da to climate chang7§ For 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 Salaindet freezaip,
while the same increase 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 canereags
light levels for aquatic plants, redegthe occurrence of low oxygen conditions in 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 other specigs.

Implications for ecosystems, habitats, and species

Climateinduced changes in air temperature, precipitation, and other strassatseadyffectingthe
physical, chemical and biological characteristicke$hwater ecosystemsMany 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

Increasingemperatureand 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 periods) 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 rdagraeledhs more shorelinis

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
pondsand other wetland 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 improvéitdtaconditions for 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 tvbirds of Alaska will experience a potential biome shiftlimate this
century,althoughthe rate of changeill vary across the landscapeMuch of southeast Alaska may be
shifting from the North Pacific Maritime biome (dominated by-gidwthforests of Sitka spruce,
hemlock, and cedatd the more southerly@hadian Pacific Maritime 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 theemt of habitat available for celdcool, and warrmwater
organisms, resulting in range expansions and contraéfi®egerestricted speciesnd habitats
particularly polar and mountaintop species and habitats that require cold thermal fégmogsmore
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severe 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 pautarly pronounced in streams where
movements are constrained by thermal or structural battiBrsl trout distribution is strongly
associated with temperatu¥eand in the southern end of their range (WA, OR, northwest CA), this
coldwater species is gerally found at sites where maximum daily temperatures remain &€l &N
(16°C)* However, summer stream temperaturesiany bull trout waters at the southern end of their
rangeare projected to exceed 68F0°C)by 21007

Climate change may enhancesieanmental 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 aqatic species that
appear to benefit from climate change include hydrilla, Eurasian watermilfoil, white watalitg, reed
canarygras$’ In Washington, Oregon, and Idaho, a habitat suitability model projects 21% of the region
could support suitable habitlor the invasive tamaridiy 2099(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 l p a t phenaologicalwebporsgs & 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 2.3 days per decade 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 latésicold, highflow years®

e Popul ations of Lake WaDaphngshow longterm ktadisticatyone her b
significant declines associated with an increasing temporal mismatch with its food source (the
spring diatom bloom)®* In contrastalthoudn the phytoplankton peak advanced by 21 dngs,
herbivorous rotifeKeratellamaintained a corresponding phenological respansiexperienced
no apparent decoupling tife predateprey relationshig®®

In the future, populations that are most mistimesigenerally expected to decline most in numidfor
fishes dependent on water temperature for spawning tigespawning time may shift earlier if river
waters begin to warmsooneiin the sprind®’ Changes in plankton populations such as those desddibed
DaphniaandKeratellain Lake Washingtomay have severe consequences for resource flow to upper
trophic levels:®

Adaptation to climate change forfreshwater aquatic and riparian systems

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 actiongypically reflectthree commonly cited tenets: (1) remove other threats

and reduce nenlimate stressors that exacerbate climate change effé@¥establish, increase, or
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adjust protected areas, habitat buffers, and corriddasid, (3) increase monitoring and facilitate
management under uncertainty, including sceraagedlanning and adzive managemenit®

Adaptation actions may occur in legal, regoigt institutional, or decisicmaking processes, as well as
in onthe-ground conservation activitie§’ For example, actions that maintain or incréaseream flow
can counteradhcreased stream temperaturesiuctions in snowpagckndchanges imunoff regimes

such as reduced summer stream flows and altered flow tiiffiAgtions to restore or protect wetlands,
floodplains, and riparian areas can help moderate or reduce strapardéures, alleviate tlilwoding

and scouringffects ofextreme rainfall or rapid snowmeilinprove habitat quality, and enable species
migrations:*® Decisionmakers maywlso modify or create laws, regulations, and policies to incorporate
climate changémpacts into infrastructure planning to protect freshwater ecosystéprsmote green
infrastructure and low impact development approaches to reduce extreme flows and improve water
quality and habitaf?* andadapt Early Detection and Rapid Response pratdoddentify, control, or
eradicate new and existing invasive species before they reach sever&devels.

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

1. Assess current and future chile change effects and conduct a vulnerability asses$tent.

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

3. Measure, evaluate, and communicate progress througlesign 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 impacts will vary by sector and management goal,
across space and time, and by the goals and preferences of those engaged in tH& pmadesases,
adaptation is not a ortéme activity, but is instead a continuous process, constantly evolving as new
information is acquired and interim goals arbiaged or reassess&d Ultimately, successfutlimate
changg@dapt ati on supports a systemds capacity to
impacts or transform to a new state amenable to likely future conditfons.

1NOAA. (2011c)

2 Forster et al(2007, p. 141)

3 CIG. (2008)

* Meehl et al(2007, p. 803)

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

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

’ Alaska Climate Reseeln Center(2009)

8 B.C. Ministry of Environment(2007, Table 1, p.-B); Mote (2003, Fig. 6, p276)

° 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)

vi

—
| —

ma i



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

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, Table 10, 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, ZHd datum for 1972000 is arofficial datum from the
National Climatic Dat&enter (NCDC). Theaum for 19812010is a preliminary, unofficial daturacquired from
Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National Weather Serviceadjion Mayl2, 2011. The
NCDC defines a climate normal, in the strictest sense, as thieaB@verage of a particular variable (e.qg.,
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 é Environment(2006, Table 10, p. 113For OR and WA, Mote and Salathé, (2010, 42
44), Seasonal precipitation projections for Califeraere not available.

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

24 Allan, Palmer and Pof{2005, p. 279)Hamlet and Lettenmaief2007, p. 16)Martin and Glick.(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)

2yan 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)

37 Mantua, Tohver and HamlgR010, p. 207)

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

% Pelto.(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 Joneg010) Pelto.(2008) Pike et al(2010) Snover et al(2005) Van Kirk and Naman(2008)

%> AK DEC. (2010, p. 23); Chang anddhes.(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. B0); 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 etal. (2010, p. 716)

Vii

—
| —



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

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

5 Pike et al(2010, p. 719)

% pike et al(2010, p. 717)

> Arhonditsis et al(2004, p. 262263)

*8 Chang and Jone€010, p. 116)

*9Mantua et al(2010)

0 pike et al(2010, p. 729)

1 Mantua, Tohver and HamlgR010, p. 199, 201)
%2 Chang and Joneg010, p. 116)

% Mantua et al(2010)

% pike et al(2010)

% Chang & Joneg2010)

€ Chang &Jones(2010)

" Euro-Limpacs (N.D.)

% Euro-Limpacs (N.D.)

9 Huppert et al(2009, p. 299)

Opike et al(2010)

L Chang & Joneg2010)

2 Rahel and Older(2008, p. 525)

3 pike et al(2010, p. 703)

" Nickus et al(2010, p. 51)

> Rahel and Older(2008, p. 525)

S Austin et al(2008, p. 189)Pike et al(2010, p. 729)
" Nickus et al(2010, p. 60)

'8 Allan, Palmer and Pof{2005, pp. , p. 279)

9 poff, Brinson and Day2002, p. 15)

8 poff, Brinson and Day2002, p. 17)

81 poff, Brinson and Day2002, p. 17)

8 Halofsky et al(n.d., p. 143)

8 Halofsky et al. (in press)

8 Halofsky et al (in press)

8 Murphy et al.(August 2010, p. 21)

8 Murphy et al.(August 2010, p. 21)

87 Allan, Palmer and Pof{2005, p. 279)

8 poff, Brinson and Day2002, p. 23)

8 Parmesan(2006, p. 657)

% parmesan(2006, p. 657)Amphibian populations in Central and South American mountain habitats declined or
went extinct in the past 280 years as temperature shifhecame more amenable to the infectious disease, Bd.
! |saak et al(2010, p. 1350)

2 punham, Rieman and ChandI&003, p. 894)
% Dunham, Rieman ahChandler(2003, p. 894)
% Chang and Jonef010, p. 116) Mantua, Tohver and Ham|g2010)

% U.S. EPA.(2008, p. 214)

“HDR. (2009, p. 2)

" Murphy et al(August 2010, p. 40)

% Kerns et al(2009, p. 200)

% Kerns et al(2009, p. 200)

1%vyang and Rudolf(2010, p. 1)

191 parmesan and Yohg003, pp. , p. 3B8)
192K eefer et al(2009, pp. , p. 258)

193 Keefer et al(2009, p. 253)

1%4\vinder and Schindlef2004a, p. 2100)
1%5\vinder and Schindlef2004a, p. 2103)
1% Both et al.(2006, p. 81)

197 palmer eal. (2008, p. 30)

viii

—
| —



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

198\vjinder and Schindlef2004a, p. 2100)

199 ADB. (2005, p. 7)

10 Gregg et al(2011, p. 30)

11 Gregg et al(2011, p. 29)

12 Glick et al.(2009, p. 12)

13 Glick et al.(2009, p. 13)U.S. Fish and Wildlife Servicé2010, Sec1:16)

14 Gregg et al(2011) Lawler (2009) Glick et al.(2009)

15 Gregg et al(2011) Lawler (2009) Glick et al.(2009)

1 Gregg et al(2011) Lawler (2009) Glick et al.(2009)

17 Gregg et al(2011) Heinz Center(2008) Littell et al. (2009)

M8 Furniss et al(2010) Lawler. (2009) Miller et al. (1997) Nelitz et al.(2007) Nelson et al(2007) Palmer et al.
(2008)

19 ASWM. (2009) Furniss et al(2010) Lawler. (2009) Nelitz et al.(2007) NOAA. (2010a) Palmer et al(2008)
120 Gregg et al(2011) U.S. EPA.(2009)

1ZLNOAA. (2010a)

122y 5. EPA(2008b)

123 jttell et al. (2009)

124 Binder.(2010, p. 355)

125 Gregg et al(2011) Glick et al.(2009) Heller & Zavaletg2009) NOAA (2010a) U.S. AID. (2009) CIG
(2007) ADB (2005) Pew Centef2009

126 Gregg et al(2011) Glick et al.(2009) Heller & Zavaletg2009) NOAA (2010a) U.S. AID. (2009) CIG
(2007) Pew Cente(2009

127 Gregg et al(2011) Glick et al.(2009) Heller & Zavaletg2009) NOAA (2010a) U.S. AID. (2009) CIG
(2007) ADB (2005)

128 Gregg et al(2011) Glick et al.(2009) NOAA (2010a) U.S. AID. (2009) CIG (2007) ADB (2005)

129 Gregg et al(2011) Littell et al. (2009)

1301 jttell et al. (2009)

131 Glick et al.(2011a)




Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

CONTENTS
EXECUTIVE SUMMARY ...ottiiiiiiiie e ettt teesseteeeeaeaeaaassssssseessnnssssseeeaeessaasssssssseessannssseaaeeeesssnsssssnes I
L1 N I = TSRS USRRRR X
List of tables, figures, boxes, @Base SIUAIES...............coooi i iceci e XV
List of keyacronyms and abbreViationS............oeiiiiiiiiiiiemn e mr e e Xix
PREFACE ...ttt ettt oo e e e ettt et e e e e e e e e e e e bbb e ettt e e e e e e e e e e e b b ae e e e s XX
Production and MethodolOgy...........coooiiiiiii i rrer e e e e e e e e e e e e e e e e e e e e e emenrsnrennnes XX
Description of Synthesis Documents UtIlIZed...............ouiiiiiieeeiiieeeee e XXi
HOW 10 USE ThiS DOCUMENL.......uuiiiiiieeiiiiiieees ittt e e e nee b e e e e e e e e s s s bneesssbreeee s XXi
ACKNOWIEAGEIMENLS. ...ttt e e e e et e e e e s ammme e e s e e e e e e aeeeas XXi
I INTRODUGCTION. ...cc ittt rmee ettt e e e e e s s s rmeee s s s bbbt e eteaeeaa s s mnnsssnbaeeeeeeeeeeesannnn 1
DesCription Of NPLCC ... ..o rrer e e e e e e e e e e e e aaeeaaeeeeessaansen s annnannanannannas 1
Organization Of REPOLL........cciiiiiiiiiie ittt eeer e e e e s et e s ememr e e e e e e e e e ennneeees 2
Definitions for Freshwater Aquatic and Riparian Environments...........cccooeeeviviccceeeeeiieeeeeeeeee, 2
Il. CO, CONCENTRATIONS, TEMPERATURE, AND PRECIPITATION.......cuvvivieeeeiiiiiiiieenaens 5
1. Carbon dioxide (C@ concentration$ global observed trends and future projections............ 7
ODSEIVEA TIBAS. ...t e e erer et e e e e e e e et et e e e e e e e s s s s ss b mnes bbbt e e e e e eeeeeesannnsesenan 7
FULUIE PrOJECHIONS. .....eiiiiiiieeii ittt eeei ettt e e eea et e e e e e e e s e bbb s smems b s e et e e e e e e e e e nnnnnnees 9.
2. Temperaturé global and regional observed trends and future projections........................ 10
(@011 V7T I I = o T USSR 10
FULUIE PrOJECTIONS. ....eeeiiiieiiiiiii e ieeet ettt eeet e et e e e e e s s e e e ennr e e e e e e e e e e e nnnnbrnnee s 15
3. Precipitationi global and regional observed trends amdluire projections............ccoeeeeeeeennne 20
(@011 V=T I I = 3 T USRS 20
L (Ll To =Tox 1 0] o =R TRUPUPPRPRS 23
INFOIMALIONGAPS... ..o i i rmmr e e e e e e e e e e e e e e e e e e e e s e ees s s e e s e e e e e e e e aaaaaaaaaeas 26
1. MAJOR CLIMATE IMPACTS ON HYDROLOGY IN THE NPLCC REGION...................... 27
1. Changes in snowpack, runoff, and streamflow regimes............ccccovviieeeviiiiiiciieii e 29
Relationship between temperature, precipitation, snowpack, ramaffstreamflow................... 30
(@0 1S7=T V=T B 8 =T T (< PEPPPR 33
[ 1L L e T0[=Tox 1 0] o = OO PO PP 57
INFOrMEALION GAPS....co ettt ettt e e rmme e st e e e e e e e e e s s mn e s et n e e eeeeeeeaann 49
2. Reduced glacier size and abUNdanCe..............uuiiiiccciiiiiiieeeeeeeeeeer e 50
Hydrologic dynamics of glaciers and climate change...........cccccooiiiiimnniiiiiiiie e 51
(@ 01T V7T I I = 3 T USSP PSPRRPP 53
FULUNE PrOJECTIONS. ... . ettt ettt emma e e e e e e e e e e e e e e e e e e e e e e e e emameeeeeeenneennnnnnnnnnne 58
INFOrMEALION GAPS..... ittt ettt e rmme e st e et e e e e e e e s s rmnne s s s bbb e e e e e e e e eeeaanns 59
3. Increased flooding and extreme flaW..............oooiiii i ieeeie e 62
Hydrologic dyhamics of increased flooding, extreme flow, and climate change.................... 63
(@011 V7T I 1 = 3 T USSP 63
L LU L= e 0] =T ox 1 o] o TSRO 65
INFOrMEALION GAPS. ..ottt e e e rmme e e st e et e e e e e e e s rmmne s s s bbb e e e e eeeeeeeaanns 67
4. Increased Water tEMPEIALUIE. ..........ovi it eeeeiee ettt eeeeeeeeeeeennneeeeees 68




Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Hydrologic and physical dynamics of water teargiure and climate change...............ccccvvvvvnns 68
(@ 01T V=T I I = g T USRS 69
L (U 1 o £0] =T ox 1 T0] g 71
Ta1 {0 g = e[ g T =T o T 47
5. Changes in Water QUAILLY...........uuueiiiieiiiiimee s e e e e e e e e e e e s 74
Climatic and hydrologic dynamics influencing water quality.............cccceeiiiiiccneeeeeiieieeeeeeeeee, 74
(@011 V7o I I = o T PSSP 75
FULUIE PrOJECHIONS. .....eeiiiiiieeiii ittt eees ettt e et eeea et e e e e e e e et e s enemss e e e e e e e e e e e e annnnnnees 77
Ta1 {0 g = e[ g I =T o U RRRPRY 4 o
6. Altered groundwater levels, recharge, and salinity............cccccoiiiicceniiiiiiiiiieeee e 79
Hydrologic dynamics of groundwater and climate change.............cccccovvvieeeeeeeeeeene 0 9
(@ 01T V=T I I = g T USRS 80
FULUIE PrOJECTIONS. ....eeeiiiieiiiiiii e ieeet ettt eeet e et e e e e e s s e e e ennr e e e e e e e e e e e nnnnbrnnee s 81
Tal (o] g = 1a o] g T =T o RS 82
IV. IMPLICATIONS FOR FRESHWATER ECOSYSTEMS........cccoiiiiiiiieitceeeeee e 83
1. Altered nutrient cycling and prodUCHIVILY. ...........uuueiiiiiiiiire e eeeer s 85
(@0 17=T V=T B 8 7T 0T (TP PPPPPR 86
FULUIE PrOJECTIONS. ....eeeiiiieiiiiiii e ieeet ettt eeet e et e e e e e s s e e e ennr e e e e e e e e e e e nnnnbrnnee s 389
INFOPMALION GAPS......cc i i i e e e e e et e e e e e e e e e e e e eer s s e e e e e e e e e e eaeaaaeaaaeas 91
2. Changes to stratification and eUtrophiCatioN. ...........ccuviiiiiieeeiiiie e 92
(@0 17=T V=T B 8 7T 0T (<SP PPPPPR 92
(0 (0] [=Tox (o] L= R 93
INFOrMEALION GAPS.....o ittt e et e e rmme e s e e e e e e e e e s rmmne s st n e e e e e e e e e e e aanns 93
3. Changes to water input, level, and ara................oooiiiieeeiiiiiiiiiicic e 94
(@011 V=T I I = 3 T USRS 94
L (Ll To =Tox 1 0] o =R TRUPUPPRPRS 95
INFOPMALION GAPS......cci i i i e e e e e e e e e e e e e e e e e s e ees s e e e e e e e e e e e e eaaaaeaaaaas 96
4. Changes to the length and date of seasonal iCe COMEI............oovvviiieeeiieiiieiiieee e 97
(@0 1S7=T V=T B 8 =T T (<SP PEPPPR 97
FULUIE PrOJECTIONS. ....eeeiiiiiiiii ittt ettt teet e e et e e e e e e e e e e eene e e e e e e e e e e e nnnbenne e s 98
INFOrMEALION GAPS....oi ettt e e et e e e e e e e e e s rmm e s st b e e e e e e e e e e e aann 99
5. Habitat bss, degradation, and CONVErSION...................ooiieeeiiiiiiciiccce e 100
(@011 Y=o I I = 2 T USSP 101
L L e ToTT=Tox 1 o] g =SOSRt 102
INFOrMEALION GAPS. ..ottt e s rmme e e e e et e e e e e e e s ammne e e e r e e e e aeeeas 105
V. IMPLICATIONS FOR FRESHWATER SPECIES , POPULATIONS, AND BIOLOGICAL
COMMUNITIES ...ettteeiteee e e et eeet ettt e e e e e e e e st eannns e e eeeaeeeeaa s nnsseeeeamnmssseeeeeeeeeaaannsnsnseeeennnses 106
1. Shifts in speciesange and diStribDULION.............ooiiiiiiiiiic e 110
(@011 V=T I I =7 o T USSR 110
FULUNE PrOJECTIONS. ... ettt mme e e e e e e e e e e e e e e eeeeeeeeeeamamesseeeeennnnennnnennne 112
INFOrMEALION GAPS. ..ottt ettt e e e e s rmme e e e ettt e e e e e e s ammne e s e e e e e e e aeeeas 114
2. Altered phenology and development...........oooiiiiiiii e 115
(@011 V=T I I = o o £ 115
LT 1[0t =N o (0] = Tox 1] L 118




Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Ta (o] g = e[ g I C =T o 118
3. Shifts in community composition, competition, and SUrVival................cccuvieemeciiiieeeneeeenn. 119
(@0 1S7=T AV =To I I =T 0T (OO PPPPPP 119
L (0 L= fo =T ox 1 o] g 120
INFOrMEALION GAPS.....ci ittt e s rmmme e e e r e e e e e e e e s ammne e e e e e e e aeeeas 121
4. Altered interaction with invasive and noiative SPECIES............cevvvveiviviiiieee e 123
(@011 Y=o I I = o T SO 124
FULUIE PrOJECHIMIS. .....eeeiieieeieii ittt eeeet ettt eeee e e e e e e e e s e e s enmr e e e e e e e e e s e nnnnreee s 125
Ta (o] g = e[ g T =T o 127
VI.  IMPLICATIONS FOR KEY FISH, AMPHIBIANS, AND MACROINVERTEBRATES....... 128
1. Pacific lamprey(Lampetra tridentati...............ccooeeeiii e 129
(@011 V=T I I = o T PSSR 129
FULUIE PrOJECHIONS. ... .eeeiiiiieiiiiit ittt ieeet ettt eeet e e e e e e e e s st b e e e enmr et e e e e e e e e s nnnbenn e 131
a1 (o] g r= e[ T C =T o 131
2. Pacific salmor{ONCOrNYNCRUSPP. ). ...vveeeieiiiiiiiiiiii e 132
(@0 17=T V=T B 8 7T o (<O PPPPRPP 133
L (L ToTT=Tox 1 o] g SO 136
INFOrMEALION GAPS. ...ttt ettt e s rmme e e e e r et e e e e e s s rmmne e e e r e e e e eeeeas 141
G T N 4o o 11 = 1= 144
(@011 V=T I I = 3 T O 144
L (L e To = Tox 1 o] g O 146
a1 (o] g r= e[ T C =T o 147
4. MACIOINVEITEDIAIES. ... ...t e e e e e e e e e e e s men b e e e e e eeeeas 148
(@0 17=T V=T B 8 7T T (<SP PPPRPP 148
FULUIE PrOJECHIONS. ....eeeiiiiiei ittt eeeet ettt eeet e e e e e e e s s e e ernr e e e e e e e e e e e nnnbrenees 149
a1 (o] gt =1 (o] g1 €= T oL R 150
VIl.  ADAPTING TO THE EFFECTS OF CLIMATE CHANGE IN THE FRESHWATER
ENVIRONMENT L.ttt r ettt e e e e e e et e bbb st e e e e e e e e e e bt e e e e e anenss 152
1. Framework for adaptation aClions.............oooiiiiiiiiieeeiie e 154
General Approach to Adaptation ACHIQN............uueiiiiiiiiiiice e rmmme e 154
Specific Planning and Management Approaches to AdaptAtton.............ccccceeeeeiiiiieennnnns 155
2. Common tenets of adaptation ACONL...........uuuiiiiiiiire e 157
3. Climate adaptation actiofisnformation gathering and capacity building.......................... 160
Conduct/gather additional research, data, and productS..........ccccccvviiimmmeeeeeeeeeieeeeeeeeeeeee 160
Create/enhance technolOgiCal FESOUICES ... .....uuiiiiiiiiii it 160
Conduct vulnerability assessments and STUAIES. ..........ooiiiiiiireeiiiiiieee e e 160
Conduct scenario PlanniNg EXEICISES .....cuuiiiiiiiiiieiiieeeeea e e e e e e e e e e e e e e e e e e e eeeeeeeeaeeeeeeeneeennnennnes 163
Increase organ@tioNal CAPACITY...........uueiiiiieiiiiieeeee e rres e e e e e e eneeea 163
Create/host adaptation training and planning WorksShops..........covi e 163
Provide new job training for people whose livelihoads threatened by climate change........ 163
Create new institutions (training staff, establishing committees)............ccccccvieeeiinns 163
Coordinate planning and magement across institutional boundaries.............cccccoieeiiceee. 164
Invest infenhance emergency services planning and traiNing.............occcvvvieeeiiiiiieeeeeeeenenns 164
Create stakeholder engagemigirOCESSES. .. ..cooviiiii e e e e e e e e e e e e e e 164

Xii

—
| —



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Increase/improve public awareness, education, and outreach effarts...........ccccccveeeeeen. 165
4. Climate adaptation actiofismonitoring andlanning...........ccccvvveviiiiiiieese e 166
Evaluate existing monitoring programs for wildlife and key ecosystem components.......... 166
Improve coordinated management ananitoring of wetlands.................cccovvviieeeeiiee . 166
Incorporate predicted climate change impacts into species and land management........... 166
Develop dynamic landscagenservation plans..............ccoooiiiiiiiceei e 168
Develop/implement adaptive management policies and plans...............cc.eeeeeviiiiieeeeennnns 169
Changes to land use planning and ZONING............ccuvrveriieeeie e 169
Integrate floodplain management and reservoir operations using Ecosistesd Adaptation.169
COMMUNIEY PIANNING. ..t re e e men e e e e e e e e s s ann s anenss e e e e e eeeeeaann 170
Ensure that wildlife and biodiversity needs are considered as part of the broader societal adaptation
PIOCESS. ... et eeett ettt rr ettt et e e et e et e e et e e e e emrn e e et e e e e e e e e rennneeeaeennn 170
5. Climate adaptation actiofisinfrastructire and development..............cceevvieeiieeceeeeeeiinneee 171
Make infrastructure resistant or resilient to climate change................c.. oo, 171
Develop more effective stormwater iNfraStiTeL..............cooiiiiiiiiiimeeii e 171
Green infrastructure and lowmpact development.................ooooiiiiieeeic e 172
STV o ISy (o] =T [T o= T o 1= Lod | £V PP 173
6. Climate adaptation actiofisgovernance, policy, and law.............ccceeeeriiiiicmnnniiiiiiiieeeeeeennn 174
Develop a disaster preparedness Qlai.........ccooooiiiii e 174
Maintain adequée financial resources for adaptation...............ooviiurimemriiiierieee e eeeeeeens 174
Review existing laws, regulations, and POlICIES.........cccoiei ittt 175
Create new or enhance exXiStiNg POLCY ... ...cceiiiiiiiiii it 175
Yo [ 11T = 1=Vt 1[0 L3P 176
7. Climate adaptation actiolisspecies and habitat conservation, restoration, protection and natural
FESOUIE MANAGEMENL......ciuiiiiiii e e are e s e e s e e e eaaas 177
Maintain, restore, or increasedistream flow to address changes in snowpack, runoff, and
SITEAMTIOW FEOIMES. ... ettt eeer e s e e e s e e e e e e e e e eeeeeeeeesmamssesssssssesenernranes 177
Reduce effects of increased flooding and extreme fIOW..............evviiiiieeeiie e 182
Moderate or reduce Water tEMPEIALULE. ...........oviiiiiiieieeee e ee e eee e e e e e e e e e e e eeeeeeveereaearr e 184
Maintain or iIMpProve Water QUAILY. ..........uuurrriiiieeeii et rmmee e e e e e e e e anee 186
Address climate change impacts ON gIACIEIS..........c.uiiiiiiii e 187
Maintain and restore rParian ArEaAS............uuevririiiiiiiir e e eeeeeeeeeeeeeeeeeeeeaeeearerarrrarrrra—————— 188
Maintain and restore WEetlandS...........cooo o i rree e e e e e e e e e e e e e e e e e e e e e anenane 192
Maintain and restore 1ake SHOreliNES............euiiiii i 194
Maintain, restore, or create stream and wate¥d CONNECHVILY...........cooviviuvvriiiiieesiiiieeeeeeeeans 201
Preserve habitat for vulnerable SPECIES............oiuuiiiiiiieeeiiiiee e 205
Manage and prevent the establishment of aquatic and riparian invasd/aonnative species in a
ChaNGING ClIMALE ... et e e e e e e s s e e n e e e e e e e e e aannes 215
8. Status of adaptation strategies and plans in the states, pswndeselected tribal nations of the
AN I ST PERR 220
ALBSKAL. .....coiiiieee e ————— e aaeaaaeaaaaaatateeeeetaaa—————————— 220
D0 1o TN =T 10 /USSR 220
BritiSh COlUMDIA. ......eeeiiiiii e e e e e e e e e e e e e e e e e e e e eeees 221
LAY T 11 T (o o T 221

[ xii }



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Jamestown SoKl.al.l.am. Tri. e, 222
Swinomish Indian Tribal COMMUINILY.........euriiiiiiiiiirr e e 222

B0 1= LT 1 o= 223

1@ =T [ o S 224
(0o [T T I oL PP PP PPPPPPPPRPPP 224

(02 111 (o] ¢ o = WP PP PP 225

D0 10 G I 11 o = USRS 225
VI NEXT STEPS....oceeeiiiiii et eee ettt e e e e e e s s eness e e e e aeeeeessasssessannnsssseneaaaeeeesennnssnnees 226
X, APPENDICES......ooiiiiiiiiii ittt ieeei et eet et e et e e e e e s s s bbb b b e s ennb et e e e e e e e e e e nnnnbreee s 227
1. Key Terms and DefiNitiONS. .........oooiiiiiiiiiiieeeie e e e e eeern e e e eeas 227
2: SRES Scenarios and Climate Modeling.............cooo o recmeer e 233
3. Major Climate Patterns in the NPLCC: ENSO and PDO............coeviiiiiiimineeiiiiiiiieeee e 236
4. Resources for Adaptation Principles and Responses to ClBhatege............ccccceeeeiiiiiicennnnnn 239
5. List Of ReVIieWers and INTEIVIEWEES ..........oicuiiiiiiiiieeeeiiee e e et e e sret e e e e e e s s snnaaeeeeeeeeeean 241
X. BIBLIOGRAPHY .oeeiiiiiei ittt ettt ettt ettt e eent e e e e e e e e e ettt a e e e e e e ammt e e e e e e e e ennnrseees 244

[ Xiv }



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

LIST OF TABLES, FIGURES, BOXES, AND CASE STUDIES

TABLES
Table 1. Annual and seasonal temperature trends for Juneau, AK over twgdhirtyme periods.....12

Table 2. Trends in the average daily minimum, mean, and maximum temperatures gelirdeeg°C)
in southern coastal British Columbia, 1O9BM06...........cccuuiiiinieitie e e e e e e st e e ermmra e ssnseesneens 13

Table 3. Regionascale maximum and minimum temperature trends during-2008 and 1942003 for
the cool season (Octobkfarch)and warm season (Api8eptember) in the Pacific Northwest........ 15

Table 4. Projected muithodel average temperature increases, relative to thel8®®mean........... 18

Table 5. Annual and seasonal precipitation and date of freeze trends for Juneau, AK over tyeathirty
L]0 TS o= g To o TP P PP PP P PPPPPPPRPPPPRRPPPN 21

Table 6. Historical trends precipitation in-380-, and 108year periods, calculated from mean daily
values as seasonal and anNNUAI QVETAGES.. ... ..uuiiieeriiierrriiiiee et e e e e e s ee e e e e e e e e e s s annneaneens 22

Table 7. Summary of observed changes in snow cover and snedarieéid streamflow for the wesn
North American MOUNTAIN FANGES. .......uuvvrrerririiiiiiirrrreeeeesaaeaaeaaeeaeeaaaassaaarrrnnraanraa———————————————eereeees 33

Table 8. Observed trends in the timing, amount, and frequency of runoff and streamflow, NPLCC region

..................................................................................................................................................... 40
Table 9. Projected changes in SWE, snowpack, and streamflow in coastal.B.C.................cc...... 46
Table 10. Trends in glacial surface mass balance, loss, retreat, thinning, and ice thickness, North
CaASCAES, WA, L8800 7 ... ceen e eeee e ettt ettt et et e e e e ea e et e e e e e e et e et e e e rmeme e ee e neeneneenns 60
Table 11. Summargf possible responses of common categories of stream and river biological fish
indicators to climateelated changes in water temperature and hydrologimee....................c.ceee.... 122
Table 12. Invasive plant species modeled in southcentral and southeast Alaska...................... 126
Table 13. Maximum weekly temperature uptieermal tolerances for salmonids........................... 135
Table 14. Summary of potential effects of climate change on anadromous salmonids in freshwater
habitats Of SOUtNEAST AlASKAL..........uuuriiiiiiiiiiiiee e eree s e e e e e e eeeeeees 138
Table 15. Species and life staggecific summary gbotentialbiological vulnerabilities of salmon to
climateinduced changeis water flows and tEMPEratULES.........uuuuuuruuuiiiimeeeeeeeeee e e e e eeeeans 139
Table 16. Expected climate change effects and sensitivities, and potential novel indicators of climate
change, iN MaCIrOINVEIEDIALES. ... . ...ttt s e e e e e e e e 151
Table 17. Key Steps for Assessing Vulnerability tov@ake Change..............ooooeiiiiiieees 162
Table 18. Bulkhead removal costs per INear.fQQt...........ccooiiiieemniiiiiiiie e 194
Table 19. Shoreline construction costs (as 0f 2008)..........cooo i cceee e 199
Table 20. Novel indicators that may be sensitive to climB#gge............cccccceevviiiiieeeniiiiiiieeeeen 214

XV

—
| —



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

FIGURES

Figure 1. Public land ownershigthin the North Pacific Landscape Conservation Cooperative (NPLCC).
....................................................................................................................................................... 4
Figure 2. JarDec Global Mean Temperature over Land & OCRaAN.............ccvvvvvvveeeeiiciiiieiiiieeeeeenn, 11
Figure 3. Historical average (192603) winter temperature in the Pacific Northwest.................... 14

Figure 4.Solid linesare multimodel global averages of surface warming (relative to [1'B&@0) for the
scenarios A2, A1B and Bshown as continuatiord the 20th century simulations................cc....... 16

Figure 5. Changes (A) mean annual temperature and (B) temperature seasonality, averaged over 16
GCMs, A1B scenario, for 2070099 (19712000 baseling)........cccoeeveeeiiiii i 19

Figure 6. Examples of potential direct and indirect effects of climate change on the hydrologic.2cle.

Figure 7. Trends in (a) spig pulse onset and (b) date of center of mass of annual flow (CT) for
snowmelt and (inset) norsnowmeltdominated gaugeacross western North America................... 36

Figure 8. Median, over 12 climate moded§the percent changes in runoff from United States water
resources regions fof21-2060 relative t0 1901970..........uuuuiiiiiiiiimiiiiiinneeeeeeeeeeeeeeeeeeeeee e e e eeeesaanes 43

Figure 9.Watershed classification based on the ratio of April 1 SWE to total Mactbber precipitation
for the historical period (1918006), for the A1B scenario (left panels), and for the B1 scenario (right
panes) at three future time periods (2020s, 20408, 2080S)........cuurrrrriririmmmeeeeeeeeeeeeeeeeaeeeeeeeeeeaand a7

Figure 10. (TOP) Crassection of a typical alpine glacier showing the two major zones of a glacier and
ice flow within the glacier. (BOTTOM) A simplified diagram of a glacier mass budget, showing major
mass input (snowfall) and outputs (melting, and ruNOfM).............uvviiiiiiieee e 52

Figure 11. Current rates of glacier ice thinning in southeastern Alaska as measureddiiirtaey...53

Figure 12 Changes in the simulated-2@ar flood associated witA) 20th Century warming trends, and
B) increases in cool season precipitation variability Since 1973..........cccoviiiiieeeeee 64

Figure 13 Average changes in the simulated 4@@r flood for 297 river locations in the Pacific
Northwest for the 20408 ALB SCENALIA...........ccceeiiiei e ceeeiiiiiii e emmme e e e e e e e eeeeeaeeeeeeeeeeeeaanas 67

Figure 14. Trends in-day average daily maximum temperature for 31 stationgegdh, 19992009..70

Figure 15 Color shadingshows the mean surface air temperatures for August for the 2020s (top), 2040s
(middle) and 2080s (bottom) astiaded ciclesshow the simulated mean of the annual maximum for
weekly water temperatures for 8el I0CatioNns................ooooiiiiiiiiiceci e 73

Figure 16 Color shadingshows the historic (1970999) mean surface air temperatures for August, and
shaded circleshow the simulated mean of the annual maximum for weekly watpetatares for select
o o> {0 =PRI £ )

Figure 17. Linkages between atmospheric increases jra@®environmental drivers of teenature and
precipitation that regulate many physical and ecological processes in lakes and poratsi(léfgrs and
SEEAMS (MO - ettt e e e e e e s e e e bbb e et e e e e e e e e ann b e nnannree e 84

Figure 18. Current biome types@®dicted by SNAP aiate data...........cccccceevviiiiiiemmiiiiiiiieeeeeenn 102

XVi

—
| —


file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371250
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371251
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371251
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371252
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371252
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371253
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371256
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371256
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371256
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371257
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371257
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371257
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371258
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371259
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371259
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371260
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371260
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371261
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371262
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371262
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371262
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371263
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371263
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371263
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371264
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371264
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371264

Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Figure 19. Projectedotential biomes for 209R099..............ouiiiiiiiiiiiii e eree, 104
Figure 20. BiOME TEIUGIAL .. . ueeiiiieeiiii it ieeei et eeni e e e e e e e s enenr s e e e e e e e e e e a e 104

Figure 21. Key components of vulnerability, illustrating the relationship among exposure, sensitivity, and
o0 Eo YAV or= o= 1 | PP PP 108

Figure 22. Increased risk of extinction due to climate change occurs where species possess biological
traits or characteristics that make them particularly susceptible toeshemd) simultaneously occur in

areas where climatic changes are MoSt EXITEIME. .........oiiiiii i es s 109
Figure 23. Known Alaska marmot distribution and modeled curistrtlabition...................occevine. 111
Figure 24. Projected Alaska marmot distribUtion..............oevvviiiie e, 113
Figure 25. Potential expaion of trumpeter swan habitat................cccevvivieee e 114

Figure 26. Potential spread of reed canary grass, using climate-ardsoh roads as predictars...126

Figure 27. Life cycle strategies of the five species of sal@mcg¢rhynchusfound in southeast Alaska

with those that rear in freshwater and those that migrate directly to the ocean..................cccee... 137
Figure 28. Summary of key climate change i mpacts
SEEEINEAL. ..o e e e e e e e e e e e e e aaeaaae et e ana——an—anan—nn—_ 142

Figure 29. Conceptual diagram illustrating linkages among freshwater ahlyahitat factors altered by
climate change (e.g., water flows and temperatures), freshwater biological mechanisms affectialg survi

and life Stages Of SAIMQAIN.........ooiii e erer e e e e e e e e nnneees 143
Figure 30. Green Shorelines DECISION TIEE........cccoiiii i mmmr e e e e 200
FIQUIE 31. SRES SCENAIOS.. .. ettiiieiiiiiiiitiitieeettte et e e e e e e e s s s bbb seeensss e e e e e e e e e e e s asnbb b b e e enanssereeeeeeeeaanns 233
BOXES

Box 1. Summary of observed trends and future projections for greenhouse gastetions,
temperature, and PreCiPItATION. ... .....u it ceee st e e e e e e re e e e e e e e e e e e e e aeas 5
Box 2. The Special Report on Emissions Scenarios (SRES)..........ccvuiiiiiiice e 8
Box 3. Why are atmospheric G€oncentrations, temperature, and precipitation important for a
discussion of climate change effects on freshwater eCosystems?2..............oooiveeeiiiiiiiiiiiciiicen e 9
Box 4. Trends and projections for extreme precipitation in the NPLCC region...........cccoeeevvceeeee. 23
Box 5. Summary of observed trends and future projections &rges in snowpack, runoff, and
SITEAMTIOW FEOIMES.. .. i eeee oottt reme e e e e e eeaaeeaaaaaaaaeeeeeanans 29
Box 6. Why are changes in snowpack, runoff, and streamflow regimes projected?.................... 30
Box 7. Characteristics of the four runoff regimes found in the NPLCC region............c.ooeevveeennnns 32
Box 8. The role of the Pacific Decadal Oscillation (PDO) and El Nino Southern Oscillation (ENSO) in
[gTo (o] g F= ol 10 g =P PPPPPTPPPRN 35

Box 9. Trends and projections for evapotranspiration in the western United States, southcentral British
(O] 18T a] oTE=TE=T a Lo [ F= T - Y 42

XVii

—
| —


file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371268
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371268
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371274
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371274
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371275
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371275
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371276
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371276
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371276
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371277
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371278
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371824
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371824

Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Box 10. Summary of observed trends and future projections for reduced glacier size and ahun8ance.

Box 11. Surface mass balance and thinning: key indicators in the analysis of glaciemnatedotiange.

Box 12. Summary of observed trends and future projections for increased flooding and extreméZlow.

Box 13. Summaryf observed trends and future projections for increased water temperature.....68

Box 14. Summary of observed trends and future projections for changes in water guality.........74
Box 15. Summary of observed trends and future projections for altered groundwater levels, recharge, and
7= L0112 TP PPPPPPRI 79
Box 16. Multiple stressors in wetlandsincate change, and human and natural disturbance.......... 96
Box 17. Vegetation in the North Pacific Maritime and Canadian Pacific Maritime regions......... 103
Box 18. Sediment Accumulation Rate (SAR): Observed trends and future projections............. 105
BOX 19. Thresholds & SalMOm..........uuiiiiiiiiiii e e s 133
Box 20. Managing uncertainty: Scenafdased planning and adaptive management.................... 158
Box 21. Adaptation and Adaptive Management: Complementary but Distinct Concepts........... 159

CASE STUDIES

Case Study 1. Willamette Water 2100: Anticipating water scarcityrdiodning integrative water system

response in the Pacific NOMNWEST............uuuiiiie e e 181
CaseStudy 2. Limits to floodplain development: the National Flood Insurance Program and National
Marine Fisheries Service Biological Opinion, Puget Sound, WA..............ooo oo 204
Case Study 3. Climate Change and the Salmon Stronghold Approach..............cccvieemiiiiiiennn.. 206

Xviii

—
| —


file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371899
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371899
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371900
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371900
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371901
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371903
file:///C:/Documents%20and%20Settings/tillmannp/Desktop/NPLCC_Freshwater_Climate%20Effects_Draft%20Final.docx%23_Toc303371903

Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

LIST OF KEY ACRONYMS AND ABBREVI ATIONS
AOGCM AtmosphereOcean General Circulation Model

AR4 4™ Assessment Report (produced by IPCC)

BC Province of British Columbia, Canada

CA State of California, United States

CIG Climate Impacts Group

CGo, Carbon Dioxide

ENSO El Nifio-Southern Oscillation

EPA Environmental Protection Agency, United States

GCM Global Circulation Model

GHG Greenhouse Gas

IPCC Intergovernmental Panel on Climate Change

LCC Landscape Conservation Cooperative

LEK Local Ecological Knowledge

MoE Ministry of EnvironmentBritish Columbia

NASA National Aeronauticsrad Space Administration, United States
NOAA National Oceanic and Atmospheric Administration, United States
NPLCC North Pacific Landscape Conservation Cooperative

O, Oxygen

OCAR Oregon Climate Assessment Refproduced by OCCRI)
OCCRI Oregon Climate Change Research Institute

OR Stak of Oregon, United States

PCIC Pacific Climate Impacts Consortium

PDO Pacific Decadal Oscillation

PNW Pacific Northwest

SLR Sea LeveRise

SRES Special Report on Emissions Scenarios

SWE Snow Water Equivalent

TEK Traditional Ecological Knowledge

WA State of Washington, United States

WACCIA  Washigton Climate Change Impacts Assessn{prdduced by CIG)

XiX

—
| —



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

PREFACE

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

Service (FWS) Region 1 Science Applications Program. The report compiles findingsate change

impacts and adaptation approachesaeshwater aquatic and riparianosystems within the North Pacific
Landscape Conservation Cooperative area (NPLCC). The report is intended to make scientific

information on climate change impacts withine tNPLCC 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).

This report is a compl et ethéflfilraehttofPHase Omef adwopleases i on a
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 Methodology

This report draws from peeeviewed studies, government reports, and publications foym n

governmental organizations to summarize climate change and ecological literature on historical baselines,
observed trends, future projections, policy and management options, knowledge gaps, and the
implications of climate change for species, habitatd,ecosystems in thHeeshwaterenvironment.

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, tloerefore, necessarily reflect the views of National

Wildlife Federation or the sponsors of this rep@&iven the extensive use of verbatim material, in order

to improve readability while providing appropriate source attributions, we indicate thesgeashat

reflect verbatim, or near verbatim, material through use of an asterisk (*) as part of the citation footnote.

In general, verbatim material is found in the main body of the report, while the Executive Summary

Boxes and Case Studies generaklyf | ect t he report authorsd synthesi

To produce this report, the authors worked with the University of Washington Climate Impacts Group
(CIG) and reviewers from federal, state, tribal, qg@vernmental, and university sectors. ClGvidled

expert scientific review throughout the production process, as well as assistance in the design and
organization of the report. Reviewers provided access to local data and publications, verified the accuracy
of content, and helped ensure the repodrganized in a way that is relevant and useful for management
needs. In addition, we engaged early with stakeholders throughout the NPLCC region for assistance and
input in the production of this report. More than 100 people provided ioputreview d this document.

XX
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Description of Synthesis DcumentsUtilized

This report draws from primary sources as well as synthesis repatgithesis reports, we accepted
information as it was presented. Readers are encouraged to refer to the primary sauszkmutibse

synthesis reports for more information. In most cases, we include the page number for reference. In cases
wherea primary source igeferenced in a secondary source, we have indicated it in the fodthete.

global, regional, state, and procial level synthesis reportisawn 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 Inseparable: BritishCalmb i adés Coast(@dJO6).Environment

e Compendium of forest hydrology and geomorphology in British Columbia: Climate Change Effects
on Watershed Processes in British Colum(28.10).

e Environmental Trends in British Columbia: 2007.

¢ Climatic ChangeVolume 1@, Numbers 2 (September 2010). This volume pshkd the findings
of the Washington Climate Change Impacts Assessment (WACCIA).

¢ Washington Climate Change Impacts Assessment (WACZUA9).

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

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

e Adapting to Climate Change: A Planningii@e for State Coastal Managef2010).

¢ Helping Pacific Salmon Survive the Impact ahtzlte Change on Freshwater Habita2007).

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

¢ Recommendations for a National Wetlands and Climate Change Initigzd@9).

e Strategies for Managing the EffeciSClimate Change on Wildlife and Ecosystef808).

¢ 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 L@QDmethe extensive details on
climate change trends and projections are necessary to provide baseline information on the NPLCC.
However, we encourage the reader to focus on the general magnitude and direction of projections, their
implications, and on theange of options available to address climate change impacts. It is our hope that
this document will provide useful information to North Pacific LCC members and stakeholders, and help
facilitate effective conservation that accounts for climate changésaingpacts in the region.
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l.  INTRODUCTION

This report compiles existing knowledge on known and potential climate change effects on freshwater
aquatic and riparian ecosystems within the geographic extent of the North Pacific Landscape
Conservation Coopelige (NPLCC). The report also includes a menu of policy and management
responses, culled from published science and grey literature, to adapt to climate change in marine and
coastal environments. The North Pacific Landscape Conservation Cooperatied twenty-one
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, exigiagnership efforts, and other conservation entities.
Other key partners of the NPLCC will be the three regional Climate Science 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 based principally on the needs of the L!“CCEs will link the science with

conservation deliveryThus, LCCsare managemeisscience panerships 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 resourissues. For 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 (83@j0@re kilometers, Knin
sevenwestern U.Sstates an€Canadiarprovinces (se€igure 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, stretchénland up to 150 miles (~240 km); therefore only the lower extent of many of the
larger river watersheds are included within the aféa.total amount of coastline is approximately

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

1*Us Fish and Wildlife ServicéUS FWS) Lands@pe Conservation Cooperatives: Better Conservation through
Partnerships in the Pacific Regiof2010, p. 1)

2*JS FWS.North Pacific Landscape Conservation Cooperat{¥eigust 2010, p. 1)

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

eight CSCs are being established to support the 21 LCCs.cbhsist mainly of universitpased consortiums.

4*.S. Department of the Interiomterior's plan for a coordinated, scientmsed response to climate change

impacts on our land, water, and wildlife resources (pdf, webgiig)., p. 2)

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

®*US FWS.(August 2010, p. 1)

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

8 USFWS.North Pacific Landscape Conservation Cooperative High Resolution (28f0) Within the Yukon

Territory (YT; 186,272 nfi 482,443 krf), the only land within the NECC 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 impacts in this area are likely to be more similar to adgamenin 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 National Park and Preserve was limited, information
for the Gvernment of Yukon was available. Please see Chapter #, Section # for further information.

® USFWS.(2010)

—
| —


http://www.fws.gov/science/shc/lcc.html

Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

km?) of the NPLCC, with 82,000 square miles (212,006)kof Federal lands in the U.S. portion of the
NPLCC and 77,000 squangiles (200,000 k) of 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 provide aa 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 basedgemerakenets of

climate change adaptation for natungtemsandare 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 and definitions, an eaphtion 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 freshwatecasystems, their hydrology, atide majorphysicalcomponents of these

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

aquatic systems which containmkable water or water of almost no salt contéktydrologyis the

science encompassing the behavior of water as it occurs in the atmosphere, on the surface of the ground,
and underground; theydrologic cyclaefers to the existence and movement of waiteiin, and above

the Earth'®

Y USFWS.(2010)

1 xMelack et al.Effects of climate change on inlamcters 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 Protéion Agency (EPA)Aquatic Biodiversity: Freshwater Ecosystems (webg(2€)10)
7%U.S. EPA.(2010)

18*Brooks et al Hydrology and the Management of Watersh¢2i803)
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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 wagtlands may be permanent or intermittent

(e.g. seasonpl® 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 watétMajor freshwater wetland types tine NPLCC region includeam-tidal

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 areas for streams or
lakes?® The pattera of water depth and the duration, frequency, and seasonality of fldodetter
constitute a wetlandodés hydroperiod, which deter mi
organisms, and other ecosystem characteristics

Streans are defined sithe 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
streamdbs shape (i .e., strai gHzerg, ong,itwodrimorg),thetypedt h) |,
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, seasonal or ephemeral flow;
spatial ontinuity or interruption among stream segmefits).

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 coverage; (3) total area 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 conact with the oceantfe defnition includes saline lakes

but excludes estuaries and othainly marine embayment€ Reservoirs are distinguished from lakes:

they areconstructed by humansften within river corridors, anevVels are generally controfldy an

outlet at a dam. Natural lakes that have been dammed may also function as partial reservoirs.

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

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

20 cowardin et alClassification of Wetlands and Deepwater Habitats of the United States, FW38IHS1979,

p. 3)

“1U.S. EPAWetlands Wetland Types (website). Availablehdip://water.epa.gov/type/wetlands/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 coastal wetland ecosystems in the United St@82, p. 1819)

% Brooks et al(2003) U.S. Geological Surveyseneral introduction and hydrologic definitions (websi{g08)

% 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 ar@art of the lacustrine system, as indicated in Table 1 (p. 15) of the cited report.

?’Dodds & Whiles(2010, p. 143)

% xAmerican Meteorological Societylossary of Meteorology (websitéh.d.)
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[I. CO, CONCENTRATIONS, TEMPERAT URE, AND PRECIPITATI 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 evapproximately 392 parts per million (Fpmgher
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 emissions trajectory was close to that of the A1F22scenario.

e Annual average temperaturethe NPLCC regiomcreased, in general°F (~0.61°C) over the 20
centurye3 Alaska is an exceptidm 3.4°F (~1.9°C) increase was olesd from 19420094

¢ Inthe 2@ century and early2dentury, ie largest incase in seasonal temperabwaurred in winter
(Januarmarch) +3.3°F (+1.83°C) in western BC, OR, and&Ad +1.82.0°F (+1.61.1°C) in
northwestern CA.These increasemnd to drive the annual trends, particularly in ARQCF or 3.24C
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, ORand 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 329 inches (8000cm) in southcentral Alaska and at least 39 inches (100cm) in
southeast Alaska from 1948984

¢ Inthe 2@ century and early®2dentury, sasonal precipitation trends are highly variable, with incre
winter and sping precipitation observed in WA, ®Bnd 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 precipitegiased 2.47 inches (6.2 7com)
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 sentencgscally verbatim, from published and grey literature. Please seg’'tt
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 SafforqButz and Safford 2010, 1Butz and Safford refer theader to Figures 1 & 2 in the
cited report.

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

% 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 Projectecatmospheri€O, concentrations in 2100 range from a low of about 600ngenthe AL1T, B1, an
B2 scenarios to a high of about 1000 ppm in the A1F1 seé&Radenemissions trajectories are close to th
of the A1F1 scenario.

e By 2100, average annual temperatutbe 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 varies from 2.7 to 137R2@)5he
largest increasepjectedn AK.49 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 projected to increase the most in sumwiter@gie’F, 1.55°C):
iNBC,2.7Ft o 5. 8EE) (&4l 6ng theFNor 9hGBGEEB)6h] Bnd 2heé [Sout
WA and OR, 5-8 . 1 E-B . B5&T@d)exception is AK, where seasonal temperatures are projected to ipcrease
the most in winteé. The baselia for projections varies by study location: 1B803s in Alaska, 196290 on
the BC coast and northern CA, 19999 in the PNW.

e Precipitation may be more intense, but less frequent, and is more likely to fall as rairfziAaimsabw.
precipitation iprojected to increase in AXBC (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 fpéation drive the trend (+6 to +11940 to +25%
in winter] in BC and +8% [small decrease to +#2WJA and OR)while decreases in summer precipitation
mitigate the upward tren@® to-13% in BCH0 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

At

“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 of accelerating ¢€missions(2007)

“8 For BC, Pikeet al.(2010, 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 Natural Resources 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)

*0For BC, BC Ministry of Environment (MoE}J2006 Table 10, p. 113 or 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 Pacific Northwest 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 T global observed trends and future
projections

Observed Trends

e Overall changeAtmosphericCO, concentrations in March 2011 were approximately 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 by the | PCCOs Fourth &BEane2608200, the acRiapor t
emissions trajectory was close to that &f lighemissions 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 continuadisect atmospheric measurements, although there is
yearto-year variability in growth rate®.
0 20002004:the emissions growth rate (>3%/yr) exceeded that of the highgssions IPCC
scenario (A1F1§’
0 2010:the annual mean rate of growth of gncentations was 2.68 ppfi

**NOAA. Trends in Atmospheric Carbon Dioxde (websit2)11c)

€9 CIG. Climate Change: Future Climate Change in the Pacific Northwest (wel{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 GHarge 3007 aTheePiigal.Sdiende 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 gas (GHG, e.g. carbon dioxidg,a0@ sulfate aerosol emissimsbased on different

assumptions about future population grogtlcieeconomic development, energy sources, and technologicg
progressBecause we do not have the advantage of perfect foresighe af assumptions about each of thesg
factors are made to bracket thnge of possible futures,saenariogndividual scenarios, collectively referred

as the | PCC Special Report on Emissions Scenar
modeling purposeBorty individual emissions scenagi@sgrouped into siamiliesA1F1, A1B, A1T, 2 B1, and
B2. The O0A6 families are more economic in focu

The Al and B1 families are more global in focus compared to the more regional A2 and B2. All scenario
assumed to be equally vakith no assigned probabilities of occurténtdle the scenarios cover multiple GH
and multiple drivers are used to project changes, this report focusebecaGse it is the major driveclohate
change impac#nd is tightly coupled with mamplegical 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 as
about the dominamype of energy source: the fesgénsive 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 Z5t82.&spectively. These correspond to 4 low
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 scenarcumulative C&emissions from 1990 to 2100 are 97
GtC.

e The B2 scenariescribes a world with intermediate population and economic growth, emphasizing lo
solutions to sustainabilitignergy systems differ by region, depending on natural res@uiladglityThis is a
mediumlow emissions scenario: cumulative €@gissions from 1990 to 2100 are 1156.7 GtC.

e The A2 scenariassumes high population growth, slow economic development, and slow technologic
Resource availability primarily datees the fuel mix in different regions. This is agmussions scenario:
cumulative C@emissions from 1990 to 2100 are 1855.3 GtC.

Cumulative CG; - :
scenario] _emissions | SRR | pevciopment Rate | 1S U
(GtC), 19962100 P
Peaks in mid . . . .
AlF1 218.3 2%t century Rapid Fossiffuel intensive
Peaks in mid , .
AlB 1492.1 2%t century Rapid Mixed energy sourc
Peaks in mid . Non-fossil fuel
sl — 2Xstcentury Rapid intensive
A2 1855.3 High Slow Determined by
resource availability
B2 1156.7 Intermediate | Intermediate DR 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)iteCC.IPCC
Special Report on Emissions Scenarios: Chapters 4.3 (@GLO)\WEMSIBRES Findbata (version 1.1) Breakdown (webs
(2000) CIG.Climate Change (we(tg)
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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 chaptereabased on climate 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 clmate change effects on freshwater ecosystems?

¢ Increasing carbon dioxide concentratiotise atmosphere contribute to the greenhouse effect, led
to increases in global average air temperature.

e Changes in air temperature are reflected in water temgalthough 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 the timing of key hydrological events (e.g. snowmelt) as well as the am
precipitition falling as rain and snow: increases in air temperature correspond to more rain, ang
snow.Higher temperatures drive higher evapotranspiration and increase drying (even when pre
is constant).

e Precipitation is important because its gge rain vs. snow), amount, frequency, duration, and int
affect other hydrological processes such as the amount of snowpack, timing of snowmelt, amo
timing of streamflow, and frequency and intensity of flooding.

o Together, temperature, pption, and Ceroncentrations affect the land (ergsion), watde.g.
scour, flow)freshwateenvironment (e.gutrient cycling, disturbance reginasd the habitats and
biological communities dependent on each.

Sources: Allan, Palmer, a(@DBbjf Hamlet et al. (2007); Pew Center on Global Climate Change (20
Isaak (2010); Trenberth et al. (2007).

9 Meehl et alClimate Change @07: The Physicabcience Basis: Global Climate Projectio(®007, p. 803)This
information has been extrapolated from 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: Synthesis Rep@807c, p. 44)
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2. TEMPERATURE 7 global andregional observed 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) ab@@ th
century average of 57.0°F (13.9°C; NCDC dataSdthe 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

o In 2010, Northern Heraphere combined 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 190s to 1940s, an increase of 0.63°F (0.35°C) was obsé&Véedn, 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 Z&g6re2).”

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 19062005, the decadal trend increased ~0.13°F * 0.04°F (0.00°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 mofrttre 1906 to 200%December to March in
the northern hemisphere; June through Augustérsouthern hemispher@)Analysis 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 number of extremely hot days and warm nights hasincreased.

2NOAA. State of the Climat&lobal Analysis 2010 (websit€2011b)

NOAA. (2011b)

" NOAA. (2011b)

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

""*Trenberth et alClimate Change @07: The Physical Science BasBbsenations: 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 al(2007, p.237)

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

8 *Trenberth et al(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/smservice/global/globaland-ocearmntpanom/201004201012.9if(7.27.2011).

Southcentral and Southeast Alaska

e Annual average temperature 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 ime period over which trends are computed is not
provided.However, compared to a 1960970s baseline, the average temperature from 1993 to 2007
was more than°E (1.1°C) highef?

o Annual average temperature increased 3.2°PC).i8 Juneawver 1949200 %" From 1971
to 2000, temperatures in Anchorage increase®. »§°F (1.27C).%8

e From 1949 to 2009, winter temperatures @éased the most, followed by sgr summer, and autumn
temperature®. For example, in Juneau, winter temperatures increased by(8.2°E), spring
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 UnitStates(2009, p. 139)The report does not
provide a year 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 Temperature Rise

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

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

8 Alaska Climate Research Centet009)

% Alaska Climae Research Cente20009)
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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%C)
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 and seasonal temperature trends for Juneau, AK over tweytiartyime 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 476 (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 mininum 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 for 19712000 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, 20hg. dfficial data 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 refl ect soml19722000®1WBPA1¥%. 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 and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, NOAA/National
Weather Service, Juneau) on June 10, 2011.

92 This information was obtaineddm 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 Rick Fritsch (Meteorologists, NOAA/National
Weather Serviceluneau) on June 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.

% BC Ministry of Environment (MoE)Environmental Trends in British Cahbia: 2007: Climate Changé2007, 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 statistily significant difference, meaning there is at least a 95% probabil
that the trend is not due to chance.
Source: Adapted from B.C. Mo007, Table 1, p.-8) by authors of this report.

Pacific Northwest(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, wistverage 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 br summer are significant at the 0.05 le¥el.

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 on average in
the new normals across the United St#ffEEhe averaged annual staide 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. Trends in temperature and precipitation in the Pacific Northwest during the Twentieth Cé2€08. Fig. 6, p.
276)

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

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

% Hamlet et alTwentiethcentury trends in runofevapotranspiration, and soil moisture in the western United Si@@87,
Table 1, p. 1475)

10+NOAA. NOAA Satellite
101xNOAA. (2011a, Fig. 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®?

Northwesten California

PRISM data (a climatenapping system)
suggest that most of the SRiversNational
Forest area, located in northwestern
California, experienced increases in mean
annual temperature of about 1.8°F (1°C)
between the 1930s and 2000s, althoughes
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 ~43).)% The
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
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Figure 3. Historical average (1918003) winter

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

link included in the footnot&®

102xNOAA. (2011a, Fig. 2)
193+Bytz and SaffordA summary of current trends and probahiture trends in climate and climatiiven processes for

the Six Rivers National Forest and surrounding lands (§d610, 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 the reader 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

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

4642.200.00654.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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When comparing the 1984010 climate normals (i.e., the-§6ar average) to the 192000 climate
normals, both maximum and minimum temperatures are about 0.5°F (~0.3°C) warmer on average in
the newnormals across the United Stat€ he averaged annual increase in 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 extrapolatefrom 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 (L.0])
toberMarch
Maximum temperature Detobentare 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 L.93

Future Projections

Note: The studies presented here differ in the baseline used for projections. Baselines incluti29e080
(IPCC), 19611990 (BC, CA), 1972999 (WA, OR), 1972000 (CA) and 1961970s (AK).

Globally (19801999 baseline)

Even ifgreenhouse gas (GH@pncentratins were stabilized at year 20@9els (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
conmpared to a 1980999 baseling)®***

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 of projectedn®erature increases is 2.0°F (1.1°C) to 11.5°F (6.4°C) by-2099,

compared to a 1980999 baselingFigure4).™?

07«NOAA. (2011a)
198xNOAA. (2011a, Figl)
19xNOAA. (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.
121pCC.(2007g, p. 8)See Figure SPM.1.

131pCC. (2007, Table SPM.3, p. L3\OGCMs are Atmosphere Ocean General Circulation Models.
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A study by Arora et al. (2011) 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 th 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 théely range
assessed for the six SRES marker
scenarios. The assessment of the bes
estimate ad likely 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
observational constraints. {Figures 10.
and10.29}Source:Reproduced from
IPCC. (2007, Fig. SPM.5, p. 14)y
authors of this report.

Global surface warming (°C)
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Southcentral and Southeast Alagk860s1970s baseline)

By 202Q compared to a 1960970s baseline varage annual temperatures in Alaslte projected to
rise 2.0°F to 4.0°F (1:2.2°C) under both the lovemissions B1 scenarios and higleenissions A2
scenario®

By 2050, average annual temperatune8laskaare projected to rise 3.5°F to 6°F (BS°C) under
the B1 scenario, and 4°F T6F (2.23.9°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 scendi®601970s baseline}’

On a seasonal basislaska is projected to experienfad more warming in winter than summer
whereasnost of the United States is projected to experience greater warming in summer than in
winter.*8

No data werdound for mean temperatures associatétl the ranges reported here.

H4xArora et al.Carbon emission limits required to satisfy future representative concentrationgyatiofigreenhouse gases.

(2011)

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

Regional Impats: Alaska)

18 Karl, Melillo and Petersor(2009, p. 139)
17 Karl, 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 providédiThe North Coast extends from the border with
Alaska to just north of Vancouver Island; tBeuth Coast extends to the Washington border.

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

o Inwinter, temperatures are projected to incredbd 0o F6(0-3%8C), and
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 In winter, tenperatures are projected to increa¥ 0o 5 .-Hee@) ,( O0and
o In summer, temperatures are projected to increaSEL.d 9 . G (1. 5

Pacific Northwest (19742999 baseline)

e Average annual temperature could increase beyond the range-td-year vaiability observed
during the 28 century as early as the 20265Annual temperaturesverageacross all climate
models under the A1B and B1 scenararg, projected to increase as follof9701999 baseline)
o By the 2020s: 2.0@eff 1114dRACHNOCHIi4dFa(0adpe
o By the 2040s: 3.2¢F (1.8ACR8Cuamdh a range ¢
o By the 2080s: 5.3eF (~3.0AGH4C) i th a range
e Seasonal temperaturegveraged across all modeisder the B1 and1B scenariosare 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 (15-5.8 °C), with amulti-mo d e | average increase of 4.5e¢ekF
6.1eF (3.4AC) unde-199%bhseline®®1 B scenario (1970

19pike et alCompendium of forest hydrology and geomorphology in British Columbia: Climate Change Effects on
Watershed Processes in British Columi§2010, Table 19,3p. 711)

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

121 please see the map availablétap://pacificclimate.org/resoursépublications/mapviefaccessed 3.16.2011).

122B C. Ministry of EnvironmentAlive and Inseparable: British Columbia's Coastal Environment: 2(@®06, Table 10, p.
113). The authors make tHellowing note: From data in the Canadian Institute for Climate Studies, University of Victoria
(www.cics.uvic.cpastudy of model results from eight global climate modelling centres. A total of 25 model runs using the
eight models were used to determine thnge 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 datthe Canadian
Institute for Climate Studies, University of Victoriaw.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 valueertemder dif
IPCC emission scenarios (Nakicenovic and Swart 2000).

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

125 CIG. Climate Change: Future Climate Change in the Pacific Northwest (weh&e98, Table 3)

1% Mote, Gavinand HuyeC | i mat e change in Oregon ®610,p2hd and marine en



http://pacificclimate.org/resources/publications/mapview
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Table 4. Projectedmulti-modelaverage temperature increases, relative to the-1999 mean.
(°F with °C in parentheseSpource:Modifiedfrom Mote and Salathé, J(2010, Fig. 9, p. 42py
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(27) | 5.4(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 2070, mean diurnal.é., daily) temperature range is projectedrtorease 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 increasés of 2.7
(1.5°C) or 4.9F (2.7°C) under the B1 scenario (PCM@&GFDL models, respectively) and 27
(2.6°C) or 8.7°F (4.5°C) (PCM and GFDL models, respectively) under the A2 scenario by-2099
(1961-1990 baseline}!
Seasonally,hte projected impacts of climate change on thermal conditiomzrinwestern Califaria
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°F0.1°C; A2, PCM model) and up to 2.5°F (1.4°C; A2,
GFDL model).

127 california Natural Resources Agan®009 California Climate Adaptation Strategy: A Report to the Governor of the
State of California in Response to Executive Ord&B2008 (2009, p. 1617). Figure 5 . 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 t8 ##8gree spatial resolution (see p. 2).

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

131 Ccayan et alClimate change smarios for the California regiar(2008, Table 1, p. S25)

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

133 Cayan et al(2008, Table 1, p. S25)
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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; B1, PCM model) and up to 6.1°F (3.4°C; A2,
GFDL model).
0 Summer projetions:
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%4°@.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 indica&temperature
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)

—t



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

3. PRECIPITATION 1 global and regional observed trends and future projections

Observed Trends
Note: Please seBox4 for information on extreme precipitation 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 measuremargsmoisture soundingaye mostly not availabléy

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 19491898, mean total annual precipitation was 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) shurtbanf>®

¢ In southcentral Alaska from 19491898, mean total annual precipitation was at least 32 inches (800
mm) and up to 39 inches (1000 mt).

e A comparison of official data from the National Climatic Data Center (NCDC) for-2900 and
unofficial Naional Weather Service (NWS) data for 198110 for Juneau, Alaska indicates annual,
warm season, and cold season precipitation incrééSEak official NCDC record indicates average
snowfall increased from 1972000 to 19842010, but the local NWS dataleaimdicates average snowfall
decreased over the same time periddle5, see notes)f* 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 insteafl October 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.

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

137 Stafford, Wendler and Curti§emperature and precipitation Alaska: 50 year trend analysi€000, Fig. 7, p. 41)

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

139 Stafford, Wendler and Ciis. (2000, Fig. 7, p. 41)

190 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 infomation was 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, NOg#dNati
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 date of freeze trends for JAkKeaver two thirty-year
time periods.
19712000 | 1981-2010* 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) NIA NIA NIA
Date of first freeze, on averag October 4 October 3 C;r;?”(iz;ly N/A
Date of lastfeeze, on averagg 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 snovdll 1.0 .
(NCDC/Asheville) (2.5) e e N/A
o 31.48 33.65 +2.17
Average seasonal precipitatid (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/Ashaiille) (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 Fritsch (Meteorologist
NOAA/National WeatheBervice, Juneau) on May 12, 2011. The official data for 98D 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.
APer cent c tharelaie increaseloredectease from 120320 to 19842010.
#Two values for average snowfall for 192Q00are reportediue to differences between the locally hel
National Weather Service (NWS) database in Juneau and the official NWS database illeAblazth
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 Junesiice of theNWS s investigating the discrepancy.

Western British Columbia

¢ Annual and seasonal precipitation trends over thirty, fifty, andy&@0 time periods in the Georgia Basin
and remaining coastal regions of B.C. within the NPLCC region areatiaed inTable6.'** The
Georgia 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 anglognorphology 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 geomorpholaggritish Columbia: Climate Change Effects on
Watershed Processes in British Columi2010, Fig. 19.1, p. 702)
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Table 6. Historical trends precipitation in 3060, 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: Modied fromPike 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)
100year: 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)
100year: 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)
100year: 19012004 0.036 (0.91) 0.034 (0.93)
Pacific Northwest
e Annual precipitation ncr eased 12. 9% (@(®ROtOMA® 17. 76cm) from
e Observedelativeincr eases were | argest in the spring
(+12.4%; 2.470; 6.27cm), summer (+8.9%; ffolh. 390;

1920 to 20068* The spring trend (Aprilune) is significant at the p < 0.05 leV&
e From about 1973 to 2003, clear increases in the variability of cool season precipitation over the western
U.S. were observed?
¢ Note: For thereader interested in trends mean temperature, maximum temperature, minimum
temperature, and precipitation anally, seasonally, and monthly, an online mapping tool produced by
the Office of the Washington State Climatolowistvailable at
http://www.climate.washington.edu/trendanaly$sdcessed .8.2011).

19°Mote. Trends in temperature and precipitation in the Pacific Northwest duhagrwentieth Century2003, p. 279)
147 Mote. (2003, p. 279)

148 Mote. (2003, p. 279)

149 Hamlet and_ettenmaierEffects 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° There also | Trends. In the Pacific Northwest, trends i
appears to be a shift in seasonality of precipitation: an | EXIféme 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 grseason in the Pacific
decrease in fall precipitatidnom 1925 to 2008* Northwest (19020005 Madsen and

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

L . L R significant increase of 30%-@1%%0) in
precipitation intensity over this time period is similar to Washington, and a statisticatipi§icant

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

Note: The studies presented here differ in the baseline use| MEKIS (2006) report some stations showe
significant increases in very wet days (thg

projections. Baselines include 196290 (BC, CA) and 1970 number of days with precipitation ¢zea
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
Northwest arexpected to beconneore
¢ Global precipitation patterns apeojectedo follow variable, resulting in increassk of
observed recent trends, increasing in high latitudes and extreme precipitation events, including
decreasing in wst subtropical land region®.Overall, 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 (196B90) to 25 (+108%) or

¢ Note: There is greater confidence overalpimjected 30 (+150%) occurrences by 2a099 unde
temperaturechangeghanprojectedchanges in A2 simulations in the PCM and GFDL
precipitationgiven the diffialties 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 rans, it pours: Global warming and the rising frequency of extreme participation in the
United States (pdff2007, App. A & B, p. 3837)

133 vincent and MekisChanges in daily and extreremperature 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 28090 under A2 simulations in the PCM and GFDL
models, respectively.

%6 Killam et al. California rainfall is becoming greater, with heavier storr{2010, p.2)

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

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

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

180%pCC. (200749, 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 with temperature.

Southcentral and Southeast Alagk861-1990 and 2000 baseline)

e Climate models project increases in precipitation over Ala8i&imultaneous increases in evaporation
due to higher air temperatures, however, are expected to lead to drier conditions overall, with reduced soil
moisture’®

0 Using a composite of five Global Cirlation Models (GCMs) under the A1B scenaffone
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 periodan approximately 19% increase from the 13620 mean at the rate of
approximately 0.059 inches per decade (+1.5 mm/deé&de).

¢ In the coastal rainforests sbuthcentral andautheast Alaska, precipitation duritfte growing season
(time period between $a spring freeze and first fall frosg) projected to increase approximately four
inches(~100 mm, or 5.7%) from 2000 to 209@om approximately 69 inches (~1750 mm) in 2000 to
approximaely 73 inches (1850 mm) in 2099 using a GCM composite (scenarowitied)™’

e The University of Alaskd Fairbanks Scenarios Network for Alaska Planning (SNAP) hasbhased
mapping tools for viewing current and future precipitation under the B1, A1B, and A2 scenarios for the
20002009, 203€r2039, 206€2069, and 2092099 decadefhaseline not providedYools are available at
http://www.snap.uaf.edu/weltasedmaps(accessed 3.16.201%F.

WesternBritish Columbia 19611990 baseling

e By the 2050s, annual precipitatiemprojected to increase 6&@ange not providedlong 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
baselingmulti-model 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 projected to increase 11% (range not providéd).

182 CIG. (2008) The authors cite the IPCC AR4, Chapter 8 of the Working Graapdrt, for 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)

186 Alaska Center for Climate Assessment and Po(2§09, p. 13)

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

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

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

9 pike 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 followingaot fi Fr 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
val ues under different | PCC emission scenarios (Nakicenov
72pjke 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, precipitéion is projected to increase 6%(-10 to +25%)"®
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 9éngenot provided)®

Pacific Northwest (1970999 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 increase increase 2941 to +12%)and
0o 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 precipitation is proje¢tedall 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 t@ 197601999 baseling®
e These regionally averaged 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 cenury climate)'®®

Northwestern Californi#1961-1990 baseline)

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

" pike 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)

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

1’8 pjke et al(2010, Table 19.3, p. 711)

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

180 pike 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 Drivers of Pacific Northwest Climate Change Indpdrat version is
available online atttp://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521 projecteddrivefiagidiccessed
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 Naural Resources Agenc§2009, 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 sggested updated regional runs could be made for Oregon and Washitrgitiver
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., Sakth@@t0), but additional
research is needed.

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 the climate 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 lagggcale monitoring to provide information on gzgeale
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 arried out by NOAA and its partnejrgl.

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 equatoriBNSO processes and teleconnections with California Current
conditions and their populatioﬁ%z.

189 xpeterson andchwing.Climate Impacts on U.S. ling Marine Resources: National Marine Fisheries Service Concerns,
Activities and Needs: California Current Ecosysté2908, p. 49)

190%peterson anBchwing.(2008, p. 49)

191xpeterson an&chwing.(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 atmospligetrongly coufed 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 imswpacks and runoff patterns described 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 kb regional increases and decreases expected in precipitation and¥@ofitinued

warming and changing precipitation patterns will have a large effect on the hydrology of western North America,
with significant implications for water resources, the @roy, instrastructure, and ecosystéffi@ased 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 groundwatelevels, recharge, and salinity

ourwWNE

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

e SectionsummaryboX 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, Washington, Oregamd northwestern California. Sectibalso 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 Columbia, Washingi®regon, and northwestern California. Sectibrand4
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: waterd stewardship for a changing climg@010, p. 19)

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

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

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

197%Milly, Dunne and VecchiaGlobal pattern of trends in streamflow and water availability in a changing clini2065, 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 STREAMFLO W REGIMES

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

Observed Trends

The dominant trends across the NPLCC region overttlee2ury areeduced snowpack, earlier spring
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 earlier spri@ freshet

¢ In thePacific Northwest, significant reductions in snowpack ovethtoer2Qry 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 Bsin (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 future trend is oh&ansition: glaci@ugmented regimes shift to snow
dominant regimes, snaleminant regimes shift toward mixed-sziow regimes, and mixed fain
snow regimes shibward rairdominant regimes3

e From 1995 to 2008nder a Business as Usual scerthedate of the center of mass of annual fl
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 westert?Canada.

¢ Near Juneau (AK), runoff is projectedcrease and smpack is 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 amwbffecreased summer rufsff

e Projected lossf interannual snowpack and ongoing glacial recession would reduce late sun
moisture and streamflow and increase water tempé&tature

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

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

200pjke et al(2010)

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

202y/an Kirk & Naman. (2008)

203pjke et al(2010) Mantua, Tohver and Hamlg2010) Chang and Jonef2010)

24 stewart, Cayan and Dettingé2004, p. 225)

3Kelly 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 pike et al(2010) Changand Joneg2010) 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,
higher values are more reflectj@nd other, weaker feedbacks relaiedhoisture storage, latent heat and

insulation of the underlying surface, which vary with latitude and se&sorthe
temperaturalbedo positive feedback loop, rising temperatures increase melti
snow and sea ice, reducing surface reflectanceshifiencreasing 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 chafét is thought that if dmate
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 solar radiation absorbed at the sélf&ieuds should
therefore inhbit further rises in temperatufé.However, cloud cover also acts as
a blanket to inhibit loss of longwave radiation from the earth's atmosfihBse.
this process, an increase in temperature leading to an increase in cloud cove
lead to a futter ingease in temperaturea 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 context of liquid water
clouds, is estimted to bé 0.7 (range:i 1.1to +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 latitéidendsecondarily

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
season 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 insulation of the

underlying surface.

29 National Snow and Ice Data Center (NSID@Jctic Climatology and Meteorology: Feedbacdps: Interactions that

Influence Arctic Climate (websitgR011)

#%+National Snow and Ice Data Center (NSID(011)
21 +National Snow and Ice Data Center (NSID(011)
#2xNational Snow and Ice Data Center (NSID(2011)
ZB3xNational Snow and Ice Data Center (NSID(2011)
Z4xNational Snow and Ice Data Center (NSIP(2011)
Z5xNational Snow and Ice Data Center (NSID(2011)
#%xNational Snow and Ice Data Center (NSID(2011)
#7xNational Snow and Ice &a Center (NSIDC)2011)

#8xForster et alClimate Change 2007: The Physical Science Basis: Changes in Atmospheric Constituents and in Radiative

Forcing. (2007, p. 12)

#9xStewart. Changes in snowpack and snowmelt runoff for key mountain regee®, p. 78)

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

Variations in precipitatiogquantitydetermine the total runoff volume, while the seasonafityrecipitation
affects the fraction storeas snow antherefoe the volume of the spring snowmgft

Streamflowregimes are controlled primarily by seasonal patterns of temperatupeemipitation as well as
watershed characteristics such as glacier cover, lake cover, and g@oRiggamflow analyses can be sighn
affected by the date metrics used to identify tréffidSor 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 theaendar year andrateryear (generally, October 1 to September 30 in the Northern
Hemisphere§?’ More recent studies have found the continuation of streamflow timindsttarough 2009

however, in spite of the recent very warm decade, an acceleratimaashB8ow 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 increasegtacial meltand runoff contributions to

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

decrease in glacier runoff contributictesstreamflow?*! Glaciers are key sources of alpine summer streantffow.

Four types of runoff regimes are found in the NPLCC regifacierdominant, snownelt dominantmixedrain-
andsnowhybriditransient andrainrdominant(seeBox7). For consi st e n ctansientramisnowr 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.

23 % Stewart, (2009, p. 7879). The authors cite Mote et al. (2005) and Stewart et al. (2005) as examples.

224% Stewart,(2009, p. 79)

25 xpike et al(2010, p. 718)

226 xpike et al(2010, p. 705)

#7xpike et al(2010, p. 705)The authorsite Déry et al. (2009) for this information.

228 xFritze, Stewart and Pebesn&hifts in western North American snowmelt runoff 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 208f8, p. 72) The authors cite

Bach (2002) for this information.
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Box 7. Characteristics of the four runoff regimes found in the NPLCC region

Glacierdominant: In British Columbia, drainage basins with more than two to five percent ed ttw/ared by
glaciers have regimes similar to sstmwinant regimes, except that the period of high flows extends from a
May to August or September, andflow conditions occur only when precipitation is accumulating in the
snowpack, usually from @smber to March (e.g. Lillooet River Béasimhe extended melt freshet is partly
associated with the higher elevations typical of glacierized drainage basins that hold snow later into the
is primarily associated with the presence of glabiehs during the melt season, act as reservoirs of3vater.

Snowmelt dominant: In snowmefdominant watersheds (e.g. Columbia River Basin), much of the winter
precipitation is stored in the snowpack, which melts in the spring and early summer lesugtinggimflow in
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 low precipitation inputs and the exhaustion of the water supply fr
snowmelg3é

Mixed/ hybrid/transient : These watersheds exhibit characteristics of betamdimekdominated streamflow
regimes (e.g. Willamette River Ba¥iahd are termed mixeainsnow hybrid, or transiemainsnowregimes
depending on the cited source. Forcangist y , t h i mixedransmwt tws exefer to
They are characterized@gedrainsnow due to their michnge elevation and where winter temperatures
fluctuate around freeziff§.Mixedrainsnowwatersheds receive some snowfaief which melts in the cool
season and some of which is stored over winter and melts as seasonal temperatdteshearelasee
importance of the rainfall influence decreases inland from the coast or northwards up the coast; in both
mean temperature tends to decrease, promoting the occurrence of snow rather than rain duringttRevers!
draining these watersheds typically experience two streamflow peaks: one in winter coinciding with seg
maximum precipitation, and anothdate spring or early summer when water stored in snowpacékimelts.

Rain dominant Raindominant watersheds are typically lower in elevateive little snowfaind occur mostly
on the west side of tineountain ranges such as the Cascade Mougetgi@hehalis River Bast)Streamflow
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)
Z5xElsner 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)
21xElsne et al.(2010, p. 226227)
242E|sner et al(2010, p. 226)
243xElsner et al(2010, p. 226)
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Observed Trends

Regional

Widespread and regionally coherent trends toward earlier onsets of springtime srewchstteamflovhave

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) consistent one to four

week earlier shift in streamflow in recent decades compared with the 1950s to 1970s was observed throughout the
West(Figure7).>** These trends were found to be strongest in the intermfi®Borthwest, western

Canada and coastal Alaska for rell@vation 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 laten@vmelt timing, with shifts five to twentfive days later"’

There is also evidence, that a set of vulnerable basinggtiwmatwestern North Amerieaxperienced runoff
regime changes, such that basins that were snowmelt dominated at the beginningsgrirstional period
shifted to mostly rain dominated in later ye#fS'he most vulnerable regions for regime shifts are in the
California Sierra Nevada, eastern Washington, Idaho, and-eastiern Mexicdi.e., outside NPLCC regiorf)f®

Table 7. Summary of observed changes in snow cover and snowlem@ed streamflow for the westert
North American mountain ranges *Note: This table is reproduced froBtewart(2009, &ble V, p. 89py
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 inceased Dettinger, 2006; Kalra et al., 2006

Reduced and earlier peak snowpack; greatest S\
changes in coastal areas where winter temperaty
remain close to freezing (gon, California); 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 emain close 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; increasiniylarch flow; decreasing Stewart et al., 2005; Kalra et al.,
April-June flows 2006; Hamlet et al., 2007

24 stavart, Cayan and DettingeEhanges toward earlier streamflow timing across western North Amégieas, p. 1136)
245xdall and BatesClimatic and hydrologic trends in the western U.S.: A review of tqueerreviewed research (pdf).
(2007, p. 4)

#46xdall and Bateg(2007, p. 4)

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

248+ ritze, Stewart and Pebesn&hifts in western North American snowmelt runoff regimes 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 southeast Alaska dM@48 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 othersKapee7).>° 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:

e Snowfall has been consistently below ags since the mid970s with the exception of a period in the
early1990s** Average winter snowfall at the airport decreased by almosedt.50.45m), from 109
inches to 93 inches (~2%mMm to ~236cm) between 1943 and 2085.

e The trends in climate apaeto affect late winter and early spring snowfalls in Juneau most strohgly.
Since 1975, average snowfall in March and April in Juneau has decreased significantly; however, there
has not been a significant change in average snowfall in other monthsmsmbiv typically falls at sea
level.?>*

e 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 higtiemslévalso
decreasing=® It is possible, however, that a warmer, wetter climate will result in an increase in snowfall
at the highest elevations within the City and Borough of Juneau (such as the upper reaches of the Juneau
Icefield) where winter tempatures are consistently well below the freezing point of wafter.

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

#lxKelly et al.Climate Change: Predicted impacts on Juneau. Report to: Mayor Bruce Botalhbe 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)

oxKelly et al.(2007, p. 40)

B7xKelly et al.(2007, p. 40)

—t



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Box 8. The role of the Pacific Decadal Oscillation (PDO) and El Nino Southern Oscillation
(ENSO) in regional climate.

ENSOand PDO are major sources of climate vatyaibithe NPLCC regiofthe PDO is often describeq
as a londjved, El Nifielike pattern of climate variability in the Padifim main characteristics distinguig
the Pacific Decadal Oscillations (PDO) from El Nifio/Southern Oscillation (ENSO): tlirser2ry PDO
"events" persisted for-20-30 years, while typical ENSO events persisted for 6 to 18 months; secon
climatic fingerprints of the PDO are most visible in the North Pacific/North American sector, while
secondary signatures exist intithigics- the opposite is true for ENSBor example,oB. C. 6 s S
some streams that are normally raidéetlinated have snowmelt runoff in the spring during cool La Nifia ¥
This can result in years with two streamflow peaks in waterseegiaavimally only one would occur (e.g.,

Chemainus Riveth areas that typically flood in January or February in the simulations (i.e., coagta¢are
precipitation signals are most pronounced, changes in floods associated with ENSO and PibDsualybe
large. This can be seen in the effects of ENSO on flood risks in basins in western Washington ariteOre
potential for precipitation and temperature extremes is higher when ENSO and PDO are in the sa

¢ A warm ENSO (i.e. El Nifio) is characterized by DecemilemuarFebruary sesurface temperaturg
>0.5 standard deviations above the mean and has been associated with:
o0 Warmer than average-sedgace temperatures in the ceaindl eastern equatorial Pa€¥iean
0 Reduced strength dcdisterly trade winds in the Tropical Pacific
0 Flood risks generally lower in PNW and northern CA.
¢ A neutral ENSO isneither warm nor cool. There are no statistically significant deviations from
conditions at the equator.
e A cool ENSO (i.e., La Nifia) is characterized by DecemiJanuarf-ebruary mean searface
temperatures-0.5 standard deviations and has been associated with:
o Cooler than average segface temperatures in the central and eastern equatorial Pacific
0 Stronger than normal ealtérade winds in the Tropical Pacific
0 Flood risks generally higher in PNW and northern CA.
0 Some rainfatilominated streams in B.C. have snowmelt runoff in the spring.
e A warm PDO ischaracterized by searface temperatures >0.5 standard deviations #igomean
for the OctobeiNovembeiDecembetlanuarf-ebruaryMarch mean and has been associated wi
o Negative upwelling in wintgpring
o Warm and fresh continental shelf water
0 Advance spring or summer freshet, lower peak flows, cause drier surmdsanf2iC.
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
NovembetDecembedanuarfebruaryMarch mean and hiasen associated with:
o Positive upwelling in wintspring
o Cold and salty continental shelf water
o Flood risks generally higher in PNW and northern CA.

SoureeCIG. http://cses.va@rzgton.edu/cig/pnwc/ci.shtml#gacbes®ed 8.14.2011); Hamlet & Letf@oGigier.
Table 1, p.;6hdependent Scientific Adviso(g@Yardable 4, p.;64antua. (2000).
http://www.jisao.washington.edapcegsed 8.14.2Pikk)et a02010, p. 708Pike cites Flereirg). (2007) and
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. Shauticates magnitude of the trend expressed as the
change (days) in timing over the 192800 period. Larger symbols indicate statistically significant trends at the 90%
confidence interval. Note that spring pulse onset dates could not be calculataedddiad gaugeSource:Reproduced
from Stewart, Cayan and DettinggR005, Fig. 2, p. 1141y authors of this report.
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British Columbia

TheMinistry of Environment reportedverall decreasingends in Aprill* 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@umtheast B.C,)Skeengwestcentral B.C.) and Nechakg¢southcentral B.C.)
Basins had no notable charmeer the 56year study period, and the provincéalerage SWE decreaseighteen

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 has been increasing in glafgidicatchments® Thus, it appears that the initial
phase of streamflow increases associated with accelglamel melt has already passed for most of the
province, whereas the northwest is still experienaimgmented streamflo#®” 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 componefif)This, coupledvith decreased
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 feshet and faster recessional peffdd.

¢ TheChemainus River showed 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 locadeon south Vancouver Islafd.

e TheSwift River showed increased winter and spring flows and decreased summgrd&62006)2%®
This is a snowdominant system located in northwest BC.

e On the Chemainus and Swift Rivens¢ieased streamflow from NovemberApril and decreased
streamflow from June to Septemivess observed (1973006)°™

8+ pike et al(2010, p.
9+ pike et al(2010, p.
20xpike et al(2010, p.
#1xpike et al(2010, p.
#2xpike et al(2010, p.
23 xpike et al(2010, p.
24+ pike et al(2010, p.
25+ pike et al(2010, p.
26+ pike et al(2010, p.
%7 +pike @ al. (2010, p.
28+ pike et al(2010, p.
29+ pike et al(2010, p.
210%pike et al(2010, p.
average runoff values

703)

703)The authors cite B.C. Ministry of Environment (2007) for this information.

703)The authors cite Moore et al. (2009) for this information.

717)

717)

706)

706)

706)

7060 The Chemainus Ri Veros basin size is 355
706)

717)

706)

706)Note that results for the Chemainus and Swift Rivers are a trend analysis of seqeeayial 5
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PacificNorthwest

April 1 snowpack, a keyemperatureensitiveindicator of natural water storage available for the warm season,
has already declined substantially throagt the regiori™

e Snover et al. (2005) report that April 1 snowpack (measured as SWE) has declined markedly almost
everywhere in the Cascade Mountains (OR and WA) since (1@86énd date provided}’ These declines
exceededwentyfive percent at most stydocations, and tended to be largest at lower elevatiéns.

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 percenper

decaddafter Pacific variability is removegdyielding a sixteen percehﬂ:ss.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@écend date praogted).?” This declineoccurred
despite an increase in winter precipitat{erg., NovMarch precipitation increased 3%@oncrete and
Diablo Dam from 194€00579.?"" The declining ratio between winter precipitation (Ndarch) and
April 1 SWE demonstratesdhreduced April 1 SWE is not due to precipitation decline, but to reduced
accumulation of snowpack and winter ablation of existing snowfda€kis reflectsvarmer conditions,
yielding more rainfall events, leading to more winter melt and less snowpagkaetion?”® Specific
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)

o -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@For example, in a
study investigatinghe detection and attribution of streamflow timing changes to climate changéydidal.
(2009) concludethe observed trend49501999)toward earlier centdiming of snowmekldriven streamflows
in the western United States aetectably differentrom natural variabilit)f81 With very high confidenceecent

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

272xgnover et alUncertain Future: Climate Change and its Effects on Puget SqRa65, p. 1617)

23 xgnover et al(2005, p. 17)

2" stoelinga, Albright and Mas# new look at snowpack trends in the Cascade Mount@fs0, p. 2473)This loss is very

nearly statistically significant and includes the possible impacts of anthenjoogjobal warming. It is also calculated with

Pacific climate variability removed.

25 pelto. (2008, p. 73)

21%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 hors note fa portion of the observec
and changing |l and use, which were not corrected for in

#lxHidalgo et alDetection and attribution of streamflow timishanges to climate change in the western United States

(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 to sixty percent of the climatgaed 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 1a#10-7.9%) between 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&itBased on comparison with a neighborgtgeam that drains
wilderness, Van Kk and Naman (2008)séimatethatthirty-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 by regionaicale climatic factor€® The emainder 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 coursstudiedin the lower Klamath BasjiApril 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 below 1,800 meters, and these
differences wereignificant at four of these courses and marginally significant at afittktean 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 differences were signifi&gﬂt.

e Base flow dearased significantly in the two streams with the lowest latiadjested elevation and
increased slightly in two highelevation stream&* baseflow decline in the Scott River was larger than
that in all other streams and larger than predicted by elevatieive 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 seveswight
percentof the decrease is due to decline in April 1 S The disparity in these conclusions is easily
explained by analys'methods.295

%2xHidalgo et al(2009,p.3838) The authors cite Solomon et al. (2007a;
283+Barnett et alHumaninduced changes in the hydrology of the western United S(a6e8, p. 1081081)

24+Barnett et al (2008, p. 1080)

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

#86%\/an Kirk and Naman(2008, p. 1035)

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

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

#9x\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)

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

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

293 xyan Kirk and Naman(2008, p. 1035)The five basins studied are listed in Table 1 (pp.1@83he Scott River, Indian
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. 1047)The authors explain the discrepancy on p. 1047.
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Table 8. Observed trends in the timing, amount, and frequency of runoff and streamflow, NPLCC 1
Note: Table created 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 days to NPLCC Karl et al.
. . . 19502000
many as thirty days earlié® 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 208, 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 sumnfét. WA
e Theearlier release of meltwater has become more
pronounced since 1998,
. . 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 and significant 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
entering Puget Sound between June and Septéfibel Puget Sound 10482003 | Snover et
e A 13% decline in total inbw 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%/yr)across all six basins studi&a. Mountains, (2008)
° WA

Declining mean summer streamflov28% in
Newhalem Creek3% in Thunder Cree¥®and

2%xKarl, Melillo and Peterson(2009, p. 135)The authors cite Stewart, Cayan and Dettinger (2004) for this information.

27xStoelirga, Albright and Masg2010, 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)

91x_uce and Holden(2009, p. 5)
392xSnover et al(2005, p. 17)
393x3nover 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”
Mean spring streamflow was nearly unchanged:
+0.0233%/yr (range:0.01%/yr to +0.31%/y¢§?
Depending on the basin, glacial contribution to sumn C:socr:;es 19932009 f;?aekij‘e
streamflow was 12% above normaf? WA ’ (2011)
Chang and
In the Cascade Rggr of western Oregon, relative Cascade Jones
streamflow in August decreased significantly in two Mountains 20" century (2010)
snowdominated basins, but not in two ralominated western GR’ citing
basinst° Jefferson et
al. (2006)
¢ Runoff ratiosand baseflow have declined significantly Aan;;'WS Chang and
during spring, but they have not changed during Experimental 19522006 | Jones
summer or wintef-! ForestOR (2010)
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, Také 5, p. 72)

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

39+Riedel & LarrabeeNorth Cascades National Park Complex glacier mass balance monitoring annual report, Water year
2009: North Coast and Cascadestierk (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 thisinformation.

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

Definition of evapotranspiration:Evapotraspiration refers to water evaporation from soils, plant surfaces
water bodies and water losses through plant.i€aves

Role of evapotranspiration in the watershedEvapotranspiration affects water yield, largely determines w
proportion of precipitéoon input to a watershed becomes streamflow, and is influenced by forest, range, i
agricultural management practices that alter vegéta8iafiace waters will decline even if precipitation incre
if evapotranspiration increases by a greater atffount

Observed trendsHamlet et al. (2007) found thatdughout the western United States and southcentral Br
Columbigrom 1916 to 2003;ends in simulated warm seaseapotranspiraticas a whole have followed tren
in precipitationhowever, inraas with substantial snow accumulation in spring, some systematic changeg
associated with temperature are 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 redaagpotranspiratiaturing Jul¥September.

e Changes in the seasonal tinofevapotranspiratian summer in coastal areas of the Pacific Northw
and California are much more clearly related to temperature changes, because there is relative
precipitation in summer to offset losses of water availability due tseaniaelt’®

Future projections:In Alaska, increases in evaporation due to higher air temperatures are expected to |
conditions overall, with reduced soil moisttire

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

Future Projections

Regional

Across western North Americ&tewart et al. (2004) project earlier streamflow timing by thirty to forty ttays

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

strongly impacted by this projected shift in the date efdlinter 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 predicted by the end of the cespiteyttddact 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 Gltrends in Canada and Alaska

reflects the histacal tendency for the CT of northern rivers to be less sensitive to temperature fluctuations, at

leastin part because the basinsasesc ol d t hat &édnormal 6 temperature fl u

312xBrooks et alHydrological Processes and Land U§2003)

313 Brooks et al(2003)

314 Allan, Palmer and PofClimate change and freshwater ecosyste@2305)

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 resultstéwart et al. (2004).

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

319xStewart, Cayan ahDettinger (2004, p. 225)
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timing that in basins nearer the freezpujnt (emphasis 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 fimoCalifornia (more than 90% of models in agreement), and

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

| \5:1 | | D | T ]
NS Pt =)
A Zalt

7

I
—-40-20-10 -5 -2 2 5 10 20 40

Figure 8. Median, over 12 climate modelsf 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 greater than 90% agreement. Recethfroim 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 report.

Southcentral anddsitheasiAlaska

Increases invinter precipitation cold lead to increased snowpabtlowever, winter melting events and a
shortening of the period of snow accumulation could have the oppositesa‘fécthe 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 xpAK Department of Environmental Conservation (DEEjnal Report Submittetly the Adaptation Advisory Group to the
Alaska Climate Change SuBabinet (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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and less snow, more water will run off the landscape rather tlivag $terec* While effects will vary
regionally, impacts to Alaskads freshwater ecosyste
stream flows*

British Columbia

By the 2050s (2042070) increased air temperatuvefl lead to a continug decrease in snow accumulation,

earlier melf and less water storage for either spring freshgtamndwater storag® Projected declines in snow

are most notable aihe central and north coast of British Columbia ahdighelevaton sites along the sth

coast?® Watersheds that may be the meshtsitive to change are those occupying the bourtiddween rainfall

and snow deposition in the wintgransientain-snowregimes*Over al | , t he f ol |l owing ¢
hydrologic regimes arprojected

e The response of raindominated regimes will likely follow predicted changes in precipitatiori?® For
example, increased magnitude and more numerous storm events will result in increasingly frequent and
larger stormdriven streamflow (including peaks) in thatai** Projected warmer and drier summers
also raise concerns ailit a possible increase in thember and magnitude of low flow da38.

e Snowmelt dominated watersheds might exhibit characteristics dfransient regimes®* With
projected elevated temperaturége snow accumulation season will shorten and an earlier start to the
spring freshet will likely occur, which may lengthen the period ofdat®mer and eargutumn low
flows, especially in southern British ColumBfdWhere snow is the primary sourcesof wat er s he d 6 s
summer streamflow, loss of winter snowpack may reduce thsuatener drainage network,
transforming once perennial streams into intermittent stré&ms.

e Transient rain-snowregimes might transition to rain-dominated regimesthrough the weakeng or
eliminationof the snowmelt componefit In the Coagt sansientregimes snowpacks areormallydeep
enough tabsorb andtore a significant amount of rain, thus dampening the response of watersheds to
large midwinter rain event&’ If these snowpeks no longer form or are very shallow, and increases in
temperature and wind speeds occur, large midwinter snowfall events will become large rain or melt
events, and thereby increase the frequency of high flows occurring throughout the winter in these
watersheds?® Subsequently, spring peak flow volumes will decrease and occur earlier because less

3B xKelly et al.(2007, p. 53)

324x AK -DEC. (2010, p. 52)

325 +pike et al(2010, p. 713)The authors cite Rodenhuis et al. (2007) and Casola et al. (20@pfonation on snow
accumulationMote et al. (2003jor information on earlier melt; Stewart et al. (2004) for informationhensipring freshet.
3% xpike et al(2010, p. 714)The authors cite Rodenhuis et al. (2007) for this information.

327xpike et al(2010, p. 714)

328 xpike & al. (2010, p. 719)The authors cite Loukas et al. (2002) for this information.

329 xpike et al(2010, p. 719)

330xpike et al(2010, p. 719)

331xpike et al(2010, p. 719)

332xpike et al(2010, p. 719)The authors cite Loukas et al. (2002) and Meetitl. (2006) for this information. The authors
also refer the reader to Figure 19.8 (pp. 715) of the cited report, where southern B.C. is explicitly mentioned.
333xpike et al(2010, p. 719)The authorsite Thompson (2007) for this information.

334xpike et al(2010, p. 719)The authors cite Whitfield et al. (2002) for this information.

33%5+pike et al(2010, p. 719)

336 xpike et al(2010, p. 719)
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precipitation is stored as snow during the winter, and winter flows will increase becarese
precipitation will fall as rain instead of snoW.

¢ Glacier-augmentedsystems might shift to a more snowmeltlominated patternin the timing and
magnitude of annual peak flows and low floi{’Peak flows would decrease and occur earlier in the
year®?|n the long term, the reduction or elimination of the glacial meltwatepoaent in summer to
early fall would increase the frequency and duration of low flow days in these sy&tems.

Specific changes to snowpack and streamflows are also projected, as desdriidd ©.

337*pike et al(2010, p. 719)
338+ pike et al(2010, p. 19)

339xpike et al(2010, p. 719)
340xpike et al(2010, p. 719)




Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Table 9. Projected changaes SWE, snowpack, and streamflow in coastal B.C.
Table created by authors of this report.
Projected Changes Location Study P.erlod Citation
(Baseline)
SNOWWATER EQUIVALENT & SNOWPACK
e Some variation is evident in the spatial distribution of 2050s
change but, 0 average, models project a 28% decline (1961' ,1990) ,
SWE3*! Fraser *Six different Pike et al.
) . . ) i . River Basin| GCM emissions| (2010)
e Snowpack is projected to increase at high elevations scenarios were
the Coast Mountain rang&¥. used.
STREAMFLOWS
o Peak flows are projected to occeleven days earlier by, 201062039,
20102039, eighteen days earlier by 202@59, and 20402069,
twenty-four days earlier by 207R099%* Fraser 20702099
. . _ (1961-1990)
e Mean flows are projected to increase 1.8 to 5.1% ove River near :
t . . Morrison et
the 2% century, while mean minimum flows are Hope (east *Two al. (2002)
projectedo increase 14 to 44% over the'zentury>* | of downscaled '
e Mean peak flows are projected to decrease 4.7% by | Vancouven| ~ ., e
20102039, 11% by 2042069, and 18% by 2070 used, HadCM2
2099%*° and CGCM1
Pike et al.
e Future glacier retreat produced continuing declines i Bridge _ (2010),
. . Not provided .
summer flows, particularly for July to SeptemBer. River citing Stahl
et al. (2008)
e Where groundwater ik & primary source of a Pike et al.
watershedds summer str e: (2010),
continue but with volume reductions in response to | None stated Not provided citing
changes in the seasonal snowpack accumulation tha Thompsa
recharges groundwat&Y. (2007)

%1pike et al(2010, p. 715)

342 pike et al (2010, p. 715)The authors refer to Figure 19.7, pp. 714.

343 Morrison, Quick and Forema@limate change in the Fraser River watershed: flow and temperature projec{@2d@2,
p. 237) See Table 2.

344 Morrison, Quick and ForemafR2002, p. 237)See Table 2.

34> Morrison, Quick and ForemafR2002,p. 237) See Table 2.

348 pike et al(2010, p. 706)The authors are summarizing the work of Stahl et al. (2008).

347 pike et al(2010, p. 719)The athors cite Thompson (2007) for this information.
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Watershed Historical Pacific Northwest

Yo .-._.\.

It

The Columbia basin shifts towards moai dominant
behavior as the regionébés temp
changes in botflood and low flow statistics thagary with
mid-winter temperatures and other factéfs.

These chages are related primarily to changes in
snowpack and associated effectbasin area during

extreme precipitation event& Figure9 shows the maps

of the shifting characterizations of these basins, measured
as tte ratio ofApril 1 snowpack to Octobe¥larch total
precipitation, as time progresses throughahst century
under the A1B and B1 scenarfd$The topmost map
illustrates the spatialistribution of basin types for the
historical period (1971999)%**

Classification

Ratio of Peak SWE to
October to March Precipitation

C] <0.1 Rain dominant
I o.1 - 0.4 Transition

[:] >04  Snow dominant

2020s

In projections for the 21st century, future warming results
in a progressive shiftom snow dominant to transient
basins and from transient basins to rain dominant basins
(lower panels oFigure9).2*? Furthermore, thishift in

basin characterization occurs daater rate for the A1B
than for the B1 scenarios, because the rate of warming is
faster’> By the 2080s for the A1B scenario, there is a
complete loss of snowmelt dominant basins in the
Cascades and the Rockiaghe U.S., and only a few
transient basins remain lsigher elevation®* This shift in
basin type has implications for the timing of peak flows
since the mechanism driving the flows is changing under
warmer conditiong>®

] 2040s |

2080s

A study by Stoelinga et al2010 projects nine percent
Figure 9. Watershed classification based on the ratio |0ss of Cascade Mountain spring snowpack due to
April 1 SWE to total MarckOctober precipitation for th- - anthropogenic climate change between 1985 and.2025

historical period (1912006), for he A1B scenario (left : ; ;
panels). and for the B1 scenario (right panels) at thre Another study by Elsner et al. (2010) finds April 1 SWE is

future time periods (2020s, 2040s, 2080s). projected to decrease by 28% to 30% across Washington
Source: Reproduced from Tohver and Han{@@.10, State by the 202088% to 46% by the 2040s, and 56% to
Fig. 2, p. 6)by authorsof this report. 70% by the 2080s, based on composite scenarios for the B1

348xTohver and Hamletimpacts of 21st century climate change on hydrologic extremes in the Pacific Northwest region of
North America(2010, p. 5)

349+Tohverand Hamlet(2010, p. 5) The authors cite Hamlet and Lettenmaier (2007) for this information.

#0+Tohver and Hamlet(2010, p. 5)

#1+Tohver and Hamlet(2010, p. 5)

#2+Tohver and Hamlet(2010, p. 5)

#3+Tohver and Hamlet(2010, p. 5)

#4+Tohver and Hamlet(2010, p. 56)

35+Tohver and Hamlet(2010, p. 6)

¥6xStoelinga, Albright and MasA new look at snowpack trends in the Cascade Mountg@fs0, p. 2473)

—t



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

and A1B scenarios, respectively (baseline: water years-2006)*’ Climate change effects on SWE are
projected to vary by elevation:

¢ Thelowest elevationgbelow 3,280 feet; 1,000 metens)ll experience the largestlativedecreases in
snowpackwith reductions 088% to 40%by the 2@0s t068% to 80%by the 20803®

¢ Mid-level elevationg3,2806,558 feet; 1,00@,000 metersyill experiencerelative decreases
snowpackof 25% to 27% by the 2020s aB@% to 67%by the 20803°°

e The highest elevationgabove 6,558 feet; 2,000 metevg)l experience themallest relativelecreases in
snowpackof 15% to 17% by the 2020s and 39% t&®by the 2080>°

Reductions irthe magnitude of summer low flows are predicted to be widespread Wa s hi ngt on St a
dominant and transient runoff river basins in southWésshington, the Olympic Peninsula, and Puget Séuind.

For these location$yture estimates of the annuaksage low flommagnitude (7Q2, which is the seveay

avaage low flow magnitude with a twgear return intervalandmore extreme (7Q10) low flow periodse

projectedas follows:

e 7Q2 Projected declinby up to fifty percent by the 2080s under bothAli® and B1 emissions scenaris.
e 7Q10 Projected decline in raidominant and transient runoff basiamgedrom five to forty percent (no
average providedy?

In all watershed typeshé duration of the summer low flow period i®jected to expand siditantly.*** For
example, the loss of glacier area in the North Cascades will lead to further declines in summer runoff-in glacier
fed rivers as the glacier area available for melting in the summer de€fines.

Oregon

In the Western Cascades of Oreg8WEis predicted to decline and peak runoff is predicted to occur earlier by
the2080s>%° In theWillamette River basin in particulathe ratio of April 1st SWE to Precipitation (SWE/P)
declined substantially from the reference period of 18989 under two GB emission scenarios with a greater
reduction in the 2080€" The decline in the ratio is most pronounced under the A1B scéhaibis is a

combined result of increase in precipitation falling as rainfall in winter and earlier snowmelt caused by rising

temperature®®®

7+Elsner et al(2010, p. 244)

%8 E|sner et al(2010, Table 5, p. 244)

39Elsner et al(2010, Table 5, p. 244)

30 E|sner et al(2010, Table 5, p. 244)

%1xMantua, Tohver and HamleElimate change impacts on streamflow extreares summertime stream temperature and
their possible consequences for freshwater salmon habitat in Washington&iat p. 204)
%2xMantua, Tohver and HamlgR010, p. 20405)

33*Mantua, Tohver and HamlgR010, p. 205)

34*Mantua, Tohver and HamlgR010, p. 206)The authors cite Elsnet al. (2010) for this information.
35+pelto. (2008, p. 74)

3%xChang and Jone€2010, p. 192)

%7xChang and Joneg010, p. 90)

38xChang and Joneg010, p. 90)

39%Chang and Joneg010, p. 90)
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Changes in streamflow across runoff regimes are also projected:

¢ In snowmeldominated sitesuch as the Columbia River at tBalles,flows are projected to increase in the
winter months and decrease in the summer mdhtbsigh the 21st centyu?’70 Peak flow shifts earlier into
the spring at both sites in this scendfi.
e At sites where the peak flows occur in the wetter winter months (Willamette and Calapooia), flows are
projected to increase in the winter and decrease slightly in the suttfmer.
e The High Cascade basins that are primarily fed by deep groundwater systems are expected to sustain low flow
during summer monthdespite declining snowpacks, although the absolute amount of summer flow will
decline®”
e Models suggest that spring and sumstezamflow intransientrain-snow basins, such as those in the

Western Cascade basins, will be sensitive to changes in precipitation and temB7e‘Yature.

NorthwesterrCalifornia

Studies by Miller et al. (2003) and Dettinger et al. (2004) project furtheindedh winter snowpack, earlier
streamflow timing, and declines in summer low fldwsm 1900to 2099 androm 2011to 2100, respectivelf’ﬂ5
With a doubling of atmospherieO, concentrationsSnyder et al. (2004) projeshow accumulation willlecrease
by seventythree percerin the North Coast region of Californi&.Projected eductions in monthly median snow
heights fromJanuary to April ranged frorh8 to 4.37 inches (4611 mn).*”” Cayan et al(2008b) projected
overall snowpack losses for San Joag8agramento, and parts of the Trinity drainages will range from about
thirty-two to seventynine percentossby the end of the centu?{® Most of these changes are projected to occur
because warming temperatures cansee precipitation to fall as rain, raththan snow’® There do not appear to
be any model projections ffture streamflow patterns for Northwestern Califorfiia.he reduction in snowpack

in this region would suggettat snowfed flows will decrease in duration anthgnitude?®*

Information Gaps

While substantial information on observed trends and future projections is available for the NPLCC region,
additional precipitation information, such as extreme precipitation projections, is needed for the region. In
addition, projections for smaller gg@phic areas are also needed.

370xChang and Jonef010, p. 94) The authors note these results are obtained using VIC outputs (hybrid delta, ensemble
mean of 10 GCMs, A1B scenario) and credit Hamlet et al. (2010) of the Climate Impacts Group.

371%Chang and Joneg010, p. 94)

372%Chang and Joneg010, p. 94)

373%Chang and Joneg010, p. 132)

374 Chang and Jone010, p. 131)

375 x Stewart.(2009, p. 89) Stewart is summarizing studies by Miller et al. (2003) and Dettinger et al. (2004).

37 +pRBO.Projected effects of climate change in Califiar Ecoregional summaries emphasizing consequences for wildlife.
Version 1.0 (pdf)(2011, p. 8)

$7*pPRBO.(2011, p. 8)

$78xpRBO.(2011, p. 8)

379%PRBO.(2011, p. 89)

30+pRBO.(2011, p. 9)

#L+pRBO.(2011, p. 9)
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2. REDUCED GLACIER SIZE AND ABUNDANCE

Box 10 Summary of observed trends and future projections for reduced glacier size and abundaqnc
Observed Trends

Over the 20 century, widespread volume lesa®d glacial retreat have been observed throughout the
NPLCC regioni&2Iln many areas, the rate of loss and/or retreat has increased in recent years:

e From the midl950s to the mitl 9 9 O s , vol ume | osses from 6]
double theestimated annual losses from the entire Greenland Ice Sheet over the same g

¢ Inthe North Cascades (WA), 53 glaciers have disappeared since ¥@h858saining glacier
are in disequilibrium with the climate, with increasingly negativatoue mass balarsée

e Between 1900 and 2004, the glaciers in Oregon have lost about 40% of their area, while s
lost as much as 60636.

Mount Shastads gl aci er s dsfitdthe smongewarming trend overphe pa
200630 years, ice volumes have changed little and the termini have continued to advance due to a
increase in winter snow accumulagon.

Future Projections

e Al askabds tidewater glaciers will gr o\Wngo

e Under the A2 and B1 scenarios, the Bridge Glacier (BC) is projected to continue its retreat
projected loss of over 30% of its current area by?2100.

e By about 2057, the estimated area of the Coe Glacier (OR) will be about 61% of-tisypreser
areg9

o Whitney Glacier (CA) would shrink by 65 to 75% percent by 2080, retreating to a terminus
of 11, 155 feet (3,400 ##9.

e The Hotlum Glacier would disappear entirely by32065.

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

382 Arendt et al Rapid wastage of Alaska glaciers and their contribution to rising sea (@@€2) Chang & Jone§2010)
Pelto(2006) WA-ECY. Facts about Washington's retreating glaciers and declining snow pack (@af)7)

383 Arendt et al(2002)

BIWA-ECY. (2007)

38 pelto.(2006)

3 Chang & Joneg2010)

37 Howat et al A precipitationdominated, midatitude glacier system: Mount Shasta, Califorrn@007, p.96)

338 Motyka et al.Post Little Ice Age Glacial Rebound in Glacier Bay National Park and Surrounding AR885.)
39 pjke et al(2010) citing Stahl et al. (2008)

399 Chang & Jons. (2010)

391 Howat et al(2007, p. 96)

392 Howat et al (2007, p. 96)
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Hydrologic dynamics of glaciers and climate change

A glacier can be divided into twegions Eigure10).3%*

At the high end of the glacier, more snow (mass)

accumulates than is lost every yé%ﬁ'.l’his region is called theccumulation zon&° The ice flows downhill into
the lower region where more snow (mass) is annually lost than is gained throughlsgf‘?Squa lower region is

called theablation zondablationmeans mass loss in all its
forms, including melting, sublimation, and calvino’aj.The
dividing line between the accumulation and ablation zones
the equilibrium line,for which the altitude chamg on an
annual basis because it is dependent on the amount of sno
received during winter and the amount of snowmelt on the
glacier during summef® During glacial retreat the rate of
ablation exceeds the rate of accumulation for an extended
period oftime (the mass balance of the glacier is negative),
and the position of the glacier terminus retreats toward the
origin of the glacief?® Note that the ice continues to flow
downhill and that the glacier becomes thintiéGlacial
advanceoccurs when the ta of accumulation exceeds the ra
of ablation (ice also flows downhilf§*

Glaciers support a unique runoff regime and have been stu
as sensitive indicators of climafi@ more than a centuf{?
Glaciers respond to climate by advancing with climatdiog
(because of increased snowfall and decreased summer me
and snowfall increase and retreating with climate warrtffhg.
Tidewater glaciers that terminate in the ocean can be an
exception to this rule because their advance and retreat is ¢
contrdled more by the morphology of the glacier terminus a
receiving fijord than by climate forcind¥.The longterm
trends that in particular affect glaciers are changes in mean
ablationnseason temperature (i.e., the warm summer seasof
typically May-Septembg and winterseason snowfaff®

Box 11 Surface mass balance and thinning:
key indicators in the analysis of glaciers and
climate change

Sources: Pel@®62, Pelto (2008); Expert comn
(June 2011).

Measurements of surface mass balance
the difference betweennter water
accumulation arsimmeltoss of water by
ablation) are the most sensithdidator of
shortterm glacier response to climate
change because mass balance is a direg
measure of annual climate conditions. It
indicates whether the glacier is gaining o
losing volume. Terminus behaymnr the
other handis determined by cumulative
multiyeanmpacs of climate and other
gleciologic factors

Thinning in the accumulation zone indicd
a glacier no longer has a substantial
consistent accumulation zone. Thinning
occurs when the rate of ice mestteeds the
rate of replacement throuigle flow
downward from the upper glaciko.
maintain equilibrium in an average year,
~65% of a gl aciero
accumulation zone at the end of the sum
melt season.

Thekey indicator that a glacier is in
disequilibriunis substantiathinning along
the antire length of a glacier

393+Granshaw and Fountailaicer Change in th&)pper Skagit River Basin: Questions about Glaciers, Climate and

Streamflow (website)(2003)
394xGranshaw and Fountai2003)

3% *Granshaw and Fountai2003)

3% xGranshaw and Fountai2003)
397xGranshaw and Fountai2003)

39 Comment from reviewer. (June 2011)

39+, W. Norton and Compan{hapter 18: Amazing Ice: Glars and Ice Ages (websit¢p011)

400+\W. W. Norton and Company2011)
“OLx\W. W. Norton and Company2011)
4024 pelto (2008, p. 65)

493 xpelto.(2006, p. 769)

404 Comment from reviewer (June 2011); Personal communication with revigiers, May, June 2011)

405 %Ppelto.(20086, p. 771)
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Given future climate scenarios, glaciers will ultimatedtreat under sustained conditions of negatietamass
balance, although a lag is often associated glithier dynamicsseeBox 11).°° Glacierretreat will continue
until the glacier loses enoughits lowerelevation ablation zone that total ablatinatches total accumulatid.
In some cases, climatearming can result in ablation exceeding accumulatiaar all elevationsn a glacier, in
which case thglacier would ultimately disappe&¥.

E ulllbrium line Figure 10. (TOP) Cross
section of a typical alpine
glacier showing the two
major zones of a glacier ar
ice flow within the glacier.
The blue arrows show the
direction and speed of the
moving ice. The longer the
arrow, the faster that ice is
moving. (BOTTOM) A
simplified diagram of a
glacier mass budget,
showing major mass input
(snowfall) and outputs
(melting, and runoff).
Evaporation Source:Reproduced from
(dependent on air temperature) Granshaw and Fountain.
4 i (website) (2003, Fig. 2, Fig
* 6) by authors of this report.

Melting
(dependent on
air temperature)

(dependent on melting and precipitation) e =

e

Futureglacier retreat will influence a range of aquatic halgitetracteristics, including stream temperature,
suspended sediment concentrations, and stwestaT chemistry?® Physica considerations and empirical
evidenceconsistently indicate that summer stream temperasiv@sld increase as a result of glacier retreat;
however, the magnitude of this change is difficulptedict:*°

406xpike et al(2010, p. 716)The authors cite Arendt et al. (2002) as an example for this information.
407xpike et al(2010, p. 716)
408xpike et al(2010, p. 716)
409+pike et al(2010, p. 717)
410+pike et al (2010, p. 717)
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Observed Trends

Southcentral and Southeast Alask

Currently, the majority of glaciers in southeastern Alaska are thinning and retféa®ates ofglacier thinning
now exceed ten feet (~3 meters) per year at lower elevgfange11).*** Moreover, rates of gtaal ice loss
appear to be increasimgrecent decadées’
Arendt et al. (2002) studied sixgeven
glaciers and found that recent volume losse
are nearly double the estimated annual loss|
from the entire Greenland Ice Sheet during
the same time period {d31950s to mid
1990s)* Rapidglacier wastage in
southeastern Alaska reflected in extreme 6ON
rates of glacigsostatic rebound, @sing of
the earth where it formerly was depressed b
the mass of ic&?® Recent losses of glacier ice
appear to be associdteith climate warming
rather than canges in precipitation
regimes*® Observed changes in specific
glaciers include:

12w
.-_ll‘ow 136W —f—‘—_;T 62 N

\

¢ The most dramatic loss of glacial ice
in Alaska since the end of the Little 7
Ice Age occurred in Glacier Bay, ned v DeW

Junead™ Within the westarm of the  Figure 11. Current rates of glacier ice thinning in southeastern Alask

bay, glaciers have retreated more thmeasured by laser altimetry. Ice in lower elevations and around the
: . . - Yakutat cefield (Y1) is thinning most rapidly. The Glacier Bay Little Ic

SI)_(ty mlleslsand lost nearly one mile IIAge Icefield(GB) is outlined. FWF depicts the location of the

thickness:*As a result, less than  Eajirweather Fault. Figure from Larsen et al., 2005.

thirty percent of Glacier Bay NationaSource:Reproduced from Kelly et g2007, Fig. 21, p. 386) by authors

Park is now covered by glaci¢fs.  of this report.

e The mass balance record for the Lemon Glacier near Jimeae of the longest in North America, and it
indicates a dramatic loss of volume in recent dec&tiBsiring the period 1953998, the Lemon Glacier
thinned nearly eightpne feet (~25m) and retreated more than 2600 ft (~0.5 miles, 792m).

4lxKelly et al.(2007, p. 34)

“2xKelly et al.(2007, p. 34) The authors cite Larsen et al. (2005) and Larsen et al. (2007) for this itilorma
43xKelly et al.(2007, p. 34) The authors cite Arendt et al. (2002)

41%x Arendt et al(2002, p. 382)

3xKelly, et al.(2007, p. 36)

416xKelly, et al.(2007, p. 34)The authors cite Arendt et al. (2002) and Motyka et al. (2002) for this information.
47xKelly, et al.(2007, p. 33)

“8xKelly, et al.(2007, p. 33)

“xKelly, et al.(2007, p. 33)

420xKelly, et al.(2007, p. 33)

421xKelly, et al.(2007, p. 33) The authors cite Miller and Pelto (1999) for this information.
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e Some southe&mrn Alaska glaciers, including the Carroll, Johns Hopkins, Lamplugh, Reid, Margerie,
Brady, and Grand Pacific glaciers in Glacier Bay and the Taku glacier have shown periods of advance
during the latter half of the 20th centufy.

e From the midl1950s to tk mid1990s, the average rate of thickness change ofsdgn glaciers was
1.7 feet per year (ft/yr0.52m/yr).**® Repeat measurements of twesfght glaciers from the mii990s
to 20002001 suggest an increased average rate of thinning, equaliriy5(aLf8 m/yr)#*

Theeffects of climate change on southeastern Alaska glaciers may be very diffetatgwater glaciers in
contrast to glaciers with grounded ternffiiGlaciers thaterminate at tidewater typically follow their own cycles
of advanceand retreat they areoften independent of sheteérm changes in regional climdféFor example,
Hunter andPowell (1993) found that terminus dynamics at the Grand Pacific and Muir Glacielesciar Bay

are controlled by morainal baifin accumulationfdooulders, stones, and other debris deposited by a glacier)
sediment dynamics and concluded that thiglevater glaciers are insensitive to climate foréfig.

British Columbia

Glacies in British Columbia areut of equilibriumwith the current climateral are adjustingp changes in
seasonal precipitation and elevatechperatures, with widespread glacial voluo®s and retreat in most
regions’®In general, glaciers haween retreating since the end of the Little Ice Agil-19th century),
although sme glaciers have exhibitgariads of stability at the terminumdeven advance®? Specific changes
to B.C. glaciers include:

e The lllecillewaet Glacier in Glacier National Park has receded over 0.62 miles (1 km) since
measurements began in the 18808oore et al. (2009) reported that the terminus of lllecillewaet
Glacier remained stationary from 1960 until 1972, and then advanced unt*189&s
subsequently resumed its retr€ahis behavior is consistent with the decadal time scale of glacier
terminus response to climate variabilff§.

e A compilation of glacier area changes in the period 12865 indicates glacier retreat in all regions
of the province, with an eleven percent loss in total glacier area over this f&@odvancouver
Island, the cetnal Coast Mountains, and the northern Interior ranges;auered areas have declined
by more than twenty percent over this period (126865):*

“22xKelly, et al.(2007, p. 35)The auhors cite Pelto and Miller (1990) and Miller et al. (2003) for information on the Taku
glacier. The authors cite Hall et al. (1995) for information on the remaining glaciers.

42 x Arendt et al (2002, p. 382)

424% Arendt et al(2002, p. 382)

“%xKelly, et al.(2007, p. 35)

“%xKelly, et al.(2007, p. 35)

“27xKelly, et al. (2007, p. 35)

“28xpike, et al(2010, p. 703)

429xpike, et al(2010, p. 703)The authorsite Moore et al. (2009) for this information.
430xpike, et al(2010, p. 703)The authors cite Parks Canada (2005) for this information.
%1xpike, et al(2010, p. 703)

4324pike, et al(2010, p. 703)

433xpike, et al(2010, p. 703)The authors cite Oerlemans (2001) for this information.
“34xpike, et al(2010, p. 703)The authors cite Bolch et al. (2010) for this information.
435 *pike, et al(2010, p. 703)The authors cite Bolch et al. (2010) for tiniformation.
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e Schiefer et al. (2007) reported that the recent rate of glacier loss in the Coast Mountains is
approximatelydouble that observed for the previous two dec&des.

Washington

Monitoring has occurred on several glaciers in Washington, including the South Cascade Glacier (located in the
North Cascades), Mount Rainier glaciers, and the Blue Glacier in the Olympidaitmif Glaciers in the North
Cascades exhibit consistent responses to climate from year t3®yida.response time is comparatively short:

five to twenty years for the initial response to a climate change, and thirty to one hundred years for a hregponse t
begins to approach equilibriufit.

Specific changes to the surface mass balance, thickness, and advance/retreat of North Cascades glaciers are
summarized iMable10. Overall, ifty-three glaciers in the North Cascade Mountaisge disappeared since the
1950s**° Seventyfive percent of the North Cascade glaciers observed are thinning appreciably in the
accumulation zone and are in disequilibrium with current cliffate.

A progressive temperature rise from the 1880s to the 19d@s Beubiquitous rapid retreat of North Cascade
alpine glaciers from 1880 to 1944 From 1944 to 1975, all eleven Mt. Baker glaciers advanced (when
conditions became cooler and precipitation incre43étf By 1984, all Mt. Baker glaciers were again
retreaing.*”® The glacier margin retreat has been as significant at the head of many glaciers as at the*terminus.
This indicates thinning in the upper reaches of the gl&tira glacier is thinning not just at its terminus, but

also at its head then there i3 point to which the glacier can retreat to achieve equilibfféim.

In conclusion, the current climate change favors glacier réfféatmulative mass balance for the North Cascade
glaciers is becoming increasingly negative, indicating that, instead afeaghyaing equilibrium as the glaciers
retreat, they are experiencing increasing disequilibrium with current clffidiiee recent loss of several glaciers
in the North Cascades raises the question as to whether glaciers can reach a new point of equilitiem wi
current climaté>*

436 xpike, et al(2010, p. 703)

37 pelto.(2006)

38 %pelto.(2008, p. 68)

439+ pelto.(2006, p. 77Q)The authors cit&chwitter and Raymond (1993) and Pelto and Hedlund (20©1his information.
440x\WA Department of Ecology(2007, p. 2)

“41%Pelto.(2008, p. 71)

442xpelto.(2008, p. 70) The authors cite Rusk (1924), Burbank (1981), Long (1955), and Hubley (1956) for information on
glacial retreat.

3% Pelto.(2008, p. 70) The authors cite Hubley (1956) and Tangborn (1980) for this information.

444+ pelto.(2008, p. 70) The authors cite Pelto (1993) and Harfi&93) for this information.

445+ pelto.(2008, p. 70) The authors cite Pelto (1993) for this information.

%% pelto.(2008, p. 70)

“7xpelto.(2008, p. 70)

448+ pelto.(2008, p. 70) The authors cite Pelto (2006) for this information.

9% pelto.(2006, p. 770)

#50%pelto.(2006, p. 774)The authors refer the reader to Figure 4 in the cited report.

1% pelto.(2006, p. 770)The authors cit€elto and Hedlund (20) for information on the recent loss of several glaciers.
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Oregon

Glaciers in Oregon, like much of the west have lreeading since the start of the last century when observations
first begari:> The glaciers rapidly retreated since about 1910, sloweadvahced during the 1960s to mild

1970s before retreating again in the early 198Bsince thdate 1990s glacier retreat has accelerated. Between
1900 and 2004, the glaciers in Oregon Hagéeabout forty percerdf their ared™* Some tpciers have lost as

much as sixty perceﬁ?5 No glaciers are advancing Oregor,l456 although the Ladd Glacier advanced ten meters
from 1989 to 2000 and the summer terminus of the Eliot Glacier advanced eighteen meters downvalley from its
summer 2000 terminus (which was at its farthest upvalley posititeipast century§’ Lillquist and Walker
(2006)document thathe termini of Coe, Eliot, Ladd, Newton Clark, and White River glaciers, all on Mount

Hood, have receded between 1901 and 2001; however, magnitude, timing, and rate of glacier terminus change
varied considerably among these glacitfs:

e Ladd Glacier: Despite a recent advance, the net :20Q0 change in terminus w&615 feet {1102
m), a sixtyone percent loss in lengtii.These values are the highest of any of the five glaciers analyzed
by Lillquist and Walkef®°

e Eliot Glacier: A net 19012001 change 02542 feet {775 m), representing a twertyo percent loss in
total length, was observétt.

e White River Glacier: Despite the alternating nature of advances and retreats over at least the past sixty
years, a net 1962000 change in terminus w&2024 feet {617 n), a thirty percent decline in length.

e Coe Glacier: A net 19012001 change in the terminus-a4339 (408 m), a twelve percent loss in glacier
length, was recorde®

e Newton Clark Glacier: The net 19022000 change in the terminus was o103 feet {62 m), a five
percent decline in lengthi! This represents the least terminus retreat of any of the glaciers arfatyzed.

Lillqguist and Wal ker concl ude t haeier ®rmimis fluatuatiopsat t er n o
combined with qualitative analysis of glacier terminus fluctuation and climate data, suggests that temperature and
precipitation played a significant role in Mbunt Ho

Other factors affecting glacier terminus fluctuations include the physical characteristics of each glacier; it is also

452%Chang and Jone010, p. 84)The authors cite Nylen (2004) and Hoffman et al. (2007) as examples of publications
discussing glaciers in thegest. The authors cite Lillquist and Walker (2006) and Jackson and Founatin (2007) for
information on glaciers in Oregon.

453xChang and Jonef010, p. 84)

454xChang and Jone€010, p. 84)

%5%Chang and Joneg010, p. 84)

56 Chang and Joneg010, p. 84)

*57*Lillquist and Walker Historical Glacier and @imate Fluctuations at Mount Hood, Oregd@006, p. 403)

458 x L illquist and Walker (2006, p. 401)

#59xLillquist and Walker (2006, p. 403)

0% Lillquist and Walker (2006, p. 403)

“LxLillquist and Walker (2006, p. 403)

92xLillquist and Walker (2006, p. 405)

493 xLillquist and Walker (2006, p. 407408)

4xLillquist and Walker (2006, p. 405)

5% il lquist and Walker(2006, p. 405)

486 xillquist and Walker (2006, p. 409)

—t



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

likely that volcanic and geothermal activity, subglacial topography, and debris cover have played an important
l ocal r ol e iistoriddliaglaaet terrhir ftuctu@atorfs’

Northwestern California

Howat et al. (2007) document observed trends i n Mou
hi stori cal record, fluctuati ons closelytometatedswittzsastamdd Mo u n
periods of either high or low precipitation under increasing winter and summer tempefafloes. winter

precipitation appears to be the dominant control on glacier volume at Mount Shasta on bagcadef and

inter-annual scale¥? The period of most rapid wastage of the glaciers occurred during the drought conditions of

the 1920s and early 1930s, concurrent with the lowest recorded monthly mean temperatures th record.
Subsequent glacier growth corresponded wittnarease in both precipitation and temperattires.

Despite the strong warming trend over the pagB@Q@/ears, ice volumes have changed little and the termini have
continued to advance due to a concurrent increase in winter snow accunfii&tiseries of aomalously high
precipitation years from the late 1960s until the early 1980s resulted in a highly positive transient balance state,
resulting in no terminus retreat during the 1I9B#01 drought periotl> These alternating periods of high and low
total predpitation, and glacier expansion and retreat, are concurrent with shifts in theatoesmphere state of

the northern Pacific, as indexed by the PI¥&pecific changes for the Hotlum and Whitney Glaciers include:

e Hotlum Glacier: After a terminus retreatf@ver 2132 feet (650 m) and an increase in elevation of over
656 feet (200m) between 1920 and 1944, the glacier stabilized between 1944 and 1955 and then
advanced rapidly, forming a new end mordifid@his new moraine advanced 560 m to a minimum
elevationof 10,203 feet (3,110 m) between 1944 and 2003, with the greatest advance (820 feet; 250m)
occurring between 1965 and 197%Following a stall between 1985 and 1995, the terminus continued
its advance in the most recent decade, and, in 2003, was led&thfaet (50n) above the 1920
position?”

e Whitney Glacier: Compared to a 1925 aerial photography and 1894 topographic map, in 1944 the
terminus of the glacier was approximately 1640 feet (GP@igher in elevation than in 1925 (8,530 feet
above sea level,a.s.l.; 2,600 meters above sea level, m.a.s.l.), suggesting that this glacier underwent a
similar wastage to that of the Hotlum GlaciéfErom 1944 to 1975, Whitney Glacier advanced 2198 feet
(670 m) down a elevation of 492 feet (150M)-ollowing thisperiod, the glacier terminus split into two
adjoining lobes of debrisovered icé® Advance of this eastern lobe stalled in the early 1970s, only

67+ jliquist and Walker (2006, p. 409)
%8 xHowat et al(2007, p. 96)
9% Howat et al (2007, p. 96)
470xHowat et al (2007, p. 96)
“"lxHowat et al (2007, p. 96)
472xHowat et al (2007, p. 96)
43 *Howat et al(2007, p. 96)
47 xHowat etal. (2007, p. 96)
4> xHowat et al(2007, p. 88)
47®xHowat et al(2007, p. 8889)
“TxHowat et al(2007, p. 89)
“"8xHowat et al(2007, p. 89)
49%Howat et al (2007, p. 89)
480 Howat et al (2007, p. 89)
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advancing 40m between 1975 and 266®ver this period, the western lobe advanced another 935 feet
(285 m), @wn 328 feet (100 m) in elevation to 9,121 f.a.s.| (2,780 m.&%.l).

Future Projections

Southcentral and Southeast Alaska

In southeast Alaska, glacial melt is already occurring, and is likely to coritinue.

British Columbia

Projections based on future clitaascenariogdicate that a negative net balance will continuer at least the
next few decade®? Stahl et al(2008) used three scenarios to model the resporibe &fridge Glacier in the
southern Coast Mountainsne was a continuation of currentngéitic conditionsuntil 2150, and two others were
based on the Aand Bl emissions scenarios developediby IPCCand simulated by the CGCM%.Even with

no furtherclimate warming, the Bridge Glacier is sufficientlyt of equilibrium with current climaticonditions
that it is pojected to lose approximately twenty percefits current area, reaching a new equilibrium by about
2100*¢Under the two warming scenarios investigatgdgier net balance remained negative and the glacier
continued to retreatver the next century, with@rojected loss of over thirty perceuitits current area by thend
of this century®’

Washington

Seventyfive percent of the North Cascades glaciers observed by Pelto (2008) are in disequilibrium and will melt
away during th1> century with the current climafé®

Oregon

Byaboutz 057, Chang and Jones (2010) est i-omapeeentohits Coe G

preseniday ared®®

Northwestern California

A modeling study of Mount ci@hbydowat étal. (2007) finds thattheand Hot |
RegCM2.5 regional climate model estimates a large increase in summer temperatures relative to winter
precipitation under greenhouder i ven war ming that would result in th
volume over the next fifty years with near total loss by the end of the céfftury:

¢ Whitney Glacier would shrink by sixtfjve to seventyfive percent by 2080, retreating to a terminus
elevation of 11, 155 feet (3,400 f).

“8lxHowat et al (2007, p. 89)
“82xHowat et al(2007, p. 89)

483% AK -DEC. (2010, p. 23)

84 xpike et al(2010, p. 716)
“xpike et al(2010,p.716) The authors are summarizing Stahel et al .o
%0 xpike et al(2010, p. 716)

87 *pike et al(2010, p. 716)

88 xpelto. (2008, p. 74)

89 Chang and Jone€010, p. 84)
490 xHowat et al (2007, p. 97)
491xHowat et al (2007, p. 96)
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e The Hotlum Glacier would disappeantirely by 2065?

e The 4.7°F (2.6°C) increase in temperature forecasted by RegCM2.5 for 2050 would require a concurrent
fifty -two percent increase in precipitation to maintain stesidie compared to the predicted seventeen
percent increas®?

In contrastunder a historical trend scenario for the future, Whitney Glacier would likely remain w06 of

its present volume until 2040 when it would begin to grow, reaching up to 140% of its present volume 4% 2100.
For this volume increase the glacier woalkpand to the outermost terminal moraines at 8530 feet above sea level
(2,600 meters above sea levEl)The Hotlum Glacier would likely lose volume until 2040, at which time growth
would begin'®® These variations correspond to a shift in the oscillatoryoom@nts to greater precipitation and

lower temperatures, resulting in rapid volume growth that is sustained through a second climate oscillation
shift.**

Information Gaps

Information is needed diture projections of glacier size and abundance in alldistisns except British
Columbia and California.

Note to the reader regarding sea ice and permafrost thawingVhile loss of sea ice and permafrost thaw are

critical issues facing Alaska and British Columbia, they are not major issues within the am#badrgral and

southeast Alaska and coastal B.C. included in our study region. For this reason, we do not discuss these impacts ir
this report. A large map of the extent of permafrost in the Northern Hemisphere is available at
http://www.climate4you.com/images/PermafrostDistributionlPA%20LARGHKagi€essed 3.12.2011). It shows

isolated patches of permafrost in the North Cascades (WA) and coastal B.C., and sporadi¢rpsaciiecentral

and southeast Alaska. A map of the extent of sea ice in March and September 2009 is available at
http://www.arctic.noaa.gov/report09/seaice.hfadcessed 3.12.2011). Marchyipically the month of maximum

extent of sea ice, September the minimum.

492xHowat et al(2007, p. 96)
493 *Howat et al (2007, p. 96)
494 xHowat et al(2007, p. 96)
49 *Howat et al (2007, p. 96)
4% *Howat et al (2007, p. 96)
497*Howat et al (2007, p. 96)
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Table 10. Trends in glaciasurface mass balandess, retreat, thinning, and ice thickness, North
Cascades, WAL8802007. Table created by authors of shieport Tables continues on next page.

REDUCED SURFACE MASS BALANCE

Glacier(s) studied Years Findings Citation
Mean loss of12.4 meters of water equivalgim w.e.) Pelt
10 glaciers 19842006 | compared to the mean annual balance ¢ ft/year {0.54 eto
i) 49 (2008)
Columba Glacier| 19842002 | Cumulative change 66.09m w.e?*° (thl)tg)
Lower Curtis , 500 Pelto
Glacier 19842002 | Cumulative change 66.26m w.e: (2006)
North Kl tti . i
O.r awa h Cumulative balance ranges frot6.67m w.e.(North Riedel &
Silver, Noisy, 19932009 Klawatti) t0-9.49m w.e.(Silvery®: Larrabee
Sandalee ' e (2011)
LOSS AND RETREAT
Glacier(s) studied Years Findings Citation
19791984 | 35 of 47 glaciers observed annually had begueaiirg Pelt
47 glaciers? By 1992 All 47 glacier termini were retreating (zgog)
By 2004 Four glaciers disappeared
North Klawatti, | 19962009 Modest volume increases from 192603 (negative long Riedel &
. . term trend resumed afterward)
Silver, Noisy, Average negative vertical change of 11.67 m w.e Larrabee
Sandalee | 20002009 ge neg chang ' € (2011)
Total volume loss of 32 W° of w.e.
. Average terminus retreat of 4724 feet (1440 m) from Pelto
Mt. Baker glaciers| 18801950 Little Ice Age morain& (2008)
38 North Cascade Pelto
glagiers 18801950 | Retreat of 3986 feet (1215 1ff) (2008)
Average retreat of 1115 feet (340 m), ranging from 951
Mt. Baker Pelto
. eos 19842007 | 1509 feet (298160 m).Note: all eleven Mt. Baker
glaciers ) (2008
glaciers advanced frorh9441975
Retreated 541 feet (165 m) at its head and 472 feet (1 Pelt
Ice Worm Glacier | 19842005 | m) at its terminu$? This corresponds to ~25 feet per yg (2302)
(ft/yr; 7.9 mlyr) and ~22 ft/yr (6.9 m/yr), respectively.
Retreated 236 feet (72 m) at its head and 390 feet (11 Pelt
Columbia Glacier | 19842005 | at its terminus?’ This corresponds to ~11 ft/yr (3.4 m/yr (Zgog)

and 18.6 ft/yr (5.7 m/yr), respectively.

9% pelto.(2008, p. 68)

99 pelto.(2006, p. 776)
% pelto.(2006, p. 776)
! Riedel & Larrabeg2011, p. 8)
°92 pelto.(2006, p. 775)

%3 pelto.(2008, p. 70)

04 pelto.(2008, p. 70) The authors cite Pelto and dlend (2001) for this information.
% pelto.(2008, p. 70) The authors cite Pelto (1993) and Harper (1993) for information on-19723 trends.

% pelto.(2008, p. 70)
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THINNING AND REDUCED ICE THICKNESS

Glacier(s) studied Years Findings Citation
. Minimum loss of 45.9 feet (14.0 m) in glacier thickness  Pelto
10 glaciers 19842006 (20-40% loss of total volumée¥ (2008)
. Minimum loss of ice thickness of 31 feet (9.5 m), Pelto
9 glaciers 19842004 representing 18 to 32% of total voluifie (2006)
12 glaciers 19842002 | Loss of 18.7 to 20.7 feetq.7 t0-6.3 m) in thicknes¥’ (Zggg)
South Cascade 75% percent of the North Cascade glaciers observed & Pelt
glacier & 10 North| 19842006 | thinning appreciably in the accumulation za@mal are in (2802)
Cascade glaciers disequilibrium with current climatg!
Since 1916 Lost 151 feet (46 m) of ice thickness
. | 19842002 Lost 43 feet (13 m) of ice thickness, a rate of 2.4 ft/yr Pelto
Easton Glaciét (0.72 miyr). (2006)
Greatest thinningt terminus
19842002 May be capable of retreating to a new stable position
19081984 Lost 148 feet (45 m) of ice thicknesss, a rate of 1.9 ft/y
(0.59 miyr)
Lower Curtis 19842002 Lost an additional 20 feet (6 m) of ice thickness, a rite| Pelto
Glacief* 1.1 ft/yr (0.33 miyr). (2006)
19842002 Greatest thinning in accumulation zong, averaglng 331
(10 m), versus 20 feet (6 m) for the entire glacier
Lost about 187 feet (57 m) of ice thickness, a rate of 2
191r1984 ft/yr (0.78 m/yr)
19652002 Lost 36 feet (11 m) of ice thickness, a rate of 0.97 ft/yr
(0.30 miyr)
Columbia . , Pelto
GlacieF 19842002 Lost 26 feet (8 m) of ice thickness, a rate of 1.4 ft/yr (O (2006)
m/yr)
Greatest thinning in accumulation zone, averaging23
19842002 | feet (1316 m), versus a glaciavide average thinning of
26 feet (8 m)
%7 pelto.(2008, p. 70)
% pelto.(2008, p. 65)
°% pelto.(2006, p. 773774)

*1%pelto. (20086, p.
*11 pelto. (2008, p.
*12 pelto. (20086, p.
13 pelto. (20086, p.

71)

769)

776)
776)The authors cite Pelto and Hartzell (2004) for information on maximum thinning being located in

the accumulation zone.

14 pelto.(2006, p. 776)The authors cite Peltad Hartzell (2004) for information on maximum thinning being located in

the accumulation zone.
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3. INCREASED FLOODING AND EXTREME FLOW

Box 12 Summary of observed trends and future projections for increased flooding and extreme
Observed Trends
Warming from 916 to 2003cross the western U.S.:has

e increased or decreased simulated flood risk in transient basins (most basins i&\@WA,dDRhe
west slopes of the Cascades and Sierras showed increasing flood risks), decreased flood
cold snowmeltlominant watersheds, and left flood risks in rain dominant basins essentially
unchanged?!® From~1975to 2003 increases in cold season precipitation variability increase:
simulated flood riska most areas (e.g., muchPafjet Sound basioastal argan WA, OR&
CA)516

Late 2@ century climaté-19752003)in the western U.S., which is associated with increased precipit
variability and systematic warming, has:

e increased flood risks in raiaminant basinslge toprecipitation changesg)g.in much of the
Puget Sound basin and coastal areas in WA, OR, and CA,;

e strongly increased flood risks in many-ceastal areas in WA, OR, and CA with transignt
snow basin@varming and precipitation changed terincrease flood riskajd

e has prbably left flood risks in many snowrdglininant basins and cooler transientsagw
basins in the interior largely unchanged (effects of warmpigeipdation changase comparabl
in magnitude and in opposite directi®fig)he largest increasedlond risk were associated with
years the PDO phaZ¥ NSO were 0in

Future Projections

¢ In Washingtorand the Pacific Northweste largest increases in flood return frequency are
predicted fotransientainsnow basind? Rairdominant watershedsaredicted to experience
small changes in flood frequeduog to increasing winter precipitatf@®pring floods are projecte
to decrease in basins currently fed by sno#tnelt.

e At Ross Dam on the Skagit River (WA) by the 2040s, magnitudes 9f3@ef2@ 10§earreturn
flood events are projected to increase 5, 15, and 22%, respectively, under the B1 spanado
to a 191&006 baselingy®

e A gradual increase in annual maxime®k runoff is projected for much of the lower Klamath
Basin (OR& CA)52325year stornfrequencys projected to increase near Portlandg2®R.

Note to the readerBoxes are summaries of published and grey literdhaeest of the report is
constructed by combining sentences, typically verbatim, from published dechtires Please see the
Preface: Production and Methodology for further information on this approach.

*15Hamlet and Lettenmaie(2007)

*1®Hamlet and Lettenmaief2007)

*"Hamlet and Lettemaier.(2007, p. 1516)

8 Hamlet and Lettenmaief2007)

*9Tohver and Hamle(2010)

20 Tohver and Hamle(2010)

%21 Mantua, Tohver and HamlgR010)

22 geattle City Ligh(2010) The authors cite CIG (2010) for this information.

2 ReclamationSECURE Water Act Secti®503(c) Reclamation Climate Change and Water, Report to Cong28%1)
%24 Chang and Joneg010)
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Hydrologic dynamics of increased floodingextreme flow, and climate change

In basins dominated currently by a mix of rain and sribtie snowpackso longer form or are very shallow,

and increases in temperature and wind speeds occur, large midwinter snowfall events will become large rain or
melt events, and thereby increase the frequency of high flows occurring throughout the winter in these
watersleds:? Subsequently, spring peak flow volumes will decrease and occur earlier because less precipitation
is stored as snow during the winter, and winter flows will increase because precipitation will fall as rain instead of
snow>?° On the other hand, floodsks tend to decline in snowmealbminant basins because of systematic

reductions in spring snowpacK.

Observed Trends

Southcentral and Southeast Alaska

Information needed.

British Columbia

No information orflooding incoastaB.C. was foundHowever, ifiormation on peak flowsas found

o For lowrelief coastal basins where the seasonal streamflow regime is dominated by rainfall inputs, the
annual peak flows typically occur in the fall and winter: generally no later than the end of February and as
early asmid- to lateSeptember on the central coast and-@adober on the south codét.

¢ In highrelief coastal basinstations with significant snowmelt contributions to their seasonal streamflow
regimes may be subject to annual peak flows over many monthsponse to various peak flow
generating mechanisms: in the fall as a result of rain events, in May, June, or July in response to seasonal
snowmelt,jn October or early November as a result of early snowfall, followed by a warm frontal system
producing rairon-snow events?

¢ In drainage basins that have significant glacier cover, intense melting of glacier ice in the summer drives a
distinct population of floods, whicére superimposed on the rain, raimsnow, or snowmelgjenerated
peak flow regimes that @aotherwise typical of the regid.

Pacific Northwest and northwestern California

Taken together, the increased precipitation variaility systematic warming associated with the lafe 20
century(~19752003)climate has

¢ increased flood risks in raitiominantbasins (precipitation changes),

e strongly inceased flood risks in many neeawastal areas in WA, OR, and CA witaAnsient snow
(warming and precipitation changesden increase flood risks), and

e has probably left floodisks in many snowmeliominant basins and cooler transidatsins in the interior
largely unchanged (effects wfarming andorecipitation changegre comparable in magnitudad in
opposite directions)Figure12).>%

% *pike et al.(2010, p. 79)

20 xpike et al.(2010, p. 719)

2T *Hamlet and Lettenmaie(2007, p. 11)
28 xEaton and Moorg2010,p. 104)
*2*Eaton and Moorg2010, p. 106)
*30xEaton and Moorg2010, p. 106)
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Figure 12. Changes in the simulated-X@ar flood associated with A) 20th Century warming
trends, and B) increases in cool season precipitation Vi#tsiadince 1973. Ratios larger than 1.
(aqua to blue) show increases in flood risk, ratios less thafbh@n to red) show decreases in
flood risk. Source: Hamlet, A.HNote that many, but not all, locations along the coast show
increases in flood sk from both factors.)

In general, the Igest changes in simulated flood risksare s oci at ed wi th year s when |
phased °&% Changes in the variability of cool season precipitation after about 1973, the chwich are

uncertain, are shown to result in increased flood rig owch othe western U.S. in the simulatioli$The

simulated effects of centwgcale warmingglimatic variations associated with the PDO and EN&@] late 20th

century changes in precipitation variability ftmod risks across the region provide evide that floodisks are

not constant in each year and are slowly evoleisighe region warnts?

Neiman et al. (submitted for publicaticimund that floodingover the 1980 t@009 water year® western
Washingtod s Queet s, Sat sop,iverbasim®ccuReddwimg the landfdll ofGitmespheric R
rivers(e.g. Pineapple Expressjthin the warm sectors of extratropical cyclofesually occurring between 30°
and 60° latitudedhat were accompanied by warm advection, tempeatarene lower wpospher&.2to 10.8°F
(4-6°C) above normal, strong lele@vel water vapor fluxes from over the Pacific, and-lewel moistneural

3*Hamlet and Lettenmaief2007, p. 1516)
32*Hamlet and Lettenmaief2007, p. 1)
*3*Hamlet and Lettenmaief2007, p. 1)
34 *Hamlet and Lettenmaief2007, p. 16)
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stability >*°

runoff. >3¢

On average, rain rather than snow fell within almost the entirety of these basins, leading to enhanced

Future Projections

Southcentral and Southeddaska

While effects will vary regionally, impacts to Al as
increased winter flooding’

British Columbia

In basins dominated currently by a mix afrr and snow, if the snowpacks no longer form or are very shallow,

and increases in temperature and wind speeds occur, large midwinter snowfall events will become large rain or
melt events, and thereby increase the frequency of high flows occurring tbubdigd winter in these

watersheds®® Subsequently, spring peak flow volumes will decrease and occur earlier because less precipitation
is stored as snow during the winter, and winter flows will increase because precipitation will fall as rain instead of
snow.>**

For all streamflow regimes, a complex relationship will likely develop betweemnesnow events and changes

in regional air temperature and precipitation patt&¥h$his is because the magnitude of raimsnow floods

fluctuates depending on tl@ration and magnitude of precipitation, the extent and water equivalent of the
antecedent snowpack, and the variations in freezing [&VeB®imatic changes will influence all of these

factors? For exampl e, Mc Cabe et althabas tehperatOrés)ncreaseda@ i ng st
snow events decrease in frequency primarily atétavation sites?® Higher elevations are likely less sensitive

to changes in temperature as these sites remain at or below freezing levels in spite of any temperatgére

that would affect snow accumulatiofi.

Pacific Northwest

Specific projections for flood magnitude and frequency include:

e Basins identified as transient, characterized by a mixed runoff of rain and snow, are projected to be the
most sensitive tavarming temperature$® These basins are found at higher elevations in coastal
mountains (western Cascades, Olympic and Coast Rafiyesider a warmer future climate, the greater
proportion of winter precipitation falling as rain, rather than snow, wilnsify winter flood risk for
warmer transient basins. This trend is depicted spatially in the 20 and-§6@r flood ratio maps{gure

3% Neiman et alFlooding in Western Washington: The Connection to Atmospheric R{26690, p. 22)
3% xNeiman et al(2010, p. 22)

*37% AK -DEC. (2010, p. 52)

3% *pike et al.(2010, p. 719)

> +pike et al.(2010, p. 79)

*40+pike et al.(2010, p. 719)

*41pike et al.(2010, p. 719)The authors cite McCabe et al. (2007) for this information.
*42*pike et al.(2010, p. 719)

*3*pike et al.(2010, p. 719)

>4 *pike et al.(2010, p. 719)The authors cite McCabe et al. (ZQ@or this information.
*>*Tohver and Hamlet(2010, p. 8)

*46*Tohver and Hamlet(2010, p. 8)

*47*Tohver and Hamlet(2010, p. 8)
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13) showing an overlap in the locations of warmer, transient basins wittyeepsove increase in flood
risk through the Zicentury>*®

¢ Raindominant watersheds are predicted to experience small changes in flood frequency, and
Washi ngt onds -dominateebadins, ehere meae Wirtter temperatures in the historic period
wereless than 23°F< 1 5°C), are predicted to experience a reduction in flooding that has historically
been observed during exceptionally heavy snowmelt periods iagétey and earlgummer’*
However, a more recent analysis by Tohver and Hamlet (201@cgsdigher winter temperatures and
precipitation regimes create conditions favoring elevated flood risk in snowmelt ¥43ine.

di screpancy between Mantua, Tohver, and Haml et 0 ¢
attributable to the differees in spatial variability of average changes depicted by the two downscaling
methods>

¢ Hydrologicmodels indicate that warmirigends will reduce snowpack, thereby decreasing the risk of
springtime snowmeltirivenfloodsin some areas?

Projectedncrease# flooding magnitudén western Washingtogenerally become larger, with the same sign
from the 2020s to the 2080s, withe greatest impacts occurring at the end of the twhinstycentury?>
Emissions scenarios also play a strong role in the rateanipe inflooding magnitudes, with the changes for
A1B emissions in the 2040s being similarthose for the B1 eissions in the 20808* At Ross Dam on the
Skagit River projections are as follows:

e By the 2020s: Magnitudes of the-260-, and 106yearreturn flood events are projected to increase 1,
10, and 15%, respectively, under the B1 scenario (compared to €200a®aseliney’

e By the 2040s: Magnitudes of the-260-, and 106yearreturn flood events are projected to increase
15, and 2%, respetively, under the B1 scenario (compared to a 12066 baseline¥*

A case study of Portlan@R) shows that climate change will bring mdrequent storm events withreturn
period of less than twenfijve years, which means that nuisafflo®ding is likdy to become more common at

road crosssections that have a history of chrofioding >>’

Klamath Basin (southcentral Oregon and northwestern California)

Utilizing annual maximumand minimuraweek runoff as metrics of acute runoff evepi®jected trendi

annual maximurweek runoff may vary by subbasiiFor example, the northeastern upper reaches (e.g.,
Williamson River below Sprague River) show results where annual maxinaek runoff remainselatively

stable through the 2Tentury®® In contrast, rnoff locations located further downstream and including a greater

*48*Tohver and Hamlet(2010, p. 8)

*49%Mantua, Tohver and HamlgR010, p. 201, 204)

*0*Tohver and Hamlet(2010, p. 7)

*1*Tohver and Hamlet(2010, p. 7)

52*Mantua, Tohver and HamlgR010, p. 204)The authors cite Elsner &t (2010) for this information.
®3*Mantua, Tohver and HamlgR010, p. 204)

®4*Mantua, Tohver and HamlgR010, p. 204)

>+ Seattle City LightAppendix N. Climate Changé2010, p. 7) The authors cite CIG (2010) for this information.
0 xgeattle City Light(2010, p. 7) The authors cite CIG (2010)rfthis information.

*7*Chang and Jonef010, p. 95) The authors cite Chang et al. (2010a) for this information.
*8xReclamation(2011, p. 75)

*9*Reclamation.(2011, p. 75)
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portion of the lower basin (e.g., Klamath River near Klamath, California) show gradually increasing annual
maximumweek runoff:®

100 year flood ratio
Future:Historic
(model A1B 2040s)

Figure 13. Average changes in the
simulated 106year flood for 297 river
locations in the Pacific Northwest for

o T
S ; 'fzg the 2040s A1B scenario, expressed &
. ® mar ratio of the future 10§ear flood
o | ® ® apr divided by the histacal 10Qyear flood
2 E j'::y (y-axis). The xaxis shows the averag
¢ o Hov DJFtemperature for each river basin.
© | . © dec Source: Hamlet, A.F., citing Tohver a
- ° Hamlet (2010).
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Information Gaps

Informationon observed trends in Briti<bolumbia, as well as southcentral and southeast Aléskaeded
Information is also needed féuture projections irll jurisdictions except Washington.

*0xReclamation(2011, p. 75)
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4. INCREASED WATER TEMP ERATURE

Box 13 Summary of observed trends and futarprojections for increased water temperature
Observed Trends

e In western Washingtomost maximum August stream temperatures remained below 68°F|(:
the upper threshold for salmon survival) from 1970 to 1999. Stations along the Columbia| F
reportedgenerally higher maximum temper&fire.

e Increases in maximum stream temperature have been observed on the Rogue and Willam
(OR), and increases in thday average daily maximum temperature were observed in the P
OR area®?

Future Projecions

e In British Columbiads Fraser River basii
exceeding8°F (20°C) is projectéed.

¢ In Washingtonhy the 2080s, stream temperatures are projected to increase ¥ 8256t€P
under the B1 and Al&®enario®4

¢ In the Tualatin River near Portland, Oregon, stream temperatures in &8°¢s86PC) are
projected for the upper segments of the féver.

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

Hydrologic and physical dynamics of water temperature and climatehange

The thermal regime of water bodies is mainly determined by the local w8%imet climate. A shift in climate
variables such as air temperature, radiation, cloud cover, wind or humidity will influence these heat fluxes and
thus alter the heat balea of lakes and river§’ Higher air temperaturefor exampleare likely to increase water
temperature¥’®

Major controls on stream temperature are riparian vegetation (through shading) and streamflow (which influences
heat exchangéj? Thus, éimate warmng mayalsoincrease stream temperatures by reducing riparian vegetation,

or by reducing snowpack and spring and sunuiissharges’® Projected hydrologic changes in some areas may
produce lower streamflow in late summer, and also less groundwater disth&a of these influences could
promote higher latsummer water temperaturré@ Similarly, physical considerations and empirical evidence
consistently indicate that summer stream temperasin@sid increase as a result of glacier retieaever, the

1 Mantua et al(2010)

52 Chang and Jond2010)

53 pike et al(2010)

%4 Mantua et al(2010)

%> Chang and Jong2010) The authors cit€hang and Lawler (2010) for thinformation.
%®Nickus et al(2010, p. 45)

%" Nickus et al(2010, p. 45)

%8 xBattin et al Projected impacts of climate change on salmon habitat ratitar. (2007, p. 6720)
9% Chang and Jone€2010, p. 115)

%*Chang and Jone$2010, p. 115)

>"1+pike et al (2010, p. 728)

"2*pike et al.(2010, p. 728)
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magnitude of this change is difficult pyedict>”® Groundwater is typically cooler than stream water in summer
during daytime and warmer during winter, and thus acts to moderate seasonal andi@iudaally)stream
temperature variatiord? Deep groundwir temperatures tend to be within about 5.4°F (3°C) of mean annual air
temperaturé75 It is reasonable, therefore, assumehat climateinduced groundwater warming will influence
stream temperature regimes, particularly during {iaseperiods when graudwater is a dominant contributor to
streamflow and especially when energy inputs at the stream surface are relatively minor (e.g.,5§? bayht).
elevation watersheds in areas of agricultural or urban land use, which are srepdsature limited, maye

most susceptible to climatearminginduced increases in streaemperaturé!’

Observed Trends

Southcentral and Southeast Alaska

Information needed.

British Columbia

Information needed.

Washington

Figure 16 showsthat most maximurAuguststream temperatures in western Washindtom 1970 to 199%vere
below 68F (20°C), with stations along the Columbia River generally having higher maximum August stream
temperatures than the remaining stations west of the Caséades

Several studies of Lake Washington (WA) have documented increased annual and seasonal water temperatures,
both in the topmost layer and throughout the entire lake volume:

¢ Annual: Arhonditsis et al. (2004) conducted a statistical analysis of tempefatatuations and found
volumeweighted Lake Washington temperatures have increased on avei@a@d F 0.026°Q per
year from 1964 to 1998 (~1.6°F, ®19°C, during the thirtyfive year period assessed)Winder and
Schindler (2008) reported annuahean water temperature increased I3’F 0.65°Q from 1962 to
2002, as predicted by a randevalk model?*

e Seasonalin the study by Arhonditsis and colleagugee warming trend was most pronounced for the
epilimnion(i.e., the topmost layer in a therntlg stratified lake)during the stratified period (April
September), which has warmeearly 4°F 2.2°C) during the 35year study periocf* Winder and
Schindler (2008) found the epilimnion water temperature increased.by°F (.41°Q during the
stratified period (ApritNovember) and b§.3°F 0.71°Q during the unsttified period (December
March)from 1962 to 2002% In a second study by Winder and Schindler (20042.50°F (..39°Q

>3*pike et al(2010, p. 717)

>"*pike et al.(2010, p. 728)The authors cite Webb and Zhang (1997) and Bogan et al. (2003) for this information.
> +pike et al.(2010, p. 728)The authors cite Todd 980) for this information.

>’°xpike et al(2010, p. 728)

*""*Chang and Jone€2010, p. 115)

>’ Mantua, Tohver and HamlgR010, Fig. 1, p. 190)

9 Arhonditsis et alEffects of climatic variability on the thermal properties of Lake Washing2004, p. 26263)
80+\vinder and SchindleClimatic effects on the phenology of lake proceq2884b, p. 1849)

8Lx Arhonditsis et al(2004, p. 263)

*82x\Winder and Schindle2004b, p. 1849)
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increase in water temperatures in the uppemiater layer from Marcto June from 1962 to 2002 was

observed®

Oregon

There is little evidence to date of increasing stream temperatures over @regon, except in urban streams,
where temperatures may have increased becausenoflative loss of shading from riparian eégfion associated
with urban and suburbajevelopmenf.84Specific observed trends include:

7day average daily maximum (>18C)
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Figure 14. Trends in 7day average daily
maximum temperature for 31 statsm
Oregon 19992009 Source: Reproduced
from Chang and Jone&010, Fig. 3.25, p.
114)by authors of this report.

¢ Data from three stream gging stations in the Rogue and
Willamette River basins (Rogue River near Mcleod, Blue River at
Blue River, and North Santiam River at Néag) show general
increasing trends in maximum water temperature for two of the
three stations, particularly in the North Santiam RT:\%High
variability in August and September water temperature at Blue
River appear to be associated with flow regulatioriate summer
months>%®

e The #day average daily maximum temperature, currently
usedfor assessing water temperature threshold for fish habitat (e.qg.,
lethality and migration blockag®onditions), increased at five
stations which are all located in the faomd metropolitan area
(Figure14) from 1999 to 200§S7Thevariability of water
temperature in Johnson Creek increased ovepdketeryear
period, suggesting that the stream frequently exceeds the threshold

level of 64.4°F (8°C).>%8

Northwestern California

Temperature profiles measured regularly for two decades in Castle
Lake, a small subalpine lake, learevealed large interannual
differences in heat content associated with the amount of winter

snowfall (prior to 1985, specific study period not providéd)n all years with anomalously large heat content,
the snowfall was lower thaawverage; while in all years (except 1973) with anomalously small heat contents,
snowfall was higher thaaverage® ENSO events pauced both anomalies, but some anomalous years were
without ENSOS®! Hence simple interpretations of eftts from ENSO events would not be appropfigte.

*83xWwinder and SchindleClimate change uncouples trophic interactions in an aquatic ecosyefa, p. 2102)
*84%Chang and Jone2010, p. 118)

%% Chang and Jone€2010, p. 115)

% *Chang and Jone€2010, p. 115)

*87*Chang and Jone€2010, p. 116)

°%8*Chang and Jone€2010, p. 116)

9 *\Melack et al.(1997, p. 983)The authors cite Strub et §1.985) for this information.

0 *\Melack et al.(1997, p. 983)

#1xMelack et al.(1997, p. 983)

*2xMelack et al.(1997, p. 983)
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Future Projections

Regional

A warmer future can be expected to directly increase the seasonal wateratmes of most running water
ecosystems, with greater effects at more northerly (poleward) latiflidfdarmseason river temperatures usually
closely approximate air temperatures, typically with a time lag of weeks or less, although streams and smaller
rivers with a large component of groundwater or meltwater may be considerably cooler than summer air
temperatures”

Southcentral and Southeddaska

While effects will vary regionally, i mpactscludeo Al as
warmer summer stream temperatures.

British Columbia

Streamflow scenarios for stilasins of the Fraser Riveuggest an increase in the spatial temlporal frequency
of temperatures exceediB§’F (20°C), particularly below the confluence with thi@ompsorRiver > Morrison
etal. (2002) used a conceptumbdel of catchment hydrology (the University of British Columbia Watershed
Model), in conjunctiorwith projections of future temperature and precipitatiorgenerate scenarios for
streamflow for ab-basinsof the Fraser Rivef’ They then used these climated streamflow projections,
together with a model @nergy exchanges and water flow in the Fraser Riveam network, to simulate stream
temperatures’®

Washington

Stream temperature modelibg Mantua et al. (2010) predicts significant increases in water temper@iures
estimated maximum stream temperatstajewide for both A1B and B1 emissions scenddompared to a
19701999 baselin;aseeFigure15).599 For both A1Band B1 emissions scenarios in the 2020s, annual maximum
T, at most stationscluded in the studis projected to rise less thdm8°F (1°C); by the 2080smany stations on
both the east and west side of @@scades warm by 3.6 t0F9(2-5°C).600 Water temperatures projected under
the A1B emissions scenarios become progressively warmer than those projecteitheBleemissions, and by
the 2080s the differences are.8F (~1°C; notethat projecteddummertime air temperatures under A1B
emissions are, on avera@24F, or1.8°C, warmerthan those under B1 emissions for the 20§?J"s).

%3 Allan, Palmer and Pof{2005, p. 282)

% Allan, Palmer and Pof{2005, p. 282)

%+ AK -DEC. (2010, p. 52)

*%*pike et al(2010, p. 729)The authors are summarizing the work of Morrison et al. (2002).
*97*pike et al(2010, p. 29). The authors are summarizing the work of Morrison et al. (2002).
*%*pike et al(2010, p. 729)The authors are summarizing the work of Morrison et al. (2002).
99 *Mantua, Tohver and HamlgR010, p. 196)

690 Mantua, Tohver and HamlgR010, p. 197198)

691*Mantua, Tohver and HamlgR010, p.198)

—t



Climate Change Effects in Freshwater Ecosystems
Draft Final: August 2011

Oregon

Future changes in stream temperature in response to climate change in Oregon will depend on the degree to whict
warming results in a reduction otégasummer streamflow and how warming influences riparian vege?:gfion.
Water temperature is projected to rise as air temperature increases ifl teatRfy, particularly in urban streams
where natural riparian vegetation is typically Iack‘?ﬂﬁA declinein summer streamflow is expected to
exacerbate wat temperature increas%oé‘.Chang and Jones (2010) summarize the results of a study evaluating
the number of days thatday daily average water temperature exc&8ds 20°C) between May 15 and October
15in the mainstem of the Tualatin River located near the Portland metropolita‘?’i’Sarea:
e Under the baseline scenafim dates providedpnly the lower segments of the drainage experience
water temperature abo68°F (20°C)606
e Under 5% flow reduction an2l.7°F(1.5°C) air temperature rise scenarios (representing the 2040s),
segments with water temperatures in exce€8tF 0°C) for more than sixtglays expand to include
some upstream are®¥.
e Under 10% flow reduction and 5.4°F (3°C) air temperature rise sosnéwhich represents the 2070s),
they expand further into upstream are¥s.
¢ Riparian vegetation scenarios have the most direct impact on middle segments of the drainage under the
highest warming scenarfd® As noted previously, major controls on stre@mperature are riparian
vegetation (through shading) and streamflow (which influences heat excfithge).

Northwestern California

Information needed.

Information Gaps

Information onobserved trends in British Columbia, southcentral and southeast Alaskayrédmelestern
Californiais neededinformation is also needed fauture projections in northwestern California and southcentral
and southeast Alask&8tudies using physically based modeling approaches are also needed, as many of the
projections currenthavailable are based on statistical models that do not incorporate changes in water
temperature due to changes in groundwater, interannual snowpack, or glaciers.

92 Chang and Jone2010, p. 116)

893%Chang and Jone010, p. 132)

94 Chang and Jone€010, p. 132)

8% *Chang and Jone010, p. 115)The authors are summarizing the results of Chang and Lawler (2010). Results are based
on CEQUAL-W2 simulations for 154 segments in the lower Tualatin Riveler three combinations of temperature, flow,
and riparian scenarios.

8% *Chang and Joneg2010, p. 116)

897 Chang and Jone€2010, p. 116)

8% *Changand Joneq2010, p. 116)

89%Chang and Jone010, p. 116)

10 Chang and Joneg010, p. 115)
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Figure 16. Color shadingshows the historic (1970999) mean
surface air temperatures for August, ahdded circleshow the
simulated mean of the annual maximum for weekly water
temperatures for select locations. tig; Robert Norheim
Source: Reproduced from Mantua, Tohver and Har(2€xt10, Fig.
1, p. 190)y authors of this report.

Figure 15. Color shadingshows
the mean surfae air temperature
for August for the 2020s (top),
2040s (middle) and 2080s
(bottom) andshaded circleshow
the simulated mean of the annt
maximum for weekly water
temperatures for select locatior
Multi-model composite average
based on the A1B emissis are
in theleft panelsand those for
B1 emissions are in thrgght
panels.Figure: Robert Norheim

Source:Reproduced from
Mantua, Tohver and Hamlet.
(2010, Fig. 2, p. 97by authors o
thisreport.
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