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EXECUTIVE SUMMARY

This Phase | draft final report provide§irat-evercompilation of what is knowd andnot knowr® about
climate change effects on marine and coastal ecosystems in the geographic extent of the North Pacific
Landscape Conservation Cooperative (NPLCC). The U.S. Fish & Wildlife Séuvidedthis report to

help inform members of the newly esiahkd NPLCC as they assess priorities and begin operations.
Production of this repokvas guided byniversity of Washingtod €limate Impacts Grouand

information was drawn from more than 250 documents and more than 100 interviews. A final report will
be published in 2012 following convening of expert focus groups under 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 in northern California west d€élseade Mountain Range and Coast
Mountains. The region contains approximately 38,200 miles (~ 61,50@kepastline and is home to

iconic salmon and orca, a thriving fish and shellfish industry, and a wide range of habitats essential for the
survival d fish, wildlife, birds, and other organisms. Many of these species, hahitatecosystems are
already experiencing the effects of a changing climate.

Carbon dioxide, temperature, andprecipitation

The atmospheric concentration of carbon dioxidefG® i ncr easing in the eartho:
increases in temperature, altered precipitation patterns, and consequent effects for biophysical processes,
ecosystems, and species.

e Atmospheric CO,concentrations have increasetb ~392parts per million(ppmy from the
pre-industrial value oR78ppm? higher than any level in the past 650,000 yé&g.2100,CO,
concentrations are projected to exce600ppm and may exceed 1000 pprs CG; levels
increase, a concomitant decline in ocean pH is prajdotethe NPLCC regiof hampering
calcification processes for many calcifying organisms such as pterbpodss, and mollusi.

¢ Annual average temperatures increased1-2°F (~0.61°C) from coastal British Columbia to
northwestern California over t1#8" century and 3.4F (~1.9°C) in Alaska from 1949 2009
By 2100, the range of projected increases in the NPLCC region varies from 2.7 to 13°F (1.5
7.2°C), with the largest increases projected in AldsKehese temperature increases wilvd a
risein sea surface temperature and contribute to declining oxygen solubility in seZwpemies
range shifts> and potential uncoupling of phenological interdependencies among sfecies.

e Seasonal precipitation varies but is generally wetter in winterCool season precipitation (Oct
March) increased 2.17 inches (5.51 cm) in Alaska from the-2000 to 19812010 period? In
Washington and Oregon winter precipitation (darch) increased 2.47 inches (6.27 cm) from
1920 to 200d° In California, winter precipition increased between 1925 and 260ile in
British Columbia both increases and decreases in winter precipitation were observed, depending
on the time period studi¢fiOver the 21 Century, winter and fall precipitation is projected to
increase 6L1% in BC and 8% in Washington and Oregehile summer precipitation is
projected to decrease3(to-13% in BC and14% in WA and ORY? In southeast Alaska,
however, warm season precipitation is projected to increase’8Fi¥jected increases in winter
rainfall, declining snow accumulatiéhand glacial exterf: and decreased summer precipitation
(where occurring) will shift the frequency, voluffand timing* of freshwater inflow to marine
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systems. Coastal areas with enhanced riverine input such as timb@oRiver estugrwill see
greater stratification associated with increases in precipit@temapndition that exacerbates low
oxygen conditions associated with harmful algal blooms and hypoxic ters.

Impacts of climate change onmarine and coastal systems

Increases in Cg&and air temperature, combined with changing precipitation patterns, are already altering
conditions and processes in marine and coastal ecosystems. These trends are projected to continue.

e The oceans are increasing in acidityncreasing atmospheric G@oncentrations have caused
global ocean pH to decline from 8.2to 8.1 sinceipedustri al ti mes, increas
acidity by approximately 26%.pH declines in the NPLCC region are generally consistent with
those observed ghally, although some coastal areas such as Hood Canal (WA) report
significantly lower pH (less than 7.6 in 20G8By the end of this century, global surface water
pH is projected to drop to approximately 7.8,
relative to the beginning of the industrial ét#. atmospheric C@levels reach 550 ppm, pH in
the NPLCC region is projected to decline approximately 0.14*fmiidthe saturation state of
aragonite will approach the critical threshold for undersaturdtio < 1), bel ow whi ch
of some marine organisms may begin to dissolve or have difficulty forthDgean water
detrimental to shelinaking has already been observed in shallow waters from Queen Charlotte
Sound (BC) south to Baja CalifornitaAragorite-shelled pteropodsvhich are prey for salmdh
and other fisH; appear particularly vulnerable to continued ocean acidification.

e Sea surface temperatures are risingslobal mean sea surface temperature (SST) increased
approximately 1.1°F (0.6°C) sind®50%® By 2050, an increase in winter SST of 1.8 to 2.9°F
(1.0-1.6°C) is projected for most of the northern Pacific Ocean (compared tel 998)>’

Warmer SST contributes to sea level rise, increased storm intensity, and greater stratification of
the wate column® Increased SST is also associated with species range®Shlftsed nutrient
availability and primary productioff,and changes in algal, plankton and fish abundance in high
latitude ocean$:

e Storm intensity and extreme wave heights are projeed to increase Off the Oregon and
Washington coastsheheightsof extremestorm waves increased @mich as eighfieetsince the
mid-1980s andieliver 65% moreforce when they come ashdfeDuring the 21 century extra
tropical storms are likely to beme more intensie the NPLCC regioff® This will combine with
higher sea levels to increase storm surges, the height of extremé&\madethe frequency of
extreme event§’® Increased extreme wave heights and more intense storms are projected to
increase bach and bluff erosidhand lead to shoreline retréatpss of coastal habitdtand
damage to coastal infrastructdfe.

e Sea levels are rising, but the relative effect varies by locatioBince the end of the {@entury
global sea levels have risen amgmately 6.7 inches (17 cmjIn the NPLCC region, however,
relative sea level change from 1898 to 2007 ranges #0087 to +0.23 inches/yrX.7 to 0.575
mm/yr) >* Relative sea level rise in the NPLCC region is less than the global average at most
monitoring stations because of localized increases in land elevation as a result of glacier
recession, plate tectonics, and/or sediment accr‘i‘-frththe end of the Zicentury, global sea
level is projected to increase 5.1 to 70.0 inchesl(@®Bcm) comparetb the end of the 2D




Climate Change Effects in Marine and Coastal Ecosystems
Draft Final: August 2011

century® In the NPLCC region by 2100, relative change in sea levels are projected to range from
-25.2 inches-64 cm) to +55 inches (+139.7 cii)Sea level is projected to rise in British

Columbia and parts of Washington, Oregarg €alifornia>® while sea level is projected to

decline or remain relatively stable in southcentral and southeast Alaska and the northwest
Olympic Peninsula (WA Rising sea level often results in loss of nearshore or coastal Habitat
and harm to dependespecies?

e Recent anomalous hypoxic events in the California Current Ecosystem may be
characteristic of future change. Severe hypoxia, corresponding to dissolved oxygen (DO)
levels ranging from 0.21 to 1.57 mL/L, was observed off the central Oregarirc@892>°
Dungeness crab surveys showed mortality rates of up to 75% in some regions during this
period® In 2006 off the Washington coast, the lowest DO concentratietiatéo(<0.5 mL/L)
were recorded at the inner sh&lDuring an anoxic event in 20@8f the Oregon coast, surveys
revealed the complete absence of all fish from rocky Yeafisl neaccomplete mortality of
macroscopic benthic invertebrafésVhile anomalous events such as these are consistent with
potential climaténduced changes in cdaksystems, it has not been shown that climate change is
the cause of the anomali¥s.

Implications of climate change for ecosystemshabitats, andspecies

Climate change effects, independently or in combination, are fundamentally altering ocean es83ystem
Effects on habitats (habitat loss and transition) and species (invasive species interactions, range shifts and
phenological decoupling) are highlighted here.

Coastal Erosion and Habitat Loss

Rising sedevel and increases in storms and erosienprogcted taesult in significant habitat impacts.

In Alaska, lowlying habitats critical to the productivity and welfare of coastal dependent species could be

lost or degradeff including staging areas that support millions of shorebirds, geese, and dislsea

l evel ri ses along Puget Soundbs armored beach sho
lost by 21002 In Skagit Delta marshes (WA), the rearing capacity for threatened juvenile Chinook

salmon is projected to decline by 211,0GMhfiith 18 inches (45 cm) of sea level fi3e.

Habitat loss due to sea level rise is likely to vary substantially depending on geomorphology and other
factors.In Washington and Oregoanalysis of coastal habitats under 27.3 inches (0.69 m) of sea level
rise projects loss of twihirds of low tidal areas in Willapa Bay and Grays Harbor and a loss of 11 to
56% of freshwater tidal marsh in Grays Harbor, Puget Sound, and Willapa Bagh of these habitats

are replaced by transitional marstdowever, the Lowr Columbia River may be fairly resilient to sea
level rise because losses to low tidal, saltmarsh, and freshwater tidal habitatsimizadi¢2%, -19%,

-11%, respectively), while gains in transitional areas are substantial (+160%).

Invasive SpeciesRange Shifts, and Altered Phenology

Climate change will affect species in varying ways. Ocean acidification significantly and negatively
impacts survival, calcification, growth and reproduction in many marine organisms, but thus far, has no
significant efect on photosynthesid Among calcifying organisms, corals, calcifying algae,

coccolithophores, and mollusks are negatively affected, while crustaceans and echinoderms are positively
affected’* Warmer waters are likely to promote increased populatioRscific salmorin Alaska while
promoting decreasequbpulationselsewhere in the NPLCC regidnlf oxygen levels decliré and coastal

—
| —
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upwelling strengthens as some studies prdjemtygenated habitat will be [o§&A few speciessuch as
sablefish and someck fishes tolerate lowoxygenconditions andnay expand their territor§y
However, most speciesill be forced to find shallower habitat perish® Overall, smder specimens
seem to be the winners under lowygen conditions, as they outcompete laganisms due to their
advantageous bodyass to oxygesonsumption rati6*

Many sea and shorebirds have medium or high vulnerability to climate cffafipese include the

Al euti an Ter n,%bKachndsting Hazk®ysterdhtchéfaadte t Cassi HBos aukl et
coastal birds, loss of habitat and food souszeshe largest climate changelated concerr

Reproductive failure among seabirds has been documented as a result of changes in marine productivity,
often observed during El b years when sea surface temperatures are warmer than alerage

Population recovery is less likely if climate change results in catastrophic events that are more frequent,

more intense, or of longer duratith.

Climate change may enhance environmental camditsuch that some species are able to survive in new
locations, known invasive species expand into new territories, and species that currently are not
considered invasive could become invasive, causing significant infpémiasive and nomative
specieghat appear to benefit from climate change incl8gartina Japanese eelgrassdNew Zealand

mud snaif?®

In response to warming temperatures and changing cymeartg marine species are expanding their
ranges toward the polésThe abundance and disution of jumbo squid in the NPLCC region increased
between 2002 and 2006, with sightings as far north as southeast Rlaskggerhead turtle, brown
pelican, and surghare reported recent arrivals to the northern Washington &bast.

Climate change myaalso lead to significant phenological decouplisiggh as occurred in the Pacific

Northwest in 2005 when the upwelling season occurred three months later than usual, resulting in a lack

of significant plankton production until August (rather than theaudpril-May time period)* The delay

was accompanied by recruitment failure among planketiant rockfish species, low survival of coho

and Chinook sal mon, complete nesting failure by C
seabirds (common mu@s, sooty shearwater$) Similar mismatchealsooccurred in 2006 and 2007

when upwelling began early but was interrupted at a critical time {Mag)>®

As a result of these effectgpvel assemblages of organisms will inevitably develop in the neaefdue
to differing tolerances for changes in environmental condifiofibese novel communities will have no
past or present counterparts and are likely to present serious challenges to marine resource’anagers.

Adaptation to climate change for marine aml coastal 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®inceaseitssapacityéomidhstand ul ner a
or be resilient to chand& and/or transfornsystems to aew state compatible with likely future

conditions:®® Adaptation actions typically reflect threemmonlycitedtenets{1) remove other threats

and reduce nenlimate stressors that exacerbate climate change eff&@sestablish, increase, or

adjust protected areas, habitat buffers, and corridvasid, (3) increase monitoring and facilitate

management under uncertainty, including sceraagedlanning and adzive management®
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Adaptation actions may occur in legal, regoigt or decisiormaking processes, as wellinoonthe
ground conservation activitié® For example, to counteract loss of coastal habitat due to erosion and sea
level rise, options includemoving shoreline hardening structut®enhancing sedimeitansport:®®
establishing ecological buffer zong8andacquiring rolling easement¥ To managenvasive species
whose spread isxacerbated by increased sea surface temperatures and otherrdiatateeffects,
options includeestoring native specieghysically emoving invasivespeciesand strengthening
regulatory protections agairisvasive speciemtroduction''? Decisionrmakers maylsocreate or
modify laws, regulations, and policies goviagncoastaimanagement to promolieing shorelines that
protect coasl property and habitat®incorporate climaterojectionsinto land use planning safeguard
coastahabitats;'* and implementoastadevelopmensetbacks taddressising sea leveland increased
stormintensity, maintain natural shore dynamjesdminimize damagérom erosion™

Although uncertainty and gaps in knowledggst, sufficient scientific information is available taup for
and address climate change impacts fihmplementing strategic adaptation actieaslymay reduce
severe impacts and prevent the need forencostly actions in the futut& To identify and implement
adaptation actiongractitioners highlighfour broad steps:

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

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

3. Measure, ealuate, and communicate progress through the design and implementation of
monitoring program&?

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

Adaptive approaches to addressing climate changedta will vary by sector and management goal,
across space and time, and by the goals and preferences of those engaged in tH& pnalesases,
adaptation is not a ortame activity, but is instead a continuous process, constantly evolving as new
information is acquired and interim goals are achieved or reassé¥séinately, successfutlimate
changg@dapt ati on supports a systemds capacity to
impacts or transform to a new state amenable &bylituture condition$*
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!> This information was obtained from anppoved by Tom Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Juneau) on June 10, 2011. Data for20@D1are official data from the National
Climatic Data Center (NCDC). Data for 192010 are preliminary, unofficial data adegd from Tom Ainsworth
and Rick Fritsch (Meteorologists, NOAA/National Weather Servicegdunon May 12, 2011. The NCDC defines a
climate normal, in the strictest sense, as thge&0r average of a particular variable (e.g., temperature).
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PREFACE

Thisreport is intended as a reference docurienscience summaiyfor the U.S. Fish and Wildlife

Service (FWS) Region 1 Science Applications Program. The report compiles findings on climate change
impacts and adaptation approaches in marine and coastal ecosystems within the North Pacific Landscape
Conservation Cooperative area (NPLCC). The report is intended to make scientific information on

climate change impacts within the NPLCC region accessible and useful for natural resources managers
and others. It is produced by National Wildlife Federatinder a grant from the U.S. FWS (FWS

Agreement Number 10170AG200).

This report is a complete ADr aft Phade®Omrefadwoypleasesi on a
project.UnderPhase Twofunded througta separate gramtiWF will convene expeffocus groups and

producea final report in 2012 that incorporates additional informatfonompanion report compiling

similar information on freshwater aquatic and riparian ecosystems within the NPLCC area will also be
completed under the same timeline.

Production and M ethodology

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

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

implications of climate change for species, habitats, and ecosystems in the marine and coastal
environment. Because the report strives to reflect the state of knowledge as representedrattine, lin

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 imaaies and possible riharacterizations by presenting data

and findings in their original form. The content herein does not, therefore, necessarily reflect the views of
National Wildlife Federation or the sponsors of this regditen the extensive usd verbatim material,

in order to improve readability while providing appropriate source attributions, we indicate those passages
that reflect verbatim, or near verbatim, material through use of an asterisk (*) as part of the citation
footnote. In generalerbatim material is found in the main body of the repuile the Executive
SummaryBoxes and Case Studiese f | ect t he report authorsé synthes

To producehis report, the authors worked with the University of Washington @inmapacts Group

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

expert scientific review throughout the production process, as well as assistance in the design and
organization of the report. Reviemseprovided access to local data and publications, verified the accuracy
of content, and helped ensure the report is organized in a way that is relevant and useful for management
needs. In addition, we engaged early with stakeholders throughout the NBgiOR for assistance and

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

XiX
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Description of SynthesisDocumentsUtilized

This report draws from primary sources as well as synthesis repaigithesiseports, we accepted
information as it was presented. Readers are encouraged to refer to the primary sources utilized in those
synthesis reports for more information. In most cases, the page nisnimudedfor referenceln cases
wherea primary sources referenced in a secondary sources ihdicatedn the footnoteThe dobal,

regional, state, and provincial level synthesis remrag/n from include

¢ Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4): Climate
Change 207.
¢ Global Climate Change Impacts in the United Sta{2309).
e Alive and I nseparabl e: Bri {20086lh Col umbi aés Coast e
e Environmental Trends in British Columbia: 2007.
e Taking Naturebs Pulse: The St2009us of Biodiversit
¢ Climatic ChangeVolume 102, Numbers-2 (September 2010). This volume published the findings
of the Washington Climate Change Impacts Assessment (WACCIA).
¢ Washington Climate Change Impacts Assessment (WACZUA9).
¢ Oregon Climate Assessmentp@e (OCAR)2010).
e 2009 California Climate Adaptation Strategy: A Report to the Governor of the State of California in
Response to Executive Ordefl$2008.
¢ Synthesis of Adaptation Options for Coastal Ar¢2809).
e The State of Marine and Coastal Attion in North AmericaA Synthesis of Emerging ldeas.
(2011).
e Strategies for Managing the Effects of Climate Change on Wildlife and Ecosy&eo®).

How to UseT his Document

Being the first reference document of its kind for the North Pacific LCiomethe 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 thenge 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 changdsamdgacts in the region.
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l.  INTRODUCTION

This reportcompilesexisting knowledge on known and potential climate change effects on marine and
coastal ecosystems within the geographic extent of the North Pacific Landscape/&mrser

Cooperative (NPLCC). Theeport dso includes a menu of policy and management respocisiésd from
published science and grey literatueadapt to climate change in marine and coastal environnidms.
North Pacific Landscape Conservation Cooperatwane of twentyoneLandscape Quservation
Cooperatives (LCC)lanned for the United States, Canada, and Méxic6Csare membedirected
conservation partnerships among State and Federal agencies, Tribes, nongovernmental organizations,
universities, existing partnership efforts, ander conservation entitié€ther key partners of the

NPLCC will be the three regional Climate Science Centers (CSCs) within the geographic area of the
NPLCCi Alaska, Northwest, and Southwest CST$ie CSCs will deliver basic climate change impact
sciece for their region, prioritizing fundamental science, data and dedsjmport activities based
principally on the needs of the LCELCCs will link the science with conservation delivéijhus,

LCCsare managemersicience partnerships that informeasce management actions and provide needed
tools® They provide a forum for identifying common science questions and needs for the defined
landscapes, across organization lihbore specifically, LCCs generate applied science to inform
conservation aabns related to climate change, habitat fragmentation, and other lantsoslptressors

and resource issuég&or further information, please sktp://www.fws.gov/science/shc/lcc.html
(accessed Malc14, 2011).

Description of NPLCC

TheNPLCCregioncomprisesapproximately 204,000 square miles (530,000 square kilometefsirkm

six western U.SstatesandCanadiarprovinces(seeFigure 3on page %° Public lands makep

approximately78 percent, 01.59,000 square miles (412,000%raf the NPLCC, with 82,000 square

miles (212,000 k) of Federal lands in the U.S. portion of the NPLCC and 77,000 square miles (200,000
km?) of Crown lands in the Canadian portion of tHeL\CC° Thetotal amount of coastline is

1*Us Fish and Wildlife Service.andscape ConservatidBooperatives: Better Conservation through Partnerships
in the Pacific Region(2010, p. 1)

2*JSFWS.North Pacific Landscape Conservation Cooperati#aigust 2010, p. 1)

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

eight CSCs are being established to support the 21 LCCs. They consist maimilyeositybased consortiums.

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

°*|.S. Department of the Interidnterior's plan for a coordinated, scientmsed response to climate change
impacts on our land, water, and wildlife resources (pdf, webgita)., p. 5)

® *JSFWS.North Pacific Landscape Conservation Cooperati¢eigust 2010, p. 1)

" *JSFWS.North Pacific Landscape Conservation Cooperat{#igust 2010p. 1)

8 *USFWS.North Pacific Landscape Conservation Cooperati¥aigust 2010, p. 1)

® USFWS.North Pacific Landscape Conservation Cooperative High Resolution (28f0) Within the Yukon
Territory (YT; 186,272 nfj 482,443 krf), the only land within the NPLCC region is that covered by the Kluane
National Park and Preserve (8,487 nfil&d, 980 krft ~4.6% of total area in YT), located in the southwest corner
of the Territory. While information on climate change adaptation planning in Kluane National Park and Preserve
was limited, information for the Government of Yukon was available. Please see Chapter VIII, Section 8 for further
information.

12 USFWS.North Pacift Landscape Conservation Cooperative High Resolution 2441.0)
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approximately38,200 miles (~ 61,500 kif)andextends from Kenai Peninsula in sowghtralAlaska to

Bodega Bay in northern Californi@ihe inlandextent of the NPLCC is delineated according to the Pacific
Flyway, eoregions, and the crests of several mountain ranges and, from the coast, stretches inland up to
150 miles (~240 km); therefore only the lower extent of many of the larger river watersheds are included
within the areaThis area encompasses a vartyater forms including bays, estuaries, inlets, and

lagoons. Land types include deltas, coastal dunes and beaches, rocky shores, salt marshes, and mudflats.
A wide variety of fish, wildlife, and other organisms populate this region.

Organization of Report

Key findings begin in Chapter Il, which describes observed trends and future projections, both globally
and within the NPLCC geography, for greenhouse gas concentrations, temperature, and precipitation.
Chapter IIl describes the primary effects of changegdéenhouse gas concentrations, temperature, and
precipitationon ocean acidificationseasurface temperature, hydrology, ocean currents, staeadevel
coastal upwelling, and hypox&énd anoxia in the NPLCC region. The report then describes how the
changes presented in Chapter Il and the effei@sented in Chapter Il impagctarine and coastal
ecosystem process@Shapter 1\, the geomorphology of coastal nearshore sys{€@hapter V, species
behavior and comonity-level responses (Chapter)yandspecific fish, wildlife, plants, plankton, and
shellfish(Chapter VIl)in theNPLCCregion In Chapter VII| the report providea menu of policy and
managementesponseso address the impacts of climate change on species and habitats in the marine and
coastal environment described@hapters IWII. These responses are based omémeratenets of

climate change adaptation for natural systems and are culleghirioiished scientifiditerature grey
literature,and interviews with experts throughouetNPLCC regionChapter IXbriefly describe future

work in the NPLCC regiortsix appendiceprovidekey terms and definitions, an explanation of climate
modeling and emissions scenarios, an explanation ofteEmg climate variabilitya discussion of th8ea
level Affecting Marshes Model (SLAMM);esources for adaptation principles and responses to climate
change, and a list of reviewers and interviewees.

Definitions for M arine and Coastal Environments

In this report, we use definitiorier marine and casal areadased on oceanograpapd law Figurel
andFigure2).'” Nearshoreareas extend from the farthest reach inland of tidaflyenced water to the
depth of lightpenetration in the ocean (usually about 10 meté@)astal watersare described often as
extending to the edge of the continental shelf. jeen ocearis described often as the area beyond the
edge of the continental shelf.

" USFWS.North Pacific Landscape Conservation Cooperative High Resolution (2af0)

12NOAA. Federal Geographi®ata Committee's (FCDG) Marine Boundary Working Group Shoreline Boundaries
Diagram (2010) The mean higher high water (MHHW) is the average of the higher high water height of each tidal
day. The mean lower low watevi[LW) is the average of the lower low water height of each tidal day. The mean
high water (MHW) is the average of all high water heights.

13 puget Sound Nearshore Projesebsite).(2003) Puget Sound Nearshore EcosystRestoration Partnership
(website)(2010)
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Figure 1. This diagram illustrates shoreline boundaries as defined by different states as well as seaward boundaries
(state and federal submerged lands, contiguous zone, territorial seas, exclusive economic zone, etc.)
Source:NOAA.Federal Geographic Dat€ommittee's (FCDG) Marine Boundary Working Group Shoreline
Boundaries Diagram(2010)
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[I. CO, CONCENTRATIONS, TEMPERATURE, & PRECIPITATION

Box 1L Summary of observed trends and future projections for greenhouse gas concentration
temperature, and precipitation

Observed Trends

e Atmospheri€CO;concentrations in March 2011 were approximately 392 parts per millicaKigbras),
than any level in the past 650,000 ¥ead 41% higher than the faneustrial value (278 pptrom
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 A1F217scenario.

e Annual average temperaturethe NPLCC regiomcreased, in general’F (~0.61°C) over the 20
centuryt8 Alaska is an exceptidra3.4°F (~1.9°C) increase was observed from2(8em°

e Inthe 2@ century and early2dentury, tie largest incase in seasonal temperabwaurred in winter:
+3.3°F (+1.83°C) in westeBC, OR, and WiAand +1.82.0°F (+1.aA1.1°C) in northwestern GAThese
increases tend to drive the annual trends, particularly ir628F-br 3.4C from 1942009 near
Juneau®

¢ Inthe 2@ century and early2dentury, werage annual precipitatioenids are highly variable, with
increases of 2 to approximately 7 inched§-&n) observed in WA, GRand northwestern CAand
bot h small increases and decreases (N1inch
areas, depending on thediperiod studied Precipitation 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 1948086

o Inthe 2@ century and early®2denturyseasonal precipitation trends are highly variable, with incre
winter and spring precipitation observed in WA2’@Rd northwestern CRand both increases and
decreases observed in BC, depending on location and time Seeaciically, in WA drOR, spring
precipitation increased +2.87 inches (7.29cm) and winter precipitation increased 2.47 inchiemg
1920 to 200&

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

Note to the readerin Boxes, the published and greyditeeis summarized he rest of the report is
constructed by combining sentences, typically verbatim, from published and grey literature. Pleas
Preface: Production and Methodology for further information on this approach.

n

NOAA. Trends in Atmospheric Carbon Dioxide: Global 2011 (webs{2€)11)

15 CIG. Climate Change: Future Climate Change in the Padifarthwest (website}2008)

® Forster et al(2007, p. 141)

" Raupach et alGlobal and regional drivers of accelerating G€missions.

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

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

20 Mote (2003, p. 276)

2 Butz and SaffordButz and Safford 201@,). The authors refer the reader to Figures 1 & 2 in the cited report.
22 Alaska Climate Research Centéemperature Change in Alaska (websi(@p09)

% Mote (2008, p. 279)

#Killam et al.(2010, p. 2)

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

% stafford, Wendler and Curti€2000, p. 41)Information obtained from Figure 7.

*"Mote (2003, p. 279)

B Killam et al.(2010, p. 4)

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

%0 Mote (2003, p. 279)
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uture projections

¢ Projectecatmospheri€0O, concentrations in 2100 range from a low of about 600 ppm under thg A1T,
B1, and B2 scenarios to a high of about 1000 ppm in the A1F1 §eBeagoemissions trajectorie
are close to that of the A1F1 scerfério.

e By 2100, averaganual temperaturesthe NPLCC regioare projected to increésé6.1°F(1.7
3.£C) (excluding AK & BC, where temperatures are projected to increagtd=25.41.5°C) by 2050
and5-13°F (2.87.2°C)after 2050respectively3.The range of projeaténcreases varies from 2.7 to
13°F (1.57.2C), with the largest increases projected i#t BKselines for projections vary by study
location: 1960%970s in AK, 1961990 in BC, 1970999 in the Pacific Northwest (PNW), and 1971
2000 in northwest CA.

e By2100, seasonal temperatures are projected to increase the most ineionnai€:2. -9.CF,
1.55°C)inBC2.PFt o 5. 83EE)( &4l 5ng theFNor @9hBEEX6h! 8nd
South Coast. In WA and OR, 8.4 1 E-B . 538TBdkxception i&\K, where seasonal temperaturgs
are projected to increase the most in wifitdre baseline for projections varies by study location:
1960s1970s in Alaska, 196290 on the BC coamtd northern CA19761999 in théNW.

e Precipitation may beore intense, but less frequent, and is more likely to fall as rain th&n snow.
Annualprecipitation is projected to increimséK,38 BC (2050st6% along the cogsto range
provided,3andWA and OR207062099: 4%, range ofL0 to +20%}Y°but is projeted to decrease in
CA (20®:-12 t0-35%, further decreases by 210bcreases in wintand fallprecipitation drive the
trend(+6 to +11%][-10 to +25% in winteih BC and +8%small decrease to +42WMWA and OR)
while decreases in summer predipitathitigate the upward tre8 to-13% in BJ-50 to +5% and-
14% [some models proje@0 to-40%]in WA and OR}2In southeast AK, howeverS&%increase
in precipitatiorduring the growing seaserprojectedno range or baseline providgdasénes for
BC, WA, OR, and CA are the same as those listed in the previous bullet.

%1 Meehl et al(2007, p. 803)This informationwasextrapolagd from Figure 10.26 by the authors of this report.
%2 Raupach et alGlobal and regional drivers of accelerating ¢€missions(2007)

33 For BC, Pike et al2010, Table 19.3, p. 711For AK, Karl, Melillo and Petersoif2009, p. 139)For WA and
OR, CIG.Climate Change (websitg2008, Table 3and Mde et al.(2010, p. 21)For CA, California Natural
Resources Agency (NRAJ2009, p. 1617), Port Reyes Bird Observatory (PRB@011, p. 8)and Ackerly et al.
(2010, Fig. S2, p. 9)

% For AK, Karl, Melillo and Petersor2009, p. 139)For WA and OR, CIGClimate Change (websitgR008,
Table 3)and Mote et al(2010, p. 21)For CA, CA NRA. (2009, p. 1617)and PRBO(2011, p. 8)

% For BC, BC Ministry of Environment (MoE}2006, Table 10, p. 113For OR and WA, Mote and Salahir.
(2010, Fig. 9, p. 42For CA,PRBO.(2011, p. 8)

% Karl, Melillo and Petersor(2009)

37Karl, Melillo and Peterson2009)

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

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

“° The precipitation rangevas obtained from the Climate Impacts Group. It can be fouSdiinmary of Projected
Changes in Major Drivers of Pacific NorthweSlimate Change Impactayailable in draft form from
http://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521 _projecteddrivef@acpdssed 1.5.2011).

“! California Natural Resources Agen¢g009, p. 1617)

“2For BC, BC MoE (2006, Table 10, p. 113For OR & WA, Mote & Salaté Jr.(2010, 4244)

43 Alaska Center for Climte Assessment and Poli¢2009, p. 31)

2 h
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1. CARBON DIOXIDE ( CO,) CONCENTRATIONS 1 global observed trends and
future projections

Observed Trends

e Overall changeAtmosphericCO, concentrations in March 2011 were appnaately 392 parts
per million (ppm)‘,14 higher than any level in the past 650,000 y‘gamd 41% higher than the
pre-industrial value (278 ppm4)6. Current CQ concentrations are aboBi#l percent higher than
the 2005 concentrat i ohAssessment Regod (AR4y379#065 | PCCO s
ppm)*” From 20062004, the actual emissions trajectory was close to that dighemissions
A1F1 scenarid?
e Annual growth rates
0 196062005: CQ concentrations grew 1.4 ppm per year, on avetfage.
0 19952005: CQ concentations grew 1.9 ppm per year, on averddeis is the most
rapid rate of growth since the beginning of continuous direct atmospheric measurements,
although there is yedo-year variability in growth rates.
0 20002004:the emissions growth rate (>3%/yjceeded that of the highesnissions
IPCC scenario (ALFTY.
0 2010:the annual mean rate of growth of g€dncentrations was 2.68 ppm

“*NOAA. Trends in Atmospheric Carbon Dioxde (websit2p11)

“5CIG. Climate Change: Future Climate Change in the Pacific Northesbsite)(2008)

““ Forster et al(2007, p. 141)

“"Forster et al(2007, p. 141)

“8 Raupach et alGlobal andregional drivers of accelerating G@missions(2007)

“9|PCC.Climate Change 2007: The Physical Science B&isnmary for Policymaker&007f, p. 2)
0 |PCC.(2007f, p. 2)

*L*|PCC.(2007f, p. 2)

2 Raupach et a(2007)

*3NOAA. Trends in Atmospheric Carbon Dioxide: Global (websit2)11)
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Box 2. The Special Report on Emissions Scenari¢SRES)

Changes igreenhouse gas (GHG, eagbon dioxideCO,) and sulfate aerosol emissinesbased on
different assumptions about future population growth-scaimmic development, energy sources, ar
technological progre®&ecause we do not have the advantage of perfect foresiggephassumptions
about each of these factors are made to braekeinthe of possible futures,dcenariodndividual

scenarios, collectively referred to as the IPCC Special Report on Emissions Scenarios or SRES g

grouped i ntiol isecsen afrad ro rdrgaiEdividumalgemipsions pecersagesgrouped
into sixfamiies A1F1, A1B, Al1T, A2, B1, and B2. The
0oB6 families, which are mor e eiesare mwegiomlnintfaus |

compared to the more regional A2 and B2. All scenarios are assumed to be equally valid, with no
probabilities of occurrend&/hile the scenarios cover multiple GHGsnawitiple drivers are used to

project changes, shieport focuses on GBecausé is the major driver of ocean acidification, as well &
other climate change impacts, and is tightly coupled with many ecological processes.

e The Al scenariqd1F1, A1B, and A1T) assume rapid economic growth, a globatipogbat peaks
in mid-century, and rapid introduction of new and more efficient technologies. They are differe
assumptions about the dominant type of energy source: thatissile A1F1, nefossil intensive
AlT, and mixed energy sourddBAscenarios. Cumulative £&issions from 1990 to 2100 for the
AlT, A1B, and A1F1 scenarios are 1061.3 Gigatons of carbon (GtC), 1492.1 GtC, and 2182.3
respectively. These correspond to a Ime&diurdhigh, and higlemissions scenario, respectively.

e The Bl scenar@ssumes the same population as Al, but with more rapid changes toward a se
information economy. This is a lemissions scenario: cumulative @@issions from 1990 to 2100
are 975.9 GtC.

e The B2 scenaridescribes a world withténmediate population and economic growth, emphasizin
solutions to sustainabilitgnergy systems differ by region, depending on natural resource availe
This is a mediulow emissions scenario: cumulative €@issions from 1990 to 2100 Bt86.7 GtC.

e The A2 scenariassumes high population growth, slow economic development, and slow techn
changeResource availability primarily determines the fuel mix in different fdg®issa high
emissions scenario: cumulative @0issionfrom 1990 to 2100 are 1855.3 GtC.

Cumulative CG; : :
scenario] _emissions | IR | peviopmentRate | oIS USES
(GtC), 19962100 P
Peaks in mid . . . .
AlF1 2182.3 2%t century Rapid Fossilfuel intensive
Peaks in mid : :
AlB 1492.1 2%t century Rapid Mixed energy sourc
Peaks in mid , Non-fossil fuel
Sl e 2Xstcentury Erie intensive
A2 1855.3 High Slow DSEEMITEE 7
resource availability
. . Determined by
B2 1156.7 Intermediate | Intermediate resource availability
Peaks in mid | Rapidd towardservice | Non-fossil fuel
B1 975.9 . ; . :
2-stcentury | & information economy intensive

Source:IPCC.Climate Change 2007: Synthesi@B@pdRCC.The SRES Emissions Scenarios (23iteCC.
IPCC Special Report on Emissions Scenarios: Chapters 4.320%0) (R€@BsEBES Final Data (version 1.1) Breg
(websit¢2000) CIG. Climate Chge (webs{2)08)
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Future Projections

e Compared to the concenti@tiin 2005 (~379 ppmatmosphericCO, concentrationare
projected to increasever the period 2062100 across all six SRES scenafidfsom a low of
about 600 ppm under the A1T, B1, and B2 scenarios to a high of about 1000 ppm in the A1F1
scenario?

¢ Note: Most projections irthis chapterare based on climate modeling and a number of emissions
scenarios developed by the Intergovernmental Panel on Climate Change (IPCC) Special Report
on Emissions Scenarios (SRES,Ber 2 and Appendix 3 for further infaration)56

Box 3. Why are CQ concentrations, air temperature, and precipitation important?

¢ Increasing carbon dioxide concentrations in the atmosphere contiibeitgrémnhouse effect, leading
increases in global average air tempeifaneased carbon dioxide levels in the atmosphere also dr
acidification of the ocean.

e Air temperature is important becainsecasem air tenperature are reflectednreasing sea surface
temperaturejrivesea leveise,andbecausevarmer air holds more water vapor. Air temperature affe
wind patterns, which affect ocean currents, storm patterns, upwelkeg, lendise.

e Precipitation is important becaiisé¢ype (e.g. rain vs. snow), amount, frequency, durationeasityint
affects other hydrologizocesses such as @&meount and timing of freshwater inflow into coastal regi
which in turn affects the incidence and severity of hypoxic events.

e Togetler, temperature, precipitation, anc Gdhcentrations affect the land (ecgstal erosigncoastal
environment (e.gnundation due teea leveise, open ocean (e.g. storm frequency and intessityhe
habitats and biological communities deperateeach.

Soursesee, for exanmae(2011) Trenberth et(@D07)Grantham et @004)Hauri et a(2009)Nicholls and
Cazena{2010)Feely, Doney, and ¢2003) Glick, Clough, and N{a@g7)

* Meehl et alClimate Change 2007: The Physical Science Basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Clj20@é, p. 803)This information has been
extrapolated from Figure 10.26 by the authors of this report.

%> Meehl et al(2007, p. 803)This information has been extrapolated from Fégl0.26 by the authors of this

report.

% |PCC.Climate Change 2007: Synthesis Rep@@07c, p. 44)

—
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2. TEMPERATURE T global and regional observed trends and future projections

Observed Trends

Globally

¢ In 2010, the combined land and ocean global surface temperature was 58.12°F (INCI2CC
dataset®’ This is tied with 2005 as the warmgsgron record, at 1.12°F (0.62°C) above th& 20
century average of 57.0°F (13.9°9CDC datasgr’® The range associated with this value is plus
or minus 0.13°F (0.07°QNCDC dataset™®

o From 1850 through 2008,1 of the 12 warmest years on record occurred t68% to
2006%°

0 In 2010, Northern Hemisphere combined land and ocean stefaperature wathe
warmest on record: 1.31°F (0.73°C) above tHe@tury averagé\CDC datasetj*
e From 1906 t®2005, global average surface temperature increased ~1.343B°E Q0.74°C +
0.18°C)%?
o From the 1910s to 1940s, an increase of 0.63°F (0.35°C) was obSeFhed, about a
0.2°F (0.1°C) decrease was obsergedr the 1950s and 1960sllowed by a 0.99°F
(0.55°C) increasbetween the 1970s and the en@006(Figure4).®*
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 th8 @htury averagéNCDC dataset}®
0 From 19062005, the decadal trdrincreased ~0.13°F + 0.04°F (0.07°C + 0.02°C) per
decadé?® From 19552005, the decadal trend increased ~0.24°F + 0.05°F (0.13°C +
0.03°C) per decad®.
¢ Warming has been slightly greater in the winter mofittre 1906 to 200%December to March
in the nortlern hemisphere; June through August in the southern hemisphenalysis of long
term 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 tartdlagsm nights
has increased.

>”NOAA. State of the Climate Global Analysis 2010 (webs{g§11)

8 NOAA. (2011)

Y NOAA. (2011)

80%pCC. Climate Change 2007: Synthesis Report: Summary for Policym4R86, p. 2)
*INOAA. (2011)

2*Trenberth et alClimate Change 2007: The Physical Science B&&7, p. 252)Note: Trenberth et al.
comprise Working Group 1 of the IPC& Assessment Report.

% Trenberth et al2007, p. 252)

% Trenberth et al2007, p. 252)

5 NOAA. (2011)

% Trenberthet al.(2007, p. 237)

" Trenberth et al2007, 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 4. JanDec Global Mean Temperature over Land & Oce&ource: NCDC/NESDIS/NOAA. Downloaded
from http://www.ncdc.noaa.gov/sotc/service/global/gletzaid-oceanmntpanom/201008201012.qif(7.27.2011).

Southcentral and Southeast Alaska

Annual average temperature has increased 3.4°F (~1.9°C) over the last fifty years, while winters
have warred even more, by 6.3°F (3.5°€)The time periodver which trends are computisd
not providedHowever, compared to a 1960870s baseline, the average temperature from 1993
to 2007 was more tharfR (1.1°C) highef!

o Annual average temperature increa3efF (1.8C) in Juneawver 1949200972 From

1971 to 2000, temperatures in Anchorage increas@d2efF (1.27C)."”°

From 1949 to 2009, winter temperatures increased the most, followed by spring, summer, and
autumn temperaturé$For example, in Juneawjnter temperatures increased by 6.2°F (@}
spring temperatures increased29°F (1.6C), summer temperatures increase@37F
(1.2°C), and autumn temperatures increasetfF (0.8C).”
A comparison of official data from the National Climatic D&enter (NCDC) for 1972000 and
unofficial National Weather Service (NWS) data for 12810 for Juneau, Alaska indicates
average annual, warm season (Apr8eptember), and cold season (Octdbkrarch)
temperatures have increased from 12000 to 19822010 {Table1):"®

"OxKarl, Melillo and PetersonGlobal Climate Change Impacts in the United Stat2809, p. 139)The report dog
not provide a year range for this informatidine authors cite Fitzpatrick et al. (2008) for this information.

" Karl, Melillo and Petersor(2009, p. 139)See the figure entitle@bserved andProjected Temperature Rise

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

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

" Alaska Climate Research Centg009)

> Alaska Climate Research Centg009)

"% This information vas obtained from and approved bym Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Juneau June 10, 2011.
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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 (10.8°C).
o OctoberMarch:+0.8°F (+0.444°C), from 32.1°F (0.06%C) to 32.9°F (0.500°C¥.

Table 1. Annual and seasonal temperature trends for Juneau, AK over tweytiartyime periods.
1971:2000* | 19812010 %ﬁ;’:}‘gg Percent
F(°C) F(°C) °F (°C) Changé
Average 41.5 (5.8) 42.1 (5.61) | +0.6 (+0.33) +1.45
Annual Average maximum 47.6 (8.67) | 48.1(8.94) | +0.5(+0.27) +1.05
Average minimum 35.3(1.83) | 36.1(2.28) | +0.8 (+0.45) +2.27
Warm season Average _ 50.9 (10.5) | 51.1(10.6) +0.2 (+0.1) +0.393
(April i Sept) Average maximum 58.2 (14.6) | 58.3 (14.6) +0.1 (0.06) +0.172
Average minimum 43.5(6.39) | 44.0(6.67) | +0.5(+0.28) +1.15
Cold season Average _ 32.1 (0.0556) 32.9 (0.500)| +0.8 (+0.444) +2.49
(Octi March) Average maximum 37.0(2.78) | 37.7(3.17) | +0.7 (+0.39) +1.89
Averageminimum 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, 2011. The official data for2l8&lare
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.
A P emt change reflects the relative increase or decrease fronr20901to 19822010.

Western British Columbia

e Observedrends in the annually averaged daily minimum, mean, and maximum temperatures

from 1950 to 2006 are available for four stations alon@Beoast Table2).2

" This information was obtained from and approvedbyn Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Wegher Service, Juneaoh June 10, 2011.

8 This information was obtained from and approvedbyn Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Juneaun) June 10, 2011.

" This information was obtained from and approvedbyn Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Juneaun) June 10, 2011.

80 BC Ministry of Environment (MoE)Environmental Trends in British Columbia: 2007: Climate Charfge07,

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 (Q15) | 0.11 (0.06)
Island
Port Hardy | Minimum 0.38 (0.21)*| 0.43 (0.24)* | 0.50 (0.28)* | 0.45 (0.25)* | 0.04 (0.02)
Airport, NE | Average 0.34 (0.19)* | 0.49 (0.27)* | 0.36 (0.20) | 0.31 (0.17) | 0.07 (0.04)
Vancouver | Maximum 0.27 (0.15)* | 0.52 (0.29)* | 0.41 (0.23)* | 0.14(0.08) | 0.05 (0.03)
Island
Victoria Minimum 0.40 (0.22)* | 0.36 (0.20)* | 0.63 (0.35)* | 0.45 (0.25)* | 0.20 (0.11)*
Airport, near| Average 0.45 (0.25)* | 0.40 (0.22)* | 0.58(0.32)* | 0.52 (0.29)* | 0.22 (0.12)*
Victoria Maximum 0.43 (0.24)* | 0.52 (0.29)* | 0.43 (0.24)* | 0.49 ©0.27)* | 0.18 (0.10)
Note: Asterisks indicate a statistically significant difference, meaning there is at least a 95% probg
that the trend is not due to chance.
Source: Adapted from B.C. Mo007, Table 1, p.-8) by authors of this report.
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PacificNorthwest(Figureb)

Average 20 century warmingvas
1.64°F(0.91°C the linear trend over the
19202000 period, expressed in degree
per century®!

Warming over the Z0century varied
seasonally, witlaverage 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°C)¥ Data reflect the linear trend
over the 190-2000 period, ®pressed in
degrees per centurglata for summer
are significant at the 0.05 lev&l.
Increases imaximum and minimum
temperatures in the cool (October
March) and warm (ApriSeptember)
seasons from 1916 2003 androm
1947to 2003wereobservedTable3).3

Figure 5. Historical average (193B003) winter
temperature in the Pacific Northwest.

Source: Downloaded with permission from Center for
Science in the Earth System August 13, 2011
(http://cses.washington.edu/cig/maps/index.shtml

When comparing the 1981010 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 new normatsoss the United Stat&sThe averaged annual
statewide increases in maximum and minimum temperatures observed over this period are:
0 Maximum: +0.3 to +0.5°F (~+0:D.3°C) in Washington and Oregéh.
0 Minimum: +0.3 to +0.5°F (~+0-B.3°C) in Washington andotl to +0.3°F (~+0.06

0.3°C) in Oregor!

& Mote (2003, Fig. 6, p. 276)
8 Mote (2003, Fig. 6, p. 276)
8 Mote (2003, Fig. 6, p. 276)
8 Hamlet et alTwentiethcentury trends in runoff, evapotranspiration, and soil moisture in the western United
States(2007, Table 1, p. 1475)

8 *NOAA. NOAA Satelitead | nf or mati o
8 *NOAA. (2011, Fig. 1)

87*NOAA. (2011, Fig. 2)

14

—

n S2010\Clinate Norn\i® @vAab8itg011p 8 1

—t


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

Climate Change Effects in Marine and Coastal Ecosystems
Draft Final: August 2011

Table 3. Regionalscale maximum and minimum temperature trends during-2008 and 1942003 for
thecool season (Octobddarch) and warm season (ApSleptember) in the Pacific Northwest

(°F per century witfC per century in parenthesesends extrapolated from 194803 and 194-2003 data
recordg

Source:Modified from Hamlet et a{2007, Table 1, p. 147%)y authors ofhis report.

19162003 | 1.82 (..0)
19472003 | 3.47 .93
19162003 | 0.40 0.22)
19472003 | 2.68 (1.49

OctoberMarch
Maximum temperature

April-September

19162003 | 3.01 (.69
19472003 | 4.09 @.27)
19162003 | 2.43 (.35
19472003 | 3.47 .93

OctoberMarch

Minimum temperature
April-September

NorthwestCalifornia

e PRISM datga climatemapping systenguggest that most of the IRiversNational Forest
area, located in northwestern California, experienced increases in mean annual temperature of
about 1.8F (1°C)between the 1930s and 2008khough some coastal areas have seen a
slight decrease in temperatdféverage temperatures at the Orleans station increased
approximately 2°F (1.1°C) in the period from 1931 to 20®31 baseline+56.2°F, or~13
°C).¥ Thetrend is driven by a highly significant increase in mean miningie., nighttime)
temperaturewhichroseby almost 4°F (2.2°Yetweerl931and2009(1931 baseline-42°F,
or ~5.9C).* Note: For a figure showing mean annual temperature and antemperature
seasonality from 1971 to 2000, please see Figure S1 in the link included in the fdotnote.

8*Butz and SaffordA summary of current trends and probable future trends in climate and cliriaen
processes for the Six Rivers National Forest and surrounding lands @@Ifp, p. 1)Butz and Safford refer the
reader to Figure 1 in the cited report.

8 +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 kig 2 in the cited report.

9*Butz and Safford(2010, p. 1) Butz and Safford refer the reader to Figure 2 in the cited report.

1 Ackerly et al.The geography of climate change: implications for consesmatiogeography (Supplemental
Information) (2010) http://onlinelibrary.wiley.com/store/10.1111/j.1472
4642.2010.00654.x/asset/supinfo/DDI_654 sm_Data_SlandFig_S1
S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d71({eaBessed 6.8.2011).
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e When comparing the 1981010 climate normals (i.e., the-§8ar average) to the 192000
climate normals, both maximum and minimum temperatures arg Atb°F (~0.3°C)
warmer on average in the new normals across the United Statesaveraged 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°H~+0.20.3°C)**

Future Projections

Note: The studies presented here differ in the baseline used for projections. Baselines inchid#%980
(IPCC), 19611990 (BC, CA), 1970999 (WA, OR), 1972000 (CA) and 196Q2970s (AK).

Globally (19801 1999baselire)

e Even ifgreenhouse gas (GH@pncentrations were stabilized at year 2@8@Is(not
currently the casepn increase in global average temperature would still occur: 0.67°F
(0.37°C) by 20122030, 0.85°F (0.47°C) by 204865, 1.01°F (0.56°C) by 208199, and
1.1°F (0.6°C) by 209@099(all compared to a 1980999 baseline¥}*®

e Global average temperatures are projected to increase at least 3.2°F (1.8°C) under the B1
scenario and up to 7.2°F (4.0°C) under the A1F1 scenario byZi¥®dcompared to a 168
1999 baselin&’ The range of projected temperature increases is 2.0°F (1.1°C) to 11.5°F
(6.4°C) by 2092099, compared to a 198®99 baselin¢Figure6).*®

e A study by Arora etla(2011) suggests that limiting waing 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 2080.

92*NOAA. (2011)

S *NOAA. (2011, Fig. 1)

%“*NOAA. (2011, Fig. 2)

9 *|PCC. Climate Change 2007: Synthesis Report: Summary for Policym4R66¥f, p. 8) See Figure SPM.1 for
the information for 2092099.

% Meehl et alClimate Change 2007: The Physical Science B§3@07) Data for 20112030, 20462065, 2080
2099, and 218@199werereproduced from Table 10.5 @n 763. Data fp20902099 were obtained from 749.
°”IPCC.Climate Change 2007: Synthesis Report: Summary for Policym&Reesif, p. 8) See Figure SPM.1.
% |PCC.Climate Change 2007: Synthesis Report: Summary for Policym4Re6sf, Table SPM.3, p. 13)
AOGCMs are Atmosphere Ocean General Circulation Models.

% *Arora et al.Carbon emission limits mriired to satisfy future representative concentration pathways of
greenhouse gase@011)
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Figure 6. Solid linesare multimodel
global averages of surface warming
(relative to 19801999) for the scenario
A2, A1B and B, shown as continuatiot
of the 20th century simulations. Shadit
denotes the +1 standard deviation ran:
of individual model annual averages. 1
orange line is for the experiment wher:
concentrations were held constant at y
2000 values. The grey baasright
indicate the best estimate (solid line
within each bar) and tHiely range
assessed for the six SRES marker
scenarios. The assessment of the bes
estimate andlkely ranges in the grey
bars includes the AOGCMs in the left
part of the figure, agell as results from
a hierarchy of independent models ant
observational constraints. {Figures 10.
and10.29}Source:IPCC. (2007f, Fig.
SPM.5, p. 14)
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Southcentral and Southeast Alagk860s1970s baseline)

e By 202Q compared to a 1960970s basline, arerage annual temperatures in Alaska are
projected to rise 2.0°F to 4.0°F (1212°C) under both the lovemissions B1 scenarios and
higheremissions A2 scenarid’

e By 2050, average annual temperattne8laskaare projected to rise 3.5°F to 6°F4B.3°C)
under the B1 scenario, and 4°F to 7°F (2.2 C) under the A2 scenario (194®70s
baseline)! Later in the century, increases of 5°F to 8°F248C) are projected under the B1
scenario, and increases of 8°F to 13°F-@&C) are projectedinder the A2 scenarid 960

1970s baselinef?

¢ On a seasonal basBlaska is projected to experienfae more warming in winter than summer
whereasnost of the United States is projected to experience greater warming in summer than in

winter,1%

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

WesternBritish Columbia 19611990 baseling

e Al ong the Nor

South Coast,

th Coast by
compared to a 1961990 baselinémulti-model average; scenarios not providétihlong the
annual

air

the 2050s, annual air

t e niple rSeghQareddo ail®l pr oj ect

19 Karl, Melillo and Petersor(2009, p. 139)See the figure title®bservedand Projected Temperature Rise

(section on Regional Impacts: Alaska).

1 Karl, Melillo and Petersor(2009, p. 139)
192 Karl, Melillo and Petersor(2009, p. 139)

193xKarl, Melillo and Peterson(2009)

1% pike et alCompendium of forest hydrology and geomorphology in British Columbia: Climate Change Effects on
Watershed Processes in Bstti Columbia(2010, Table 19.3, p. 711)
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1990 baselinémulti-model average; scenarios not provid€diThe North Coast extends from
the border with Alaska to just north of Vancouver Island; the South Coast extends to the
Washington bordef®
¢ Along the North Coast by 2056easonal projections are as follosesnpared to a 1961990
baseline (multmodel average; scenarios not provided)
o Inwinter, temperatures are projected to incredse¢ 0o 6 .-33HECH; an@ 0
o In summer, temperatures are projected to increaSEb. 4 ¢ 3 ¢ &). 5
e Along the South Coast by 2050, seasonal projections are as fotbomgared to a 1961990
baseline (multmodel average; scenarios not provided)
o Inwinter, temperatures are projected to incredbe 0o 5 .-ee) ,( O0and
o In summer, teqperatures are projected to increaséRt7o 9. e’ (1. 5

Pacific Northwes{197031999 baseline)

e Average annual temperature could increase beyond the range-td-year variability observed
during the 28 century as early as the 20285Annual tenperaturesaveragedcross all climate
models under the A1B and B1 scenararg, projected to increase as follo{@8701999
baseline)
o By the 2020s: 2.0eF (1.1AC19Cwith a range ¢
o By the 2040s: 3.2eF. 6¢F8ACRBIrMaEh(@a. 8ange c
o By the 2080s: 5.3eF (~3.0AG4C)ith a range
e Seasonal temperaturemveraged across all modetsder the B1 and A1B scenarjese pojected
to increasas described iffable4 (compared to a 1970999 baseline

Table 4. Projectedmulti-modelaverage temperature increases, relative to the-1999 mean.
(°F with °C in parentheseSpurce:Modifiedfrom Mote and Salathé, J(2010, Fig. 9, p. 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) | 59(3.3
Spring (MarchMay) | 1.8 (1.0) | 1.8(2.0)| 25(1.4) | 3.1(1.7) | 3.8(2.1) | 5.0(2.98)
Summer (Juné\ug) 23(13) | 3.1(1.7)| 34(1.9 | 49((@.7) | 54(3.00| 8.1(4.5
Fall (SeptNov) 1.8(1.0) | 20@.1) | 2.7(15) | 3.6(2.0)| 4.3(2.4)| 6.1(3.9)

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

1% please see the map availablétap://pacificclimate.org/resources/publications/mapviaecessed 3.16.2011).
197B.C. Ministry of EnvironmentAlive and Inseparable: British Columbia's Coastal Environment: 2(P@06,

Table 10, p. 113)The authors make the following note: From data in the Canadian Institute for Climate Studies,
University of Victoria (www.cics.uvic.cpstudy of model results from eight global climatedelling centres. A total

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

198 B C. Ministry of Environment(2006, Table 10, p. 113The authors make the following note: From data in the
Canadian Institute for Climate Studies, University of Victowa{v.cics.uvic.castudy of model results from eight
global climate modelling centres. A totafl 25 model runs using the eight models were used to determine the range
of values under different IPCC emission scenarios (Nakicenovic and Swart 2000).

199%C|G. Climate Change Scenarios: Future Northwest Climate (webg@)s)

10 CIG. Climate Change: Future Climate Change in the Pacific Northwest (wek&@6€)3, Table 3)
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e In another look at the Pacific Northwést the 2080s, temperatures are projected to increase 2.7
to 10.4 °F (1.%.8 °C), with anulti-modelaver age i ncrease of 4.5eF (2.
scenario and 6. 1eF ( 3(1920A®Ybaseineéfer t he A1B scena

NorthwestCalifornia(19611990 and 1972000 baselines)

e Compared to a 1961990 baseline under the B1 and A2 scenarios, Calitevila annual
average temperatures are projected to increase as follows:
o By 2050: 138C),arml 5. 4 eF (1
o By 2100: 35°G™ o 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 providéd)In contrast, Ackerly et al. (2010)
projectamean annual temperature increase of more 3hang23Gj but less than 5¢1 E3°C) by
20702099(Figure7; 1971-2000 baseline}*
0 By 2070, mean diurnal.é., daily) temperature range is projected to increase by 0.18 to
0 . 3 6 e-(2°Q)HAased on two regional climate modefNo baseline was provided.
¢ In northern California, Cayan et al. (2008) project average annual temperataesasco. 7°F
(1.5°C) or 4.9°F (2.7°C) under the B1 scenario (PCM and GFDL models, respectively} arid
(2.6°C) or 8.1°F (4.5°C) (PCM and GFDL models, respectivelynder the A2 scenario by 2070
2099 (19611990 baseline}®
e Seasonally,ite projected imacts of climate change on thermal conditionsdrthwestern
California will be warmer winter temperatures, earlier warming in the spring, and increased
summer temperaturé¥ Average seasonal temperature projectionmsarthern California are as
follows (1961-1990 baseline}*®
o0 Winter projections
A 20052034 at least ~0.18°F (0.1°C; A2, PCM model) and up to 2.5°F (1.4°C;
A2, GFDL model).
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°@1, PCM model) and up to 6.1°F (3.4°C; A2,
GFDL model).

M Mote, Gavinand Huye€ |l i mat e change in Oregon ®610,p.2)d and mari ne
12 california Natural Resources Agen@009 California Climate Adaptation Strategy: A Report to the Governor of
the State of California in Response to Executive OreE3-3008 (2009, p. 1617). Figure 5 p. 17) indicates
projections are compared to a 198990 baseline

13xport Reyes Bird Observatorprojected effects of climate change in California: Ecoregional summaries
emphasizing consequendeswildlife. Version 1.0 (pdf}2011, p. 8)

14 Ackerly et al.(2010, Fig. S2, p. 9Ackerly et al. use biasorrected and spatially downscaledufe climate
projections from the CMIB multi-model dataset. Data are downscaled t8' igree spatial resolution (see p. 2).
15+port Reyes Bird Observatorrojected effects of climate change in California: Ecoregional summaries
emphasizing consequees for wildlife. Version 1.0 (pdfj2011, p. 8) This data wabased on two regional climate
models presented in Stralberg et al. (2009)

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

17xport Reyes Bird Observator{2011, p. 8)

118 Cayan et al(2008, Table 1, p. S25)
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0 Summer projections:
A 20052034 at least ~1°F (0.6°C; B1, PCM model) and up to 3.8°F (2.1°C; A2,

GFDL model).

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

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

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

Ackerly et al., Fig. S2

y ™
4

40

35

0.5

0.4

Temp change, 16 GCMs (°C)
25

3.0
Temp seasonality change (16 GCMs)
03

2.0

Figure 7. Charges 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) by authors of this report.

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

19xCalifornia Natural Resources Agen@009 California Climate Adaptation Strategy: A Report to the Governor
of the State of California in Response to Executive Ordi3-8008 (2009, p. 17)
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3. PRECIPITATION 1 global and regional observed trends and future projections

Observed Trends

Note: Please seBox 4for information on extreme precipitation in the NPLCC region.
Globd (see also: projections below)

e Atmospheric moisture amounts are generally observeditwheasing #ier about 1973 (prior to
whichreliableatmosyieric moisture measurements, i.e. moisture soundangsnostly not
available)'®

e Most of the increase is related to temperature and hence dsptaric wateholding capacity?
i.e. warmer air holds more moisture.

Southcentral and Southeast Alaska

¢ In southeast Alaska from 1949 to 1998, 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 Hb@utiles (177 km)
south of Juneatf?

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

e A comparison of official data from the National Climatic Data Center (NCDC}9@4-2000 and
unofficial National Weather Service (NWS) data for 12810 for Juneau, Alaska indicates
annual, warm season, and cold season precipitation incréa$d.official NCDC record
indicates average snowfall increased from 120Q0 to 19842010, but the local NWS database
indicates average snowfall decreased over the same time pdradisy, see notes¥® In
addition:

0 The date of first freeze occurred, on average, one day earlier over 1981 to 2010 than over
1971 t02000, on October 3 instead of Octobét’4.

0 The date of last freeze occurred two days earlier, on average, oveln 810 than over
1971 to 2000, on May 6 instead of May*8.

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

12L+Trenberth et al(2003, p. 1211)

122 stafford, Wendler and Curtiemperature and precipitation of Alaska: 50 year trend analy®@00, Fig. 7, p.
41).

123 stafford, Wendler and Curti§2000, Fig. 7, p. 41)

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

125 This information was obtained from and approved’byn Ainsworh and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Juneaun) June 10, 2011.

126 This information was obtained from and approvedbyn Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Juneaun) June 10, 2011.

127 This information was obtained from and approved’byn Ainsworth and Rick FritscfMeteorologists,
NOAA/National Weather Service, Juneaun) June 10, 2011.

128 This information was obtained from and approvedbyn Ainsworth and Rick Fritsch (Meteorologists,
NOAA/National Weather Service, Junear) June 10, 2011.
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Table 5. Annual and seasonal precipitation and datieesze trends for Juneau, AK over two thiyeyar
time periods.
19712000 | 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) N/A N/A N/A

Date of first freeze, on averag October 4 | October 3 C;r;igray N/A

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

Average seasonal precipitatic 26.85 28.52 +1.67 +6.22

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

Average snowfall 1.0 .

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

o 31.48 33.65 +2.17

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

Average snowfall 83.1 .

(NCDC/Asheville) (211) N/A N/A N/A
*Data for 19712000 are official data from the National Climatic Data Center (NCDC). Data for 1981
2010 are preliminary, unofficial data acquired from Tom Ainsworth and Rick Fritsch (Meteotslogis
NOAA/National Weather Service, Juneau) on May 12, 2011. The official data for2Dd81are
scheduled for release by NCDC in July 2011. The table was created by the authors of this report &
approved by Tom Ainsworth and Rick Fritsch on June 10, 2011.
APercent change reflects t he2000®ll®BRUI¥ e i ncr e
#Two values for average snowfall for 192Q00are reportediue to differences between the locally hel
National Weather Service (NWS) database in Juneau and thaldffit/'S database in Asheville, North
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 he NCDC record. The Juneau office of M\/Sis investigating the discrepancy.

Western British Columbia

¢ Annual and seasonal precipitation trends over thirty, fifty, andy®d® time periodsithe
Georgia Basin and remaining coastal regioinB.C. within the NPLCC regiomre summarized
in Table6."® 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 region'®

129pike et al(2010, Table 19.1, p. 701)
130 pike et al(2010, Fig. 19.1, pr02)
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Table 6. Historical trends precipitation in 3660, and 108year periods, calculated from mean

daily values as seasonal and annual averages

(inches per month per decade, with millimeters per month per decpdecntheses)

Source: Modified fronPike et al.(2010, Table 19.1, p. 70by authors of this report.

Time period Coastal B.C. Georgia Basin

30-year: 19712004 0.064 (1.63) -0.017(-0.42)

Annual 50-year: 19512004 0.040 (1.01) -0.017 €0.43)
100-year: 19012004 0.089 (2.25) 0.047 (1.20)
30-year: 19712004 -0.24 ¢6.08) -0.32 ¢8.06)

Winter (DecFeb) 50-year: 19512004 -0.12 ¢€3.06) -0.21 €5.35)
100-year: 19012004 0.13 (3.39) 0.070 (1.78)
30-year: 19712004 0.14 (3.50) -0.071 €¢1.80)

Summer (Junéug) 50-year: 19512004 0.083 (2.11) -0.011 €0.27)
100-year: 19012004 0.036 (0.91) 0.034 (0.93)

PacificNorthwest

e Annual precipitation ncr eased 12 .c@)%on{1820t6 WGO** 17 . 76

e Observedelativei ncreases were | argest dmjfoltoledbys pri ng

winter (+12.cdm¥);, 2s.udnfnoe;r 6(.+28¥n)%aud autdnh (+3.894) ;
+ 1. 27 @m)frd@n 1920 to 2006° The spring trend (Aprilune) issignificant at the p <
0.05 levelt*

¢ Note:For the reader interested in trends in mean temperature, maximum temperature,
minimum temperature, and precipitation annually, seasonally, and moathbnline
mapping tool produced by the Office of the Wadloim¢tate Climatologiss available at
http://www.climate.washington.edu/trendanalyésicessed 6.8.2011).

131 Mote. Trends in temperature and precipitation in the Pacific Northwest during the Twentieth C¢2003, p.
279)

132 Mote. (2003, p. 279)

133 Mote. (2003, p. 279)
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NorthwestCalifornia

A preliminary study found annual precipitation
increased 2 to 6 inches (i®cm) from 1925 to
2008 There also appears to be a shift in
seasonality of precipitation: an increase in winte
and early spring precipitation andlacrease in
fall precipitationfrom 1925 to 2008*

From 1925 to 2008he daily rainfall totals show
a shift from light rains to more moderate and
heavy rains that is especially evident in northerr|
regions'*” The increase in precipitation intensity
over ths time period is similar to results from
other regions of the United Statés.

Future Projections

Note: The studies presented here differ in the baseline
used for projections. Baselines include 19®B0 (BC,
CA) and 1976a1999 (WA, OR).

Note: Please selBox 4for information on extreme
precipitation in the NPLCC region.

Global

Global precipitation patterns apeojectedo

follow observed recent trends, increasing in high
latitudes and decreasing in most subtropical lan
regions'** Overall, precipitation mabe more
intense, but less frequent, and is more likely to f
as rain than snow?

Box 4. Trends and projections for
extreme precipitation inthe NPLCC
region.

Trends. In the Pacific Northwest, trends i
extreme precipitation are ambiguéus
Groisman et al. (2004) find no statistical
significance in any season in the Pacific
Northwest (1902000)** Madsen and
Figdor (2007) find a statisticallynificant
increase of 18% (B3%) in the Pacific
states (WA, OR, CA), a statistically
significant increase of 30%-@11%0) in
Washington, and a statistically significant
decrease of 14%l(tod 24%) in Oregon
(19482006)° In southern British Columbi
and along the North Coast, Vincent and
Mekis (2006) report some stations showe
significant increases in very wet days (thg
number of days with precipitation greater
than the 98 percentile) and heavy
precipitatiord ay s ( 00 .**3A9 ¢,
limited number of stations also showed
significant decreases.

Projections. Precipitation patterns in the
Northwest arexpected to becomeore
variable, resulting in increased risk of
extreme precipitation events, including
droudnts’*®In northern California, daily
extreme precipitation occurrences (99.9
percentile) are projected to increase from
occurrences (194D90) to 25 (+108%) or
30 (+150%) occurrences by 22099 under
A2 simulations in the PCM and GFDL
models, respeetly**°

134 Mote et al(2010, p. 17)

135 Groisman et al(2004, Fig. 8, p. 71)

136 Madsen and Figdo(2007, App. A & B, p. 3837)
137V/incent and Mekis(2006, Fig. 5, p. 186)

138 Capalbo et al(2010, p. 374)

139 cayan et al(2008, Table 4, p. S30fFor the 99 percentile, the occurrence of extreme precipitation is projected to

increase from 111 (1961990) t0161 (45%) or 127 (~14%) occurrences by 2@099 under A2 simulations in the
PCM and GFDL models, respectively.
10Killam et al.California rainfall is becoming greater, with heavier storrt2010, p. 2)
141xKillam et al. (2010, p. 4)
142xKillam et al. (2010, p. 3)
43xKillam et al. (2010, p. 3)
144%pCC. (20071, p. 8)

145xKarl, Melillo and Peterson(2009)
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e Note: There is greater confidence overalpimjectedtemperaturechangeshanprojected
changes in precipitation given the difflies in modeling precipitatidff and tte 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 Al&SI8imultaneous increases in
evaporation due to higher air temperatures, however, are expected to lead to drier conditions
overall, with reduced soil moistut&.

0 Using a composite of five Global Circulation ModéBCMs)under the A1B scenarid’
one studyprojectsan average increase @59 inches (15 mm) by 202099 (19611990
baseline), from a mean of 3.1 inches (78 mm) in the 198D period to a mean of 3.7
inches (93 mm) in the 2099099 period, an approximately 19% increase from the-1961
1990 mearat the rate of approximately 0.059 inches per decade (+1.5 mm/d&€ade).

¢ In the coastal rainforests sbuthcentral andautheast Alaska, precipitation durittge growing
season (time period between last spring freeze and first fall isqetdjected toricrease
approximately four inches-100 mm, or 5.7%) from 2000 to 209®om approximately 69 inches
(~1750 mm) in 2000 to approxirtedy 73 inches (1850 mm) in 2028ing a GCM composite
(scenario not providedj*

e The University of Alaskd Fairbanks Scemis Network for Alaska Planning (SNAP) has web
based mapping tools for viewing current and future precipitation under the B1, A1B, and A2
scenarios for the 2068009, 2032039, 2062069, and 2092099 decadethaseline not
provided) Tools are availablat http://www.snap.uaf.edu/wellaseémaps(accessed
3.16.2011)>*

WesternBritish Columbia 19611990 baseling

e By the 2050s, annual precipitation is projected to increas@g#?¥ge not providedjlong he B.C.
coastcompared to 4961-1990 baselinémulti-model average; scenarios not provided
e Along the North Coast by the 2050s, seasonal projections are as folowsred to 4961-
1990 baselinémulti-model average; scenarios not provided
o In winter, precipitaion is projected to increase 6940 to +25%)"°

146 C|G. Climate Change: Future Climate Change in the Pacific Northwest (web@@€)8) The authors cite the
IPCC AR4, Chapter 8 of the Working Group | report, for this information.

147Karl, Melillo and Petersor(2009, p. 139)

148xKarl, Melillo and Peterson(2009, p. 139)The authors citdeehl et al(2007)for this information.

149 Alaska Center for Climate Assessment and Politiynate Change Impacts on Water AvailabilityAtaska
(presentation)(2009, p. 1611)

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

151 Alaska Center for Climate Assessment antidgo(2009, p. 31)

152 Maps are also available for current and future mean annual temperature, date of thaw, date of freeze up, and
length of growing season. The scenario and decadal options are the shose akescribed for precipitation.

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

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

155B.C. Ministry of Environment(2006, Table 10, p. 113B.C. Ministry of Environmenmakes the following note:
fiFfrom data in the Canadian Institute for Climate Studies, University of Victewav(cicsuvic.cg study of model
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o In spring, precipitation is projected to increase (f&fige not provided}®
0 In summer, precipitation is projected to decreas&€g925 to +5%)"*®
o In fall, precipitaton is projected to increase%]l(range not providedj?
¢ Along the South Coast by the 2050s, seasonal projections are as faloyared to a 1961
1990 baseline (mulinodel average; scenarios not provided)
o In winter, precipitation is projected to increase'8%10 to +25%)**
o In sprirg, precipitation is projected to increase {##nge not provided}?
0 In summer, precipitation is projected to decrea%# ®® (-50 to 0%)'*
o In fall, precipitation is projected to increase 9%nge not provided§®

Pacific Northwes{19701999 baseline)

e Annud average precipitation is projected to increase as fol(@®801999 baseline)
0 By 20102039, precipitation is projected to increase 19a¢ +12%)
0 By 20302059, precipitation is projected to increase increase-2%t¢ +12%)and
0 By 20702099, pregitation is projected to increase 4% to +20%)°°
¢ Winter projections are as follow$9701999 baseline)
o In 201062039 and 203@059, 58 to 90% of models project increases in precipitdtion.
0 In 20732099, an 8% increase in precipitation is proje¢tadall decrease to +42%; 1.2
inches; ~3cmj®®
e Summer precipitation is projected to decrease 14% by the 2080s, although some models project
decreases of 20 to 40% (2224 inches; cm)compared to a 1970999 baseling®™
¢ These regionally averaged precipibatiprojections reflect all B1 and A1B simulations, along
with theweighted reliability ensemble average (REA, an average that gives more weight to
models that perform well in simulating26entury climate}”

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

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

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

138 B C. Ministry of Environment{2006, Table 10, p. 113)

1%9pike et al(2010, Table 19.3, p. 711)

%0 pijke et al(2010, Table 19.3. 711)

161B.C. Ministry of Environment(2006, Table 10, p. 113)

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

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

1648 C. Ministry of Environment(2006, Table 10, p. 113)

1% pike et al(2010, Table 19.3, p. 711)

1% The range of precipitation reported here was obtained from the Climate Impacts Group. It can be found in a
document tittedSummary of Projected Changes in Major Drivers of Pacific Northwest ClimategéHenpactsA
draft version is available online at
http://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521_projecteddriveflagiciccessed 1.5.2011).

5" Mote ard Salatlé Jr. Future climate in the Pacific Northwe$2010, p. 4344)

%8 Mote and Sala#Jr. (2010, p. 4344)

%9 Mote and Sala#Jr. (2010, p. 42)

1%Mote and Sala#Jr. (2010, p. 39)
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NorthwestCalifornia (19611990 baseline)

e Annual average precipitation is projected to decrease 12 to 35% byemidry, with further
decreases expected by 2a@@9compared to a 1961990 baseliné™ Over 20052034, small
to moderate decreases are projectupared to a 1961990 baseliné Theseprojections are
based on six climate models using tHzahd B1 emissions scenarigs.

Information Gaps

¢ Information on sasonal temperature projections in Califoiniaeeded.

e One reviewer suggesteghdatedegional runcouldbe made for Oregon and Wasgion.

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

o Climate data are needed to provide chimate forcing and environmental context for
climate impacts on the CCE, for developing scielbased operational indicators, and to
provide continuity of satellite data and prodegt"s.

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

0 Modeling of climate and atmospheric and oceanic physics needs to be linked with similar
work being carried out by NOAA and its partn&%.

o Climate product and forecasting needs include indicators and indices of climate
variability, seasonal and longirm forecasts and projections, and additional research to
understand the mechanisms linking equatorial ENSO processes and teleconnections with
California Current conditions and their populati&ﬁs.

" xCalifornia Natural Resources Agend009, p. 1718)
2xCalifornia Natural Resources Agen¢g009, p. 1718)

173 california Natural Resources Agen¢g009, p. 1718)

" xpeterson, W. & Schwing, F. (author§)sgood (Ed.)2008, p. 49)
> xpeterson, W. & Schwing, F. (authors). Osgood (E@908, p. 49)
8 xpeterson, W. & Schwing, F. (authors). Osgood (E@)08, p. 49)
17 xpeterson, W. & Schwing, F. (authors). Osgood (@008, p. 50)

27

—
| —



Climate Change Effects in Marine and Coastal Ecosystems
Draft Final: August 2011

.  MAJOR CLIMATE IMPACTS ON MARINE & COASTAL
ENVIRONMENTS

Coastal and marine ecosystems are tightly coupled to both the adjacent land and open ocean ecosystems
and are thus affected by climate in mukiptays:"® Coastal and neahore ecosystems are vulnerable to

a host of climate changelated effects, including increasing air and water temperatures, ocean
acidification, altered terrestrial runoff patterns, altered curreats|evelise, and altereduman

pressures due to these and other related changes (such as developing, shipping, pollution, and
anthropogenic adaptation strategy implementatiSifased on a search of the scientific and grey

literature, including global and regional synthesis rep(ate Preface), the followimgajor climate

driven impacts on coastal and marine environments in the NPLCC temrerbeen identified:

1. Ocean acidification 6. Sea levetise

2. Increasing seaurface temperature 7. Coastal upwelling

3. Altered hydrology 8. Coastal hypoxiand anoxia
4. Altered ocean currents

5. Increased frequen@nd severity of storms

Theseeightimpactswill be discussedh the order listed. The first three impattscean acidification,
increasingsea surfaceemperature, and altered hydroldgsireprimarily affected by changes @0,
concentrations, temperature, and precipitationlissussedn the previoushapter (Chapter)ll The

remaining fiveimpactsi altered ocean currents, increased frequency and severity of stearisyetlise,
coasthupwelling, and coastal hypoxia and anoiiare primarily affected by other climate impacts
(Figure8). Thefollowing structurewill be usedo discuss all impacts, with the exception of altered
hydrology, for wiich effects on the marine environment are discussed briefly and the reader is referred to
a forthcomingeport for further detail:

e Secton summary boxisummary of the sectionds key points
o Definition and causes of impact i definition anddesciption of physical, chemical, and/or
biologicaldynamics and processes contributing to each impact
¢ Observed trendsi observed changesompared to the historical baseliaéthe global levehnd
for each jurisdiction (Alaska, British Columbia, Washington, OregonfdZaia)
e Future projections i projected direction and/or magnitude of future change at the global level
and for each jurisdictiofAlaska, British Columbia, Washington, Oregon, California)
¢ Information gapsi information and research needs identified byeeers and literature
searches

178xJanetos et alThe effects of climate change on agriculture, largbteces, water resources, and biodiversity in

the United State$2008, p. 159)

179xJanetos et alThe effects of climate change on agriculture, land resources, water resources, and biodiversity in
the Unted States(2008, p. 159)
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Atmospheric CO, - )
§ Calcifying organisms
v v
Ao » Nel primary productivity
Ocean mr‘lmnp - 2 \J

» Species distribution and diversity «—
> 4 & Coral bleaching
é Glaciers v » Disease/species invasions =
—P (oshwaler
i runofi A Erosion of beaches
: —P> Arclic sea | & |nundation of coastal wetlands
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<
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hermohaline

circulation : & Arctic ecosystem

Trade and mineral deposits

Figure 8. A sample of the impacts and potential feedbacks in oceans and coastal systems from greenhous:
emissionsSource:Kling and SanchiricoAn Adaptation Portfolio for the United States Coastal and Marine
Environment (2009, Fig. 3, p. 9)
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1. OCEAN ACIDIFICATION

Box 5. Summary of observed trends and future projections in ocean acidification
Observed Trends

e By the early 2century, global ocean pH had declined from 8.2 to 8.1 comparethtustriatimes
(~<1765) i ncreasing the ocea¥pHsdechnesi indhe N§JLC® negioa arg
consistent with those observed gloBglly.

¢ In the early Zicentury, théraction of total anthropogenic €&misgns stored in the ocean was
approxmatelyonethird of the longterm potentialg2

¢ In May and June 200¢ean water detrimental to shadlkingvasobserved in shallow waters off the
Pacific coast (Queen Charlotte Sound in B.C. south to Baja California), a condition that was n
predictedd occur in open ocean surface waters until:g8050.

Future Projections

e Surface water pH will drop to approximately 728209 i ncr easi ng the oc¢e
relative to the beginning of the industrial-€t@%0;A2 scenaridp4For the NPLCGegion, pH is
projected to decline by 0.14 and 0.15 in the subpolar and North PacificBeddnrespectively
(with doubling oatmospheric C&compared te-175Q ~550ppm}ss

e Inthe NPLCC regionhe concentration of carbonate ion, and saturaties staaragonite and calcitf
are projected to decrease 24.7% in the subpolar Pacific Ocean and 26.5% in the North Pacifi¢
north of 50°N (compared to a projected 25% decrease éiob&lypecificallywith a doubling of
atmospheric C&Y~550 ppmdompaed to preindustrial levelg-280 ppmifes

0 The mean concentration of carbecatases 332moklg/, fr om 13 4. Bthe |
subpolar Pacific Ocean and@.Bho |, frdm@2.3 to 67.8 mo | ih tkegNorth Pacific Oced

0 The saturation state of aemmeases by 0.51, from 2.06 to 1.55, in the subpolar Pacific [
and 0.37, from.4 to 1.03 in the North Pacific Ocean.

0 The saturation state ofdeadoitases by 0.80, from 3.24 to 2.44, in the subpolar Paeifia
0.59, from 2.24 to 1.@%the North Pacific Ocean.

As a note to the reader, the oxidation of organic matteh, iwinhediated by microorganisms, also low:
seawater pH by adding £@o solution (i.e. seawatBfHowever, these biological processes take pla
naturally and we focus in this report on changes to ocean chemistry as a result of anthropogero€
carbon dioxide, otherwise known as ocean acidification.

Note to the readerin Summaries, we summarize the published literature. The rest of the report
constructed by combining sentences, typically verbatim, from published Bmasesee tReeface:
Production and Methodology for further information on this approach.

180 0Orr et al.(2005) Feely et al(2009)

181 Feely et al(2009) Hauri et al.(2009)

182xSabine et al(2004, p. 367)

183 xFeely et al(2008, p. 1491)

134 Feely et al(2009, p. 37)

1% Feely et al(2009, Table 2, p. 46)

18 Cooley et al(2009, p. 172173) The authors cit Cooley and Doney (2009) for this information. This projection
corresponds t€0, concentrations reaaig 467 to 555 ppm by 2050

7 Feely et al(2009, Table 2, p. 46)

188 Feely et al(2009, Table 2, p. 46)

189 Byrne et al(2010, p. 1) The authors cite Millerio (2007) for this information.
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Definition and Causes of OceanAcidification

Ocean acidificatiorfFigure9) is aprocess that occurs when anthwgenic carbon dioxide is absorbed by
seawater, initiating chemical reactions that reduce seawater pH, carbonate ion concentration, and
saturation states of the biologically important calcium carbonate

minerals calcite and aragonité:

. Understanding pH
e Reducedseawater H: pH isa measure dhe g p

concentration of hydrogen ions in a soluti8tthe more | PH is measured on a 0 to 14 sc
acidic a solution, the higher the concentration of pH less than 7 is acidieiieog.

hydrogen ions. The reaction of dissolved carbon dioxic JUiCE @ pH of 7 is neutral (e.g. p
and seawater forms carbonic acid, which dissociates t¢ Water), and a pH greater thaas

form hydroge ions and bicarbonat® The increased (e.g. gmmonia). The sc.ale. itsel
concentration of hydrogenns & reflected in reduced logarithmic, such tsaltgiowith a
seawater pH. pH of 6 is ten times more acidic

lutiomwith a pH of Any decreas
in pH makes the solution more
while any increase in pH makes
solution more ba@hkigs, a decline
pH from 9 to 8 makes the soluti
acidic, even though it is still bas

¢ Reducedcarbonate ion concentration Most of the
hydrogen ions formed in the dissociation described ab
react with carbonate ions to produce addiil
bicarbonate, thereby decreasing carbonate ion
concentration$™

¢ Reduced saturation state of biologically important
calcium carbonate minerals, aragonite and calcite:
The decrease in carbonate ions described above reduces the saturation statenofaddonate,
which directly affects the ability of some organisms (e.g. mollusks, corals) to produce their shells
or skeletons® It may also enhanagissolution of nutrients and carbonate minerals in
sediments® Seawater is supersaturated with respectagenite and calciteehen the saturation
stateq) i s gr e at andcalkification(i.4., sifekpuilding)is)favoredover
dissolution(i.e., shell dissolution¥° For most open ocean surface waterglarsaturatioi q@ < 1)
occurs when theoncentratiorof aragonite and calcifalls below~66 and 42 micromoles per
kil ogr am,r¢sgeatioelyy Furthgr calcium carbonate becomes more soluble, (i.e.
dissolves more easily) with decreasing temperature and increasing pressure, and hence with ocean

190+Feely et alOcean acidification: present conitins and future changes in a high ©@orld. (2009, p. 37)

¥ More precisely, pH is calculated as theloef the concentration of hydrogen cations] solution: pH =
log;o[H"].

192xFeely et al (2009, p. 38)

19 xFeely et al (2009, p. 39)

94xFeely et al. (2009, p. 39)

% Nicholls et al.(2007, p. 328)The authors cite Mackenzie et al. (2001) and Caldeira and Wickett (2005) for
information on seawater pH and carbonate saturation. The authors cite Andersson et al. (2003), Royal Society
(2005), and Turlet al. (2006) for information on the consequences of decreased seawater pH and carbonate
saturation.

1% xFeely et al (2009, p. 39)

197 xFeely et al (2009, p 42). Note that these are not absolute values, and may be affected by temperature, salinity,
pressure, and the interactive effects of the three.
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depth!® As a result, a natural boundary dieges in seawaté®®>Thi s i s known as the
hor i (aviere®aagonic0 I' cack = 1) and it identifies a clear depth of seawater above which

calcium carbonate can form, but belowadcium carbonate can dissoR%2One reviewer noted

that sincanany of these processes are often biologically mediated, the saturation state when
dissolution actually begins can vary from species to sp&ties.

OCEAN ACIDIFICATION

1 “ Less More
Atmospheric | acidic T i

carbon dioxide e

9

Dissolved 2 0 0 H
ydrogen
carbon Carbonic 9 ions
dioxide Water acid .

Co, EEP H20 ::> H2C03 2

Bicarbonate ()]
ions
‘. Carbonate
> HCO03-1 ions

"~ CO03-2

&

Deformed
shells o

Source: University of Maryland

Figure 9. Ocean acidification.
Source: Reproduced frohitp://news.bbc.co.uk/2/hi/science/nature/7933589%strauthors of this repoff?

Observed Trends

Global

At the end of the Pleistocene (~10,000 years ago), oceavapbasically stable at 8i2avalue that
perssted until the beginning of the Industrial Revolutf8ASince the Industrial Revolutiothe oceans
have absorbed abob#0billion metric tomes of carbon dioxide from the atmosphérthis is 22 million
metric tomes per day, or about &)of anthropogein carbon emission®* Global ocean pH has declined
0.1unit relative to its prendustrial value®

198 xUnited Kingdom Royal Societfdcean acidification due to increasing atmospheric carbon dioX2{05, p.

10)

199% K. Royal Society(2005, p. 10)

200%y K. Royal Society(2005, p. 10)

201 Comment from reviewerpril 2011.

202BBC News.The key effects of climate change (webs(&£09)

23 Fierstein.Scientists and decisiemakers discuss the fate of the ocean (lllustration of the ecosystem effects of

ocean acidification) (ebsite).(2007)

24The total uptake since the Industrial Revolution is cited in Sabine(@0&K, p. 367)The conversion to units of
billion metric tonnes of C&is provided by an expert reviewer, who refers the reader to Sabine et al. (2011). The
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Because anthropogenic génters the ocean by gas exchange across tseaiitterface, the highest
concentrations of anthropogenic £&e found in neasuface waters$? About thirty percent of the
anthropogenic C@s found at depths shallower than 656 feet (200 meters) and fiftgnbercentat
depths above 1312 feet (400 metétS)vaters at these depths are commonly upwelled into nearshore
zones, whereelatively CQ rich waters may inhibit shelbrmation and maintenance, @ascribe in
Section? of this ChapterChapter VI Section 2, and Chapter VII Sectiode reviewer noted that
upwelling originates from a depth range of 492 to 656 feet-RBEROneters) on the West Cod4t.

North PacificOceal™

Betweenl1991 and 2001 theNorth Pacific Ocean between Oahu, Hawaii and Kodiak, Alaska §&2
°N) along the 156 °W meridiaByrne et al. (2010) observeignificant upper ocean acidification,
roughly keeping pace with rising atmospheric carbon diokid&stimation ofhow much of the observed
pH change was attributable to naturaihgated as opposed to hurrganerated C@inputs indicates the
human A si gtodeptiis ofppraxinatedyt92 feet {50 m and up to 1,640 feet (500 m)
throughout the study regi&ﬁ1 In the surface mixed layer (depths to ~328 feet orri)@he extent of pH
change is consistent with that expected under conditions of seatatsphere equilibration, with an
average ratef change 0f0.0017yr.*?

Southern British ColumbidVashington Oregon, and northwe€alifornia

In the California Current System (CCS) off the west coast of North Amehrigh, variability in ocean
carbonate chemistry, largely driven by seasonal upvgetif waters with low pH and saturation states,
and subsequent interactions of transport and biological production has beef'found

¢ Model simulations confirm that the pH of CCS waters has decreased by about 0.1 pH unit and by
0.5 in saturation state sinpee-industrial times**

global ocean carbon cycle. 8tate of the Climate in 2010. 3. Global Oceans. Bulletin of Am. Meteor. Soc.
[Submitted]; The daily uptake is cited in Feely et @008, p. 149Q)

205%Orr et al. Anthropogenic ocean acidification over the twefityt century and its impact on calcifying
organisms(2005)

206xgabine et alThe oceanisink for anthropogenic CO(2004, p. 368)

27xSabine et al(2004, p. 368)

208 Comment from reviewer, April 2011.

29 The North Pacific is defined here &®tPacific Ocean, north of the equator.

Z1%9+Byrne et al.Direct observations of basiwide acidification of the North Pacific Oceg@010, p. 4)

Z1xByrne et al.(2010, p. 23). The anthropogenic influence is observed to more than 500 m betweef‘thad22

38" parallels. The 38parallel intersects the Port Reyes National Seashore (CA), just south of the southern extent of

the NPLCC. The northern extent of tN€LCC falls at approximately the Bparallel, near Anchorage, AK.

Z2xByrne et al.(2010, p. 1)

#3*Hauri et al.Ocean acidification in the California Current Systg2009, p. 61)

Z4%Hauri et al (2009, p. 61)
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Water masses acidic enough to be detrimental to-sfaking have risen 164 to 328 feet {800

m) since prendustrial times™ These water masses are now within the density layers that are
currently being upwelled along the westast of

North America®*® For example:

o0 In May and June 20Q0Feely et al. (2008)
observedhe entire water colum
shoreward of the 164 foot (50) bottom
contourwasundersaturated with respect t blow toward the equator along the w

araggnlte, a condlt!on that was not margin of continposhirsyrface water
predicted to occur inen ocean surface | ogsharghe surface water is replaced

Upwelling is the replacement of surf
water by colder, saltier, anti&dtrich
but oxygenorintermediakepth ocean
watetUpwellingnars when alongshore

: 17
waters until 2058 _ intermediakepth water moving up the

o Feely et al. (2008)Isoestimatel the continental shelf towardrshatere
contribution of anthropogenic G@ information on cbapgteelling and clime

these upwelled waterspncludingwithout | change interactions in the NPLCC re
the anthropogenic signal, the equilibrium’ p | e a s e dAkered gattems of
aragonite s adgiFBt i | mastap we | Source:dgHaué et al.
would be deeper by about 164 feet (8D | (2009); Feely et al. (2008).

across the shelf, and no undersaturated

waters would reach the surfaicé@.

Further, h May and June 20QFeely et al. (Q08) gathered information on the location and depth of
corrosive water§ gagonite< 1; pH < 7.75)n the California Current System, which extends from southern
British Columbia south tthe Baja Peninsula in Mexi¢&’.Results for the NPLCC region include

At the northern end of the study region, from Queen Charlotte Sound to northern Vancouver
Island (BC), corrosive waters were observed at a depth of 459 feet (140 m) in most areas, with
corrosive waters reachirsiallower depths in a few areas (~394;f&20 m)?*

Corrosive waters reached mithelf depths (~13894 ft; ~40120 m) off the coast of central
Vancouver Island south to tieentral Oregon coaét: Corrosive waters were, in general, found in
the top 262 feet (8fh) of the water column along theastline, with shallower depths observed

off the coast of northern Oregon (<197 feet; <n§F*

Corrosive watersvere foundin the top 131 feet (40m) of the watalumn along the coast from
central Oregon to the southern boundary of the NPLCC regioneanhbdthe surfacaear

Crescent City (CAf®

In Puget Sound (a large estuary complex in the Paddithwest) observedvalues forpH and aragonite
saturatiorstatein surface and subsurface waters were substantially lower in parts of Puget Sound than

Z5xFeely et al Evidence for upwelling of corrosive "acidified" water onto the continental {261B8)
#xFeelyet al.(2008, p. 1491)

#7xFeely et al(2008, p. 1491)

#8xFeely et al(2008, p. 1492)

O Feely efal. (2008)

20 Feely et al(2008, Fig. 1, p. 1490)he authors of this report extrapolated this information from Figure 1.
#2lFeely et al(2008, p. 1491Yhe authors refer to Figure 1, p. 1490.

22 Feely et al(2008, p. 1491Yhe authors refer to Figure 1, p. 1490.

2B Feely et al(2008, p. 1491)The authors refer to Figure 1, p. 1490.
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would be expected from anthropage carbon dioxide uptake aloféFor example, in thdeep waters of
the Hood @nal sukbasin (>~66 feet, 20m):

¢ pH decreaseftom an estimated prmdustrialwintervalue of 7.60 to 7.5 0.06 in February
2008, and egonite saturation decreased from 0.66 to @6106%

e pH declined from an estimated grelustrialsummetrvalue of 7.41 to 7.32 0.05in August
2008 and aagonite saturation decreased from 1.73 to .66

o Feely et al. (2010) estimatieat ocean adification can account for twenfpur to forty-nine
percent othe observed decline in p.The remaining change in pH between when seawater
enters the sound and when it readHesd Canatesults from remineralization of organic matter
due to natural oanthropogenically stimulated respiration processes within Puget $8und.

Researcherat Taoosh Island on the northwestern tip of Washington State (near Neabl&ayyed that
pH declined with increasing atmospheric £4€¥els and varied substantially iesponse to biological
processes and physical conditions that fluctuate over multiple time .&Ca@mination of 24,519
measurements of coastal oceangpidnning eight years (20@007) revealed several patteﬁ?igz

e pH exhibited a pronounced dbur cycle spanning 0.24 units during a typical d&yThis
diurnal oscillation is readily explained by daily variation in photosynthesis and background
respiration: water pH increases as @takan up, via photosynthesis, over the course of the day,
and then declies as respiration and diffusion from the atmosphere repleniso\@night*3
¢ pH fluctuated substantially among days and years, ranging across a unit or more within any given
year and 1.5 units over the study peﬁ%%l.
¢ When the entire temporal span of ttegadwas considered, a general declining trend in pH

became appare?ﬁf‘The declineis significant (FKO.OS).235

A model of mechanistic drivers underlying changes in pH captured 70.7% of the variance in e data.
All parameters differed significantly from ze?d' The generalized Rralue (the reduction in explained
variance when a given variable is removed from the full rﬁ%ébr the change in pH with atmospheric

24xFeely et al. The combined effects of ocean acidification, mixing, and respiration on pH and carbonate

saturation in an urbanized estuai(2010, p. 442)

25 Feely et al(2010, Table 1, p. 446)

2% Feely et al(2010, Table 1, p. 446)

27Feely et al(2010, p. 442)

228sFeely et al(2010, p. 442)

229 \Wootton, Pfister and ForesteRynamic patterns and ecological impacts of declining ocean pH in a high
resolution multiyear dataset(2008, p. 18848)

230% Wootton, Pfister and ForestéR008, p. 18848)The authors refer the reader to Fig. 1 in the cited report.

1% Wootton, Pfister and Forestef2008, p. 18848)The authors refer the reader to Fig. 1A in the cited report.

32 \Wootton, Pfister and Forestef2008 p. 18848) The authors cite Bensoussan and Gattuso (2007) for this
information.

233 \Wootton, Pfister and Forest¢2008, p. 18848)

4+ \Wootton, Pfister and Forestef2008, p. 18848)The authors refer the reader to Fig. 1B in the cited report.

235+ \Wootton, Pfister and Forest¢2008, Fig. 1, p. 18849)

236+ \Wootton, Pfister and Fores. (2008, p. 18848)

237% \Wootton, Pfister and Forest¢R008, p. 18848)

238x Wootton, Pfister and ForestéR008, p. 18852)
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CO, (pH/ppm CQ) was the largest of all model parameters: 2¥€ o mpari son of Wootton
enpirical results to previous model predictions emphasizing rates of change over time (completed by
fitting Wootton et albés pH data to a model with a
explained 23.9% of the variation in the data and gereeateestimated annual trend-6f045 (95%

Confidence Intervak0.039 to-0.054 after accounting for temporal autocorrelatfSA) his rate of

decline is more than an order of magnitude higher than predicted by simulation rMa0éis9),

suggesting thatcean acidification may be a more urgent issue than previously predicted, at least in some
ocean areas:

In conclusion, Wootton et al. state theiodel includes all variables that are currently suggested to have a
large impact on ocean péﬁ? Of these, onlyatmospheric C@exhibits a consistent change that can

explain the persistent decline in f)ﬁ’.Thus, their results agree qualitatively with predictions that ocean

pH will decline with increases in atmospheric £But the rate of decline observed is sulisiiiy faster

than predicted by current models and exhibited by the limited data that exist on ocean pH change through

time 244

Future Projections

Global

Anthropogenic CQin seawateshouldsteadily increase as atmospheric levels continue té*tisader

the A2 scenaridjiogeochemicaimodels for the ocean indicate that surface water pH will drop from a
pre-industrialvalue of about 8.2 to about 1§ the end of thiscentury,ncr easi ng t he oceani
about 150% relative tthe beginning of the ingstrialera(seeFigure10 for projections undea range of
scenarios§* The total volume of water in the ocean that is undersaturated with regard to calcite or

aragonite increases substantially as atmospheric@@entrations continue to ri&€éFor example:

¢ If atmospheric C@concentrations reach 4&B5ppm by 205(a condition likely to occur given
current emissionsylobal mean surface saturation of aragonite and calcitejescped to
decrease by about twy-five percent relative to current valuéd.
e Southern Ocean surface water is projected to become undersaturated with respect to aragonite at a
CO, concentration of approximately 600 ppthThis concentration threshold is largely
independent of emissionestarios:

239% Wootton, Pfister and ForestéR008, Table 1, p. 18849)

240+ \Wootton, Pfister and Forest¢2008, p. 8849) The authors cite Orr et al. (2005) for information on previous
model predictions.

241x \Wootton, Pfister and Forest¢2008, p. 18849)The authors cite Orr et al. (2005) for the valueOo®019.

242x \Wootton, Pfister and Forest¢2008, p. 18851)The authors cite Solomon et al. (2007), Dore et al. (2003),
Pelejero et al. (2005), and Feely et al. (2008) for this information.

243 Wootton, Pfster and Forestef2008, p. 18851)

244 \Wootton, Pfister and Forest¢2008, p. 18851)The authors cite Solomon et al. (2007) and SarGasiancet
al. (2007) for this information.

25+ Byrne et alDirect observations of basiwide acidification of the North Pacific Oceg2010, p. 3)

2%xFeely et alOcean acidification: present conditions and fetwhanges in a high G@vorld. (2009, p. 37)

247xMeehl et al.Climate Change 2007: The Physical Science Basis: Global Climate Projed2003., p. 793)

#8xCooley et alOcean acidification's potential to alter global marine ecosystem ser(2@89, p. 172173). The

authors cite Cooley and Doney (2009) for this information.

249%Meehl et al.(2007, p. 793)
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By the end of the Zicentury distinctions between total pH change and pH change attributable to
anthropogenic COwill become increasingly subtf8* On multidecadal timescales, pH changes
attributable taanthropogeni€0O, can be expected toentuallydominate the overall sign&f:

North Pacific(> 50°N) and Subpolar Pacifi©cean

Projectedchanges in pH, carbonate ion, and aragonitecatuite saturation stat@sthe North Pacific
and subpolar Pacific Ocean are summarizetainle7.>* This data is based on National Center for
Atmospheric Research Community Climate System Model 3.1 ré¥fsr: visual depictions of
projected changes by 2050 and 2095 compared to 1875 and 1995, please see Figyraa®,/74n

Feely et al. (2009). These figures were not accompanied by explanatory text specific to this geography,
and are therefore not summarized here.

1000 4l L Figure 10. Changesn global average
a) Atmospheric CO, I surface pH andaturation state with
—_— s i respect to aragonite in the @bern
Ocean under various SRES scenari
Time series of (a) atmospheric Gr
the six illustrative SRES scenarios,
projectedglobal average surface pH
I and (c) projected average saturatior
C state n the Souther®cean from the
200 ——H—+—+—+—+—+——+—+—+—+—+—+—+—+—+—+—+—+— 8.2 BERN2.5D EMIC (Plattner et al.,

1 b) Global Ocean pH i 2001). The results for the SRES
scenarioA1T and A2 are similar to

800

600

400

Atmospheric CO, (natm)

5 those for the no#SRES scenarios S6
§ and 1S92arespectively. Modifd
T from Orr et al. (2005).
w
Source: Meehl et a(2007, Fig. 10.24
- p. 195)
= 1 77
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c 120 1
S ]
g 80—_ Aragonite Saturation [
s ] i
8 40 -
£ ] i
0:;0_'|'|'|'|'|'|'|'|'|'
2000 2020 2040 2060 2080 2100
Year
Z0+\Meehl et al.(2007, p. 793)
SlxByrne et al(2010, p. 3)
®2xByrne et al(2010, p. 3)
3 Feely et al(2009, Table 2, p. 46)
4 Feely et al(2009, Table 2, p. 46)
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Table 7. Absolute and relative changes in pH, carbonate ion, and al@ga@pda nd c acdci t e
saturatiorstates for three CQevels (2005, and 2X and 3X predustral* levels) in the North Pacific ang
Subpolar PacificOceans
* One reviewer suggested using ppm for,@@&lues. Feely, Doney and Cooléy not providgoppm values for C®
However,using the IPCC value of 278 ppm for prelustrial CQ,, 2X would be 2*278=556 ppm G@nd 3X would
be 3*278=834 ppm CQ
Carbonate
Ocean | CO, | pH | gp H ion @Car ba daag | P aly | Qeac | P bt
(e mol
2005 8.1 92.3 14 2.24
North -24.5 -0.37 -0.59
Pacific 2X 7.885 | -0.15 67.8 (-26.5%) 1.03 (-26.5%) 1.65 (-26.5%)
(>50°N) -44.8 -0.68 -1.09
3X 7.719 | -0.31 47.5 (-48.5%) 0.72 (-48.5%) 1.15 (-48.5%)
2005 | 8.0 134.5 2.06 3.24
-33.2 -0.51 -0.80
Sub'p.olar 2X 7913 | -0.14 101.3 (-24.7%) 1.55 (-24.7%) 2.44 (-24.7%)
Pacific 62.0 0.95 1.49
3X 7.756 | -0.30 72.5 (-46.1%) 1.11 (-46.1%) 1.75 (-46.1%)
Source:Modified fromFeely, Doney and Cool€2009, Table, p. 46)by authorsof this report.

Information Gaps

Information is needednregional trends in ocean pH and other indicators of ocean acidifidation

British Columbia More specific projections throughout the geographic extent of the NRr€al®

neededFor the Gulf of Alaska, Sigler et al. (2008) stateface and vertical ocean pH and carbon species
measurements, especially over the continental shelf and slope where fish, shellfish and marine mammal
species are concentrated, are neétied.

#5x5ijgler, M.; Napp, J.; Hollowed, A. (authors). Osgood (E@08, p. 69, 73)
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2. INCREASING SEA SURFACE TEMPERATURE (SST)

Box 6. Summary of observed trends and future projections feea surfaceaemperature
Observed Trends

e By the early 2century, pbal mean sea surface temperatuees approximatelyl°F (06°C)
higher than the value 1850%>° Since 1961, the ocean tad®nup over 80% of the heat being
added to the climate system and the averagertgure of the global oceéaareased to depths of
at least 9842 feet (30002%n).

e Approximately 98 miles (6@km) west ofNewport Oregon from 1997 to 2005, SST increased
approximately 1.8°F (1°C; rang@&F or 2°C) compared ta961 t01971258

e Off the British Columbia coast, statistically significargases in SST of 0.52 toA. (£.290.94
°C) were oberved from 1915 to 2088.

Future Projections

e Global sea surface temperatures are pubjectise by 1:8.4°F (1.68.0C) in the 2% century
compared to 49801999 baseline.g. 4.7°F (2.6°C) under the A2 sce?frio.

¢ In the northern Pacific Oceangreasei winterSST ofL.8to 2.9°F (1.€1.6°C)are projected by
20402049 19801999 baselinA1B)261 These increases in SST will be accompanied by warn
maximum and minimum temperatures ovézall.

e SST is projected to increase approximaly (12°C) in thenearshore and offshore waters of
Washington and northern Oregon by 22@89 (1970999 baselingg These projections are
compatible with the projected change for the northern Pacific Ocean.

Note to the readerin Boxes, we summarize the mh#d and grey literature. 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.

Definition and Causes ofi ncreasingSea Surface Temperature

The worl ddbs oceans ar e t h eolanantheat energp initally ectained s er voi r

within Eart®am rate ofrilmvoipsirface keat (i.e. surface heat fluxes) in the oceans is
repored with two primary units of measurement: Watts per meter squared)tichJoules per year

(JIlyr).

¢ Nicholls et al.(2007, p. 32Q)The authors cite Bindoff et al. (2007) for thiformation.

%7 |ntergovernmental Panel on Climate Char@émate Change 2007: Synthesis Rep@@07c, p. 30)

28 Mote et al(2010, p. 32)

9B, C. Minigtry of EnvironmentEnvironmental Trends in British Columbia: 2007: Climate Charfg@07, Table

3, p. 14)

20 |pCC. Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution okiigpiGroup Il to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Clfa@@ée) Nicholls et al.(2007,
Table 6.3, p. 323)

%1 overland and Wangruture climate of the North Pacific Oced2007, Fig. 2b, p. 7)

%2 overland and Wang2007)

23 Mote and Salatf Jr.(2010, p. 44)See also OCCR(2010, p. 3233).

®ixHansenetaEart hés energy i mbal ance(20%onfirmation and
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As global air temperaturesntinue taise,ocean water temperatures aftsoexpected to risé>®
Increases in SST as a result of global climate chacge simultaneously with natural cycles in ocean

What are Watts per meter squared
W/ m2) and Joules per yea(J/yr) ?

i

A Jouleis a measure of energy,
work, or quantity of heat.

A Watt is a measure of power (tt
rate at with work is performed or
energy is converted) or radiant fl
(the rate of flow of electromagne’
waves).

One Watt is equivalent to one Jo
per send (W = J/s).
Thus,W/m 2is a measure of pows
over a given surface area (an are
measuring one meter byeaneter)
while JJ/yr is a measure of energy
work, or heat quantity over a give
time period (one year).

SourcBiational Institute for Standards
Technold®yST)websjte

temperature, such as the El Nifio Southern Oscillation
(ENSO) and the Pacific Decadal Oscillation (Pi§8e

Box 7). For example, the PDO naturally shifts heat across
regions of the Pacific Oceaver period®f twenty to

seventy year€® Research studies therefore attempt to
distinguish the precise contributions of natural variation and
climate changé‘.57

Increases in the heat content of the ocean have driven other
changes in the physical marine environnféht:

¢ Thermal expansion of the oceans as well as
increased meltwater drlischarged ice from terrestrial
glaciers and ice sheets have increased ocean volume and
hencesea leve(seeSection6 in this Chapter®®

e \Warmer oceandrive more intense storm systems
and dher changes to the hydrological cy€l€The warming
of the upper layers of the ocean also drives greater
stratification of the water column, reducing mixing in some
parts of the ocean and consequently affecting nutrient
availabilty and primary productio(see ®ctions3 (altered
hydrology) and4 (altered ocean currents) in this Chapter
see also, Chaptév Sectiors 1 and2 (altered nutrient
cyclingand altered ocean productivity, respectiyéfy

Changes in sea (and land) temperature cgribute to chnging wind patterns, which can alter
upwelling and nutrient cycling in coastal watésee ®ctions7 (altered patterns afoastal upwellingand
8 (altered patterns of coastal hypoxia ambxia) in this Chapt}z?72

There is also an inverse relationshigiween oxygen content and water temperature: warmer water holds
less dissolved oxygen than cooler watéFurther, vater temperature regulates oxygen and carbonate
solubility, viral pestilence, pH and conductivity, and photosynthesis and respirationfrastsarine

265+ California NaturalResources Agencyalifornia Climate Adaptation Strategg2009)

6 xNational Aeronautics and Space AdministratiMoody Pacific Unleashes Another Climate Mystery (website).
(2004) See also Dawe and ThongusPDO-related heat and temperature changes in a model of the North Racific
(2007)and Mantua and Har&he Pacific Decadal Oscillatior{2002)

%7 gnover et alUncertain Future:Climate change and its effects on Puget So(2@D5)

28 xHoegh-Guldberg and Brundlhe impact of climate change on the world's marine ecosyste@i®, p. 1524)
29+ oeghGuldberg and Brungq2010, p. 1524)The authors cite Rahmstorf et al. (2007) for this information.

210 +Hoegh-Guldberg and Brung2010, p. 1524)The authors cite Knutson et al. (2010) for information on intense
storm systems and Trenberth et al. (2007) for information on the hydrological cycle.

21 vHoegh-Guldberg and Brung2010, p. 1524)

272x California Natural Resources Agendalifornia Climate Adaptation Strategf2009)

23xCalifornia Natural Resources Agen@alifornia Climate Adaptation Strategf2009)
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macrophytesife., aquatic plants visible to the naked e}/é)While temperature is important in regulating
physiological processes in estuaries, predicting the ecological outcome is complicated by the feedbacks
and interactions among tempena change and independent physical and biogeochemical processes such
as eutrophicatiof’> Nonethelesshere is high confidence, based on substantial new evidence, that
observed changes in marine biological systems are associated with rising water teeypeswell as

related changes in ice cover, salinity, oxygen levels, and circufatithese include:

e Shifts in ranges and changes in algal, plankton and fishdamce in highatitude oceans, and
e Range changes and earlier migrations of fish in ri¥/érs.

Increases in water temperature could also affect:

e Algal production and the availability of light, oxygen and carbon for other estuarine species.
The propensity for harmful algal bloanis further enhanced by the fertilization effect of
increasing disdued CQ levels?™®

e Microbial processes such as nitrogen fixation and denitrification in estéfries.
Observed Trends

Global

Global mean sea surface temperatures have risen about 1.1°F (0.6°C) since 1950, with associated
atmospheric warming in coastal as¢™ Observations since 1961 show that the average temperature of
the global ocean has increased to depths of at least 9842 feen(B@AA that the ocean has been taking
up over eighty percent of the heat being added to the climate s%%tkman analyis of 93.4% of the
ocean by Willis et al. (2004), the observed annual mean rate of oceaaimnda¢tween 1993 and mid
2003 was 0.86 0.12 Wi/nf per year® Most of the heat is stored in the upper reaches of the ocean:

e On average across five simulatians from 1993 to mie2003 eightyfive percent of the ocean
heat storage occurred above 2460 feet (750 m), with the range from seigintip ninetyone
percent®

e From 1961 to 2003, the global oceans showed a linear increase in heat content of ~&.38 x 10
Joules per year (J/yr) in the top 2297 feet (700 m) of the water column, with approximately
ninety-one percent stored in the upper 984 feet (300 m) of the water cofamn.

24 Nicholls et al.(2007, p. 328)

2> Nicholls et al.(2007, p. 328)The authors cite Lomas et al. (2002) for information on the role of temperature in
regulating physiological processes in estuaries.

2% |pCC.Climate Change 2007: Impacts, dgtation and Vulnerability: Summary for Policymakd@007e, p. 8)
2T|pCC.Climate Change 2007: Impacts, Adaptation and Vulnerability: Summary for Policymé@d3e, p. 8)
2’8 Nicholls et al.(2007, p. 328)The authors cite Short and Neckles (1999) for this information.

2% Nicholls et al.(2007, p. 328)

20 Nicholls et al.(2007, p. 328)The authors cite Lomas et al. (2002) for this information.

#LxNicholls et al.(2007, p. 32Q)The authors cite Bindbét al. (2007) for this information.

#2%pCC. Climate Change 2007: Synthesis Rep007c, p. 30)

#3xHansen et alEarth's energy imbalance: confirmation and implicatio{2005, p. 1432)

#4xHansen et al(2005, p. 1432)

25xDomingues et allmproved estimates of uppecean warming and muldecadalsea levetise. (2008)
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e From 1969 to 2008, a linear average increase in heat carfiftx 16 J/yr (0.05 J/yr; the
95% confidence interval) in the top 2297 feet (700 m) of the water column was found (reference
period 195-199Q based on yearly mean heat content values detedragthe average of the
four seasons¥’ Globally from 1969 to 2008eightyfive percent of the variance in yearly ocean
heat contenis accounted for by the linerend(reference period 195%006)%’

Decadal trends also show an increas8STfrom 1850to 2005, 1901 to 2005, and 197205, as

shown inTable8. However, the general warming trend may be mediated by alternating years of warmer
and cooler ocean temperatures because changes in winter storm tracks and storm intensity brought on by
climate change are likely to increase the interannual \ilityadf winds that modify ocean

temperature%f.38 For example:

e From 1950 to 1960, trends ghobally averagedcean heat content and sea surface temperature
(SST) show a slight increase, followed by ay®ar period to the mid970s of zero or slightly
negaive trend and, after the 194®77 climate shift (a rapid change in relatively stable physical
ocean properties that affects biota and ecosystems), a steadyZ@Qs%gg

Finally, since the | PCCbs Four t-VaryiAgbiasenadewvicefot Repor
measuring temperature at various depths (XBT, or expendable bathythermdgmphdympted re

evaluations of the rate of upper ocean warrﬁ?r?@esearch on this topic is still relatively new, but at

least one study has been conductazhsistent with the other studies reported here, a statistically

significant increase in ocean heat content of 0.64 3as reported by Lyman et al. (2010) from 1993 to
2008, even after correcting for t heareXtBel9pdrdgertrs ( c al
confidence interval is 0.58.75 W/nf).?%*

Regional

In the North Pacific from 1969 to 2008ixty-nine percent of the variance in yearly ocean heat content is
accoured for by the lineatrend(reference period 1955006)*%

Southeasand Southcentral Alaska

Information needed.

28| evitus et alGlobal ocean heat content 192808 in light of recently revealed instrumentation proble{2809,
Fig. 1, p. 2, 20)

27| evitus et al(2009, Fig. S11, p. 4, 15)

%8| jving Oceans SocietyClimate and Oceans Think Tanroceedings, Day 12009)

29+Domingues et al(2008, p. 1090)

290+ yman et al.Robus warming of the global upper oceg@010, p. 337)

21| yman et al(2010, p. 334)

292 evitus et al.(2009, Fig. S11, p. 4, 15)
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Table 8. Linear decadal trends in SST in the Northern Hemisphere and Globally
(°F with °C in parenthese$significant at the < 1% leveflsignificantat the 15% level)

Temperatue Trend Per Decade
18502005 19012005 19792005
Northern Hemisphere 0.076 £ 0.029 0.13+0.052 0.342 + 0.24%
(0.042 £ 0.016) (0.071 £ 0.029) (0.190 £ 0.134)
Globe 0.068 + 0.020 0.12 £ 0.027 0.239 £ 0.085
(0.038 £ 0.011) (0.067 £ 0.015) (0.133 £0.047)

Source:Modified fromTrenberth et al(2007, Table 3.2, p. 248y authors of this report.

Notes:SST are those produced by the United Kingdom Meteorological Office (UKMO) undeatt&S12
(Rayner et al. 2006). Annual averages, with estimates of uncertainties for HadSST2, were used to estima
Trends with 5 to 95% confidence intervals and levels of significarad:(<1%; italic, 1-5%) were estimated by
Restricted Maximum Liklihood (REML), which allows for serial correlation (first order autoregression AR1)
the residuals of the data about the linear trend. The Durbin WatstetiBtic (not shown) for the residuals, afte
allowing for firstorder serial correlation, nevidicates significant positive correlation.

British Columbia

Increasing SSTrangingfrom® 2 t o 29-0.94&CF haé IBeen observed ninestations alonghe
coastfrom 1915 to 20031(ab|e9).293The largest and most sigrdéint increase was a warminglo?°F
(0.94°C fifty -year trenflfor Langara Island at the northwest tip of the Queen Charlotte Iliemls
1941 to 2003annual mear standard deviation: 15.8 + 0.°%40r8.8 + 0.520).294

A more detailed analysis reportbyg the B.CMinistry of Environmen{MoE) (2006)showed three of the
nine stations had statistically significant increaéés 5%)in either the annual maximum or annual
minimum temperaturég5

¢ The most statistically significant trend was an increasedanannual maximum temperature at
Entrance Island3.1°F (1.7°C from 1936 to 2004°° This may reflecincreased summer
warmirg in the Strait of Georgi%f’.7

e A statistically significant increase meanannual maximum temperatuneas also observeat
Nootka Point, (1.1C) from 1938 to 20048

¢ ltis unclear whether the final station with statistically significant data is Pine Istdrahgara

Island because the information provided by B.C. MoE is somewhat contradictory. They state the

largest increase in the mean annual minimum temperature is at Langara Isfdnd,.3°0)
from 1937 to 2004, but this is only weakly significé?ﬁln Table 8 of the cited report, however,

293B_C. Ministry of Environment (MoE)EnvironmentallTrends in British Columbia: 2007: Climate Chan¢2007,
Table 3, p. 14)

294%B.C. MoE. (2007, p. 14)

29%%B.C. MoE. (2007, p. 14) The authors cit8ritish Columbia Coastal Environmefur this information.
29%%B_C. MoE. (2006, p. 91)

297%B.C. MoE. (2007, p. 14)

298 B C. MoE.(2006, Table 7, p. 92)

29%B.C. MoE. (2006, p. 9192)
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only data from Pine Island are indicated as statistically significant?F{+20.68C) from 1939
to 2004>%°

A warming trend in the ocean along the southern B.C. i®atdo evidenin the deeper waters of five
inlets on the mainland coast and two on Vancouver Isi&h@onsistent with the temperature trends
shown in thesea surfacendicator, all seven inlets showed a warmin@&to 1.8°F@.5 to 1.0°Q overa
fifty -year period of recortP2 A more specific period atecord is not provided; however, the graph in the
cited report has a time axis from 1950 to 26%0.

Washington
Information needed.

Table 9. Mean annuasea surfaceemperature at nine stations on the B.C. coast
(°F with °C in pareithese}p
Station Period of record| Annual Meant Standard Deviation| Trend:°F/50yrs ¢C/50yrs)
Langara Island 15.8+0.94
19412003 1.69(0.94)*
(NC) (8.8+0.52 ( )
Mclnnes Island 17.3+0.86
19552 1.2(0.
(CO) 9552003 (9.6+0.48) (0.65)
15.7+0.92
Pine Island (CC 19372003 1.3(0.71)*
(€C) (8.7+0.51) ( )
Kains Island 18.4+0.99
(west VI) 19352003 (10.2+0.55) 0.77(0.43)
Nootka Point 19.6+0.92
19352 : :
(west VI) 9352003 (10.9+£0.51) 0.99(0.55)
Amphitrite Point 18.7+£0.94
19352 .9(0.50)*
(west VI) 9352003 (10.4+0.52) 0-9(0.50)
Departure Bay 20.0£0.9
19152003 0.52(0.29
(east VI) (11.1+0.50) ( )
Entrance Island 20.2+£0.92 .
(S0G) 19372002 (11.240.51) 1.5(0.82)
16.4+0.79
R Rocks (JF 19222 .54(0.30)*
ace Rocks (JFS) 9222003 (9.1+0.44) 0.54(0.30)
NC = North Coast; CC = Centr@loast; VI = Vancouver Island; SoG = Strait of Georgia; JFS = Juan
Fuca Strait*statistically significantpr obabi | ity or chance that t
Source: Modified from B.C. Ministry of Environment (MoE)vironmentallrends in BritishColumbia:
2007: Climate Changg2007, Table 3, p. 14)y authors of this report. BC MoE cites Fisheries and
Oceans Canadayww-sci.pac.dfempo.gc.ca/osap/data as their source.

3008 C. MoE.(2006, Table 8, p. 94)

301xB.C. MoE. (2007, p. 14)

302B €. MoE.(2007, Fig. 7, p. 15)The same figure is also available in B.C. MGF06, Fig. 5, p. 95)
303%B.C. MoE. (2007, p. 14)
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Box 7. The role of the Pacific Decadal Oscillation (PDO) and El Nino Southern Oscillation (ENSO) in
regional climate

ENSO and PDO are major sources of climate variability in the NPLCC region. The PDO is often desc
longlived, El Nifielike mttern of climate variability in the Paclfigo main characteristics distinguish the
Pacific Decadal Oscillations (PDO) from El Nifio/Southern Oscillation (ERNig€d) 20th century PDO
"events" persisted for 20-30 years, while typical ENSO dsgresisted for 6 to 18 montHsecond, the
climatic fingerprints of the PDO are most visible in the North Pacific/North American sector, while sec
signatures exist in the tropi¢se opposite is true for ENSO. The potential for precipitation and sgorper
extremes is higher when ENSO and PDO are in the same phase.

o A warm ENSO (i.e. El Nifio) is characterized by DecemiJanuarfebruarysea surfademperatures
>0.5 standard deviations above the mean and has been associated with:
o Warmer than averagga surfaceemperatures in the central and eastern equatorial Pacifig
Ocean
0 Reduced strength of easterly trade winds in the Tropical Pacific
0 Increased chance ftmwer quality coastal and nslaore marine habitat in Pacific Northweg
¢ A neutral ENSO isneither warm nor cool. There are no statistically significant deviations from ave
conditions at the equator.
e A cool ENSO (i.e., La Nifia) ischaracterized by DecemidanuarfFebruary measea surface
temperatures-0.5 standard deviations and has bsgociated with:
o Cooler than averagea surfademperatures in the central and eastern equatorial Pacific
0 Stronger than normal easterly trade winds in the Tropical Pacific
o Increasedhance forhigherquality coastal and nesfiore marine habit Pacific Northwest
e A warm PDO ischaracterized ®ea surfademperatures >0.5 standard deviations above the meat
the OctobeMNovembeDecembetanuarnFebruaryMarch mean and has been associated with:
0 Negative upwelling in wintgpring
o Warm ad fresh continental shelf water
0 Enhanced coastal ocean biological productivity in Alaska and inhibited productivity off th
coast of the contiguous United States
e A neutral PDO isneither warm nor cool.

e A cool PDO ischaracterized ®ea surfadempeatures <0.5 standard deviations for the Octeber
NovembefDecembetanuarFebruaryMarch mean and has been associated with:
o Positive upwelling in wintspring
o Cold and salty continental shelf water
o Enhanced coastal ocean productivity off the westt @fole contiguous United States and
inhibited productivity in Alaska

SourceCIG. http://cses.washington.edu/cig/pnwc/ci.shtr(di¢arsbe?8.14.28aMlet & Lettenmaf@f07, Table 1,
p. 6)Independent Scientific Adviso(g@X¥artiable 4, p.;84antua. (2000)ktp://www.jisao.washington.edafmiEss
8.14.2011)
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Oregon

Limited information on SST trends in Oregeas availableFigurell below, reproduced from OCAR,
shows an increase in SST at ooesdltion off the coast of Newport (192005compared td 961
1971)%

Temperature Change (C) Salinity Change Density Change (kg/m3) Oxygen change (ml/l)
0 -2 0 3 -0.6 -0.3 0 03 -0.8 -0.4 0 02 -09 0 0.9
( \\ |

-
2 500
[
8 |

1000

Figure 11. Differences between average temperature, salinity (part per thousand), density, and dissolved oxygen
profiles at NH85 (85nm, 157 km,off Newport) br two periods: 1992005 (~38 samples) minus 196971 (~75
samples), with 95% confidence limiSource:Mote, Gavin and Huyef2010, p. 32)

NorthwestCalifornia

Information needed.
Future Projections

Global

Global sea surface temmdures are projected to riger’F (1.5°C) under the B1 scenariapproximately
4.0°F (2.2°C) under the A1B scenario, addrF (2.6°C) under the A2 scenario by 2100 (relative to
1980-1999)3% Similarly, gobal averagair temperatures are projea to increase at least 3.2%7.2°F
(1.84.0°C) by 20962099 compared to a 198@99 baselinéthe full range foprojected air temperature
increases i®.0-11.5°For 1.1-6.4°C) 37

Regional

Projectedmid-century(20402049)winter SST for the northern Pacific Ocean compared to89-1999
baselinaunder the A1B scenargenerally lies between 1.8 and 2.9°F (—1..(5“0).308 These increases in

304 Mote, Gavin and Huyer(2010, p. 32)

3% Nicholls et al.(2007, Table 6.3, p. 323)

3% |pccC.Climate Change 2007: The Physical Science Basis: SummaPplicymakers(2007f, Table SPM.3, p.
13)

37|pCC.Climate Change 2007: Synthesis Report: Summary for Policym4R86, Fig.SPM.1, p. 8)

3% Overland and Wandruture climate of the North Pacific Oceg@007, Fig. 2b, p. 7)
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SST will be accompanied by warmer maximum and minimum temperatures overall, and the observed

decadal pattern of SST in the™6enturyis projected ta@wontinue nearly the same into the“Z]enturth’o9

Southeast and Southcentral Alaska

Information needed.

British Columbia

At the present rate of increase, temperatures at Langara, latahd exteme northwest point on the B.C.
coastwould resemble current conditions at Amphitrite Paamt the southwest coast of Vancouver
Island,in less than a hundred yegilg.The water around Langara Islaiscabout2.7°F (1.5°C) colder

than that around Amphite Point, for both annual mean and average annual extréfasother words,
at the present rate of increase, Langara Island will B& 2175°C) warmer in less than a hundred years.
This includes minimum, mean, and maximum temperatures.

Washington andlorthernOregon

For coastal grid points betwedf°N (west ofSeaside, ORand 49°N(west ofVancouver, B.C Jatitude
for the midcentury(20302059;compared to 1970999), he maleled increase in SST is abo@&. 2°F
(1.2°C), somewhat less than for thend areas (+3.6°R.0°Q, but a significant change compatedhe
typical interannual variability of the coastal océ&T.he forecast increasd# about 2.2°F1.2°C) is also
likely to apply to offshore water$: This modeled increase is legsan the sumertime incrase observed
in recent decadéd: However,the ocean model is still tocoarse to represent the complex oceanic
processes over the continental margin.

NorthwestCalifornia

Information needed.

Information Gaps

Information is neededn regionatrends for Washington, Oregon, and northern Califoinfarmation is
neededn regional projections throughout the NPLCC regkeor.the Gulf of Alaska, Sigler et al. (2008)
state ine-scale (both time and space) surface and vertical temperaturéysakggen, and nitrate and
chlorophyll fluorescence data are neetied significant souce of uncertainty in SST may bee
uncertainty in trends and projections of vertical ocean currents (including those associated with
upwelling).Information is needion this topic Sectbns4 (altered ocean curren)d? (altered patterns
of coastal upwellingin this Chapter lisadditional information gaps on these topics.

39 Overland and Wang2007)

310xB.C. Ministry of Environnent.(2007, p. 14)

3L1xB.C. Ministry of Environment(2007, p. 14)

312xMote and Sala#h Jr.(2010, p. 4% See also OCCR(2010, p. 32)

33 *Mote, Gavin and Huye(2010, p. 33)

314*Mote, Gavin and Huye(2010, p. 33)

315%Mote, Gavin and Huye(2010, p. 32)

318xgijgler, M.; Napp, J.; Hollowed, A. (authors). Osgood (E@008, p. 69, 73)
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3. ALTERED HYDROLOGY

A Hy dr oréfersgoythiscience encompassing the behavior of watet accurs in the atmosphere, on
the surface of the ground, and undergrotihihe hydrologic cycle, or water cycle, describes the
existence and movement of water on, in, and above the ¥afthile hydrologic changes such as
alterations in spring snowpaekd snowmelt, seasonal flows, glacier melt pattesaser temperature
and water qualitgleal primarily with frestvater, they affect the marine and coastal environpaent
described below.

Some of the greatest potential impacts of climate change wariest may result from changes in physical
mixing characteristics caused by changes in freshwater riihBfeshwater inflows into estuaries
influencewater residence time, nutrient tkelry, vertical stratificationsalinity and control of
phytoplankton gpwth rates? Decreasedreshwater inflowsncreasewvater residence time anigcrease
verticalstratification, and vice vers& Observed trends and future projections in streamflow amount in
the NPLCC region include:

e Observed trends in streamflow amountin Br i ti sh Col umbi ads coast al
shifting towards increased winter rainfall, declining snow accumulation, and decreased summer
precipitation*”? with subsequent increases in winter flow and decreases in summer flow being
observed?® Snove et al. (2005) cite that freshwater inflow to Puget Sound from 1948 to 2003
has changed in tHellowing ways®**

0 A 13% decline in total inflow due to changes in precipitation

0 An 18% decline in the portion of annual river flow entering Puget Sound dineng
summer

0 Anincrease in the likelihood of both low and unusually high daily flow events

e Future projections in streamflow amount: As precipitation in southeastern Alaska shifts
toward increased rain and less snow, more water will run off the landsdagethan being
stored®® Mean and mean minimum flows are projected to increase on the Fraser River near Hope
in British Columbia (+1.85.1% and +1414%, respectively), while mean peak flows are
projected to decrease 18% over th& @dntury** The annual aerage low flow magnitude is

317+.S. Geolgical SurveyScience in your watershed: general introduction and hydrologic definitions (website).
(2008) The authors cite the American Society of Civil Engineers Hydrology Handbook (1949, no. 28, pp. 1) for this
information.

318x.S. Geological Surveysummary of the Water Cycle (websi(g10)

%19 Nicholls et al.(2007, p. 328)The authors cite Scavia et al. (2002) for thfsimation.

320+ Nijcholls et al.(2007, p. 328)

#1xNicholls et al (2007, p. 328)The authors cite Moore et al. (1997) for this information.

322xpike et al (2010, p. 706)

323+ pike et al(2010, p. 706, 717)

324xSnover et al(2005)

323 xKelly et al.Climate Change: Prticted impacts on Junea(2007, p. 53)

32%6xMorrison et alClimate change in the Fraser River watershed: flow and temperature projed@002, Table

2, p. 237)
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projected to decline up to 50% by the 2080s (A1B &ndlti-model averaggsn the river basins
of southwest Washington, the Olympic Peninsula, and Puget $6und.

Changes in the timing of freshwater delivery to estuaries coattittea decoupling of the juvenile phases
of many estuarine and marine fishery species from the available nursery $40ibserved trends and
future projections in freshwater runoff timing in the NPLCC region include:

e Observed trends in freshwater runofftiming: Widespread and regionally coherent trends
toward earlier onsets of springtime snowmelt and streamflow have taken place across most of
western North Americ&® In southentral and southeast Alaska frd®48 to 2002, the timing of
the center of massf 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 others$® Over the last fifteen years (more specific date not providiee)-raser River
(snowglacial system near Vancouy®&.C) shows increased peak flows and lower recessional
flows, illustrating changes in the associated watersheds, perhaps away from adgiadieted
regime towards a snedominated regime with an diar freshet and faster recessional peffdd.

A twelve day shift toward earlier onset of snowmedis observed in the Puget Sound (WA) from
1948 to 2003*

e Future projections for freshwater runoff timing: If mean winter minimum temperatures rise,
the snowto-precipitationfraction across the western United States will likely decrease fiifther.
An immediate consequence of warmer temperatures and reduced snowfalls would be a regional
scale reduction of snowpaék.Assuming that the response to increased warmgngnins linear,
the projections indicate that stream flow timing might shift bi480days by the end of the
century®®

In a study of glacier runoff in freshwater discharge, Neal et al. (2010) suggest changes in timing and
magnitude of freshwater delivery the Gulf of Alaska could impact coastal circulation as well as
biogeochemical fluxes in nearshore marine ecosystems and the eastern North Pacift® Obsarved
trends and future projections in glacial coverage and raoafbastal systema the NPLCC region

include:

e Observed trends in glacial coverage and runofftn the Gulf of Alaska, discharge from glaciers
and icefields accounts for 47% of totadnualfreshwater discharg&ith 10% coming from
glacier volume loss associated with rapid thinnind maireat of glaciers along the Gulf of

327xMantua et alClimate change in the Fraser River watershed: flow and temperature projed@®is€), p. 204
205)

328 Nicholls et al.(2007, p. 328)

329 xStewart, Cayan and DettingeZhanges toward earlier streamflow timing across western North Am¢#ieas,
p. 1136)

330 Stewart, Cayan and Dettingé2005, Fig. 2, p. 1141)

#1+pike et al.Climate Change Effects on Watershed Processes in British Coluf20i, p. 706)

332 gnover et alUncertain Future: Climate Changend its Effects on Puget Sour@005)

333 xStewart.Changes in snowpack and snowmelt runoff for key mountain regee®, p. 90)

334 xStewart.(2009, p. 90)

33 xStewart.(2009, p. 90)

33%xNeal, Hood and SmikrudContribution of glacier runoff to freshwater discharge into the Gulf of Alag@i.0,

p. 1)
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Alaska®’ Glaciers in British Columbia are out of equilibrium with the current climate, with
widespread glacial volume loss and retreat in most redtoNegative trends have been
documented for summer streamflow iagerfed catchments in British Columbia, with the
exception of the northwest, where streamflow has been increasing in-fgac@tchment¥’?

e Future projections in glacial coverage andrunoffl n Br i t i sh C-augmenmtédi ads gl e
regimes, peak flowsould decrease and occur earlier in the y&dn southeast Alaska, glacial
melt is already occurring, and is likely to contiritie\ e a | et al .ds (2010) res.t
region of the Gulf of Alaska from Prince William Sound to the east, where gtaoieif
contributes 371 kitper year, is vulnerable to future changes in freshwater discharge as a result of
glacier thinning and recessiéfi.

A fuller discussion of hydrologic changes in the geographic extent of the NPLCC can be fQlinthte
Change Effets and Adaptation Approacheskreshwater Aquatic and Riparian Ecosystems in the North
Pacific Landscape Conservation Cooperative: A Compilation of Scientific Literé@nmase 1 Draft

Final Report) a forthcoming document by the authors of tieigort

Information Gaps

Peterson and Schwing (2008) std#&ta and models specific to quantifying and forecasting regional

precipitation and streamflow patterns are neéd&th addition, climate information and predictions for

watershed and ocean habitats aredeel, including observations and predictions of weather patterns,
streamflows, snowpack, and ocean prope?ﬁékt.is important to note that forecasts and predictions can

not be made more than a decade or two into the future. Further, forecasts anwpseatietdistinct from

scenarios, which describe a range of plausible futures tied to particular climate models and based on
assumptions about future emissions, development patterns, fossil fuel usage, socioeconomic factors, and
other factors. Pleas=eBox 2 fori nf or mati on on the | PCC6és SRES scen

337xNeal, Hood, and Smikru@2010, p. 1)

3B «pike et al(2010, p. 703)

339xpike et al(2010, p. 717)

340xpike et al(2010, p. 719)

341x AK Department of Environmental Conservati@iimate Change in Alaska: Adaptation Advisory Group of the
Governor's SuCabinet on Climate Chrage (website)2010, p. 23)

342xNeal, Hood, and Smikrug2010, p. 1)

343xpeterson, W. & Schwing, F. (authors). Osgood (E80Q08, p. 52)

344xpeterson, W. & Schwing, F. (authors). Osgood (E80Q08, p. 52)
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4. ALTERED OCEAN CURRENTS

Box 8. Summary of observed trends and future projections for ocean currents
Observed Trends

e The California Current System (CCS) is the dominant curremt isygte NPLCC region south
northern Vancouver Island ¢50).345

o Off the California coast from 1950 to 19B8,rmean level of the coastal thermo(liae 3

depth of water separating two layers of different tempesdtangithened and deepeng

while the offshore thermocline weakeneddatdeased in deptinthe upper 56 feet (20(

m).346

o Off the Oregon coastlongshore currents are much stronger than the onshore/offsh

currents of the upwelling/downwelling circula#dn.

e North of Vancouver Islanthe Alaska Current (AC) and Alaska Coastal Current (ACC) are t

dominant current systems in the NPLCC region.

0 Sixty percent of thexggen in the subsurface waters of the Alaskan Gyre was $ypplje

subarctiavaters; the remaining 40% was suppliexbtropical watefs?

o

o

—_—

Future Projections

e Projections of future ocean current patterns, both globally and in the NPLCC region, were
in the scientific and agency literature.

e Someesearchespeculate future ocean currents may be similar to at extreenes in natural
variability observed historically (e.g. of ENSO, BR®O).

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

Definition and Causes ofAltered OceanCurrents

Ocean currents are primarily driven by winds, air temperature, and changes in ocean temperature
although regional features such as freshwater influx (e.g. river plumes), the width of the continental shelf,
submarine canyons, banks, and coastal promontories can alter flow patterns and modulate the local
upwelling respons&’ Changes in fluxesf heatand freshwateat theo ¢ e a n 6 s alosguwittf sarfac

wind forcing,play key rolein forming ocean currents, which iarn have a major effect on climéfé

345Whitney, Freeland, and Robef2007, Fg. 1, p. 180)

348 palacios et aLongterm and seasonal trends in stratification in the California Current, 19%@3.(2004, p. 1)

347 Mote, Gavin and Huye(2010, p. 24)

48 Whitney, Freeland, and Robef2007, Fig. 1, p. 180)

¥9Whitney, Freeland, and Robef2007, p. 179)

#%peterson and Schig (2008) and Sigler, Napp, and Hollowed (2008)Climate Impacts on U.S. Living Marine
Resources: National Marine Fisheries Service Concerns, Activities and Nesgptsod (Ed.)(2008)

#1xHickey and Banagceanograhy of the U.S. Pacific Northwest Coastal Ocean and Estuaries with Application
to Coastal Ecology2003, p. 1014)

¥2xRahmstorf.The current climate(2003, p. 699)
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There are two basic types of ocean circulation

e Thermohaline circulatioms defined agsurrents Flux refers to the amount of a subste
driven bychanges to the rate of flowf heat and flaving through an area over a certail
freshwater across the sea surface and subsequ¢ time. Flux can be used to measure ¢
interior mixing of heat and saft? currents by measuring the volume of

e Winddriven circulationis relegated to the upper | Passes a certain point over a certain
ocean due to stratificatidnin unstratified water time. For example, if a net were plac

wind-driven curentswould extend to the water, flux would incredise strength o
bottom®* current increases (more water passe

the size of the net increases (more v
at once), and when the net is facing
direction of the current (minimal resit
the flow of water).

The major currents of the subarctic Pacific (north of the
equator) are shown fFigure 12°°*Ocean currents
transport nutrients across large distances, at varying oc
depths, and circulate nutrients in gyres (a spicalanic
surface current moving in a clockwise directidtiFor example, waters in the North Pacific Current
(NPC) acquire heat and salt from the subtropics as they cross the8dgay. also contain more

oxygen than waters within the Alaska Gyre (AG), anelthe oxygen source for the interior waters of the
eastern subarctic Pacifie®

66 _ —
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] Bering Sea
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| Okhotsk
] Sea
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ij“ ] s —/ WA
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Fig. 1. Map of the North Pacific Ocean showing major currents (EKC, East Kamchatka Current; OSIW, Okhotsk Sea Intermediate
Water; OC, Oyashio Current; KC, Kuroshio Current; NPC, North Pacific Current; CC, California Current; CUC, California
Undercurrent; AC, Alaska Current; AS, Alaska Stream) and gyres (BSG, Bering Sea gyre, WSG, Western Subarctic gyre; AG, Alaska
gyre). Also identified are Ocean Station P (P) at 50°N, 145°W, station P4 at 48.66°N, 126.67°W, British Columbia (BC), Washington
(WA, Oregon (OR) and California (CA).

Figure 12. Map of the North Pacific Ocean showing major currents.
Source:Whitney, Freeland, & Rober2007, Fig. 1, p. 180)

¥3*Rahmstorf.(2003, p. 699)

#4+Rahmstorf.(2003, p. 699)

#>Whitney, Freeland, and RobeRersistently declining oxygen levels in thesiiar waters of the eastern subarctic
Pacific. (2007, Fig. 1, p. 180)

8 #\Whitney, Freeland, and Robe(2007)

7xWhitney, Freeland, and Robe(R007, p. 182)The authors cite Mecking et al. (2006) for this data.
#8xWhitney, Freeland, and Robe(R007, p. 182)
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Thermal stratification refers to the lay
of water due to differences in temper:
density. As water warms, its density
and it rises to the surface. In the ocee
mixed /layerns the layer between the ¢
surface and a depth usually raregir@pt
and 656 feet-@Hm), where density is
almost uniform due to the competitior
stratifying and destratifying processe:
processes include surface heating an
influx, while destratifying forces incluc
forcing, sacé cooling, evaporation anc
turbulent mixing. With the exception ¢
and subolar oceanstfkenociine
separates the mixed layer from the d¢
Its depth ranges from 164 to 3280 fee
1000m), and the rate of decrease of t
withincrease of depth is the largest in
In midatitude regions, thermocline de
seasonally, where a secondary and n
shallower thermocline (<164 ft; <50m
in summer. In high latitudes, a thermc
only appear seasonally.

Saircegarth & Space Research (web:
(2004)Sarkar, Royer and Gr@gb)
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Changes to ocean currents affect such processes as the
upwelling of nutrients, coastal hypoxia and anoxia, local

climate, and marine biology:

¢ In some situations, intensified upwelling resulting
from changes in wd strength can leao a greater flux of
organic material into deeper shelf waters, leading to an
increase in respiration, hypoxia, and in some cases the
eruption of toxic gases such as methane and hydrogen
sulfide from deep anoxic sedimeRtSOne reviever noted a

greater flux of organic material may increase primary
productivity as welf®® Changes to wind and ocean currents
driven by anthropogenic climate change are consequently
likely to interact with overfishing and eutrophication, further
increasing th incidence of hypoxic and anoxic evetits.
e The uneven distribution of ocean heating also
strongly influences the behavior of ocean currents, which
play critical roles in the dynamics, local climates, and

biology of the oceaff?

e Natural variability within tle ocean climate system
also occurs at various time scales (seasonal to decadal),

producing climatic phenomena suchE$SQ the North

Atlantic Oscillation (NAO),and the PDG® Although how
this variability will change over the coming decades is

uncertainthe steady increases in heat content of the ocean
and atmosphere are likely to have profound influences on the

strengt h,
systems®*

e Changes in the betiar of ocean currents have the

di

rect. i

on

and

potential to stronglynfluence the distribution and abundance of marine ecosystems, as
demonstrated by recent impacts of ENSO variability on kelp forests and corafteefs

These interactions are discussed further in their respective sections of thismap@iChaptersee

Section? for upwelling andSection8 for coastal hypoxia and anoxiBox 7for an explanation of ENSO
and PDO, and Chaptel through VII for ecosystem, habitat, and species effélisnate patterns are

discussed iMppendix 3

behavi

39+Hoegh-Guldberg and Brunq2010, p. 1524)The authors cite Bakun and Weeks (2004) for this information.

350 Comment from reviewer, April 2011.

31 +Hoegh-Guldberg and Brungq2010, p. 1524)
%2+HoeghGuldberg and Brung2010, p. 1524)The authors cite Alheit and Bakun (2010) for information on the

effect of ocean heating on ocean currents.

33 +Hoegh-Guldberg and Brung2010, p. 1524)The authors cite Alheit and Bakun (2010) for this information.

34+Hoegh-Guldberg and Brung2010, p. 1524)The authors cite Bindoff et al. (2007) for thifoirmation.
35 +Hoegh-Guldberg and Brunq2010, p. 1524)The authors cite Ling (2008) for information on kelp forests and
HoeghGuldberg et al. (2007) for information on coral reefs.

53

—
| —



Climate Change Effects in Marine and Coastal Ecosystems
Draft Final: August 2011

Observed Trends

Southcentral and Southeast Alaska, and British Columbia

Surveyshy Whitney, Freeland, and Robert (200@)ind that aygen in the subsurface waters of the
Alaskan Gyre was supplied about 60% by subarctic and 40% by subtropieai:W?aAt an ocean station
off the coast of BritisiColumbia and southeast Alaska (statioim Figure 12, evidence of low nitric

oxide waters flowing north from California was observ¥&@ycles of variabilityoff the British

Columbia coastvere also disa@ed by this study, including increased ventilation of deeper, constant
density waters on an ~18 year cycle and strong, short term (few month) variability caused by passing
eddies of intermediate siZ¥.

Washington
Information needed.

Oregon

In the Oregon mate Assessment Report, Mote, Gavin, and Huyer (2010) report information on ocean
currents for OregorAfter sustained summer upwelling, the resulting density gradients cause a southward
current whose speed is greateghatsurface and decreases wigpth*° After sustained winter

downwelling, the coastal current is northward; its speed terdisctease with depf In both seasons,
alongshore currents are much stronger than the onshore/offshore currents of the upwelling/downwelling
circulation®”* Someinterannual variability in shelf currents and temperature can alsggdained by

local alongshore wind stress: for example, unusually strong northward winds in the El Nifio @finters
1983 and 1998 enhanced the northward coestaént unusually late aival of northerly winds in the

spring of 2005 delayed the onset of upwelling by more than a ménth

NorthwestCalifornia

In a studyby Palacis et al. (2004df thermal stratification in the upper 656 feet (200of the California
Current System (CCS)ff the California coastrom 1950 to 1993, the mean level of the coastal

thermocline strengthened and deepened, while the offshore thermocline weakened andighoaled (
decreased in deptf¥. These tendencies are likely the resulaofatural oceanic press adjustingo

changes in ocean basinale circulatiorfi.e. geostrophic adjustment; geostrophic currents result when
pressure from the Coriolis force is in balance with pressure due to seawater moving from areas of high to
low sea leve)l, as well as ta longterm increase in upper ocean heat content of two to nine percent

36 x\Whitney, Freelandand Robert(2007, p. 179)

37x\Whitney, Freeland, and Robef2007, p. 179)

38 xWhitney, Freeland, and Robef2007, p. 179)

39 *Mote, Gavin and Huyer(2010, p. 24)

370+\Mote, Gavin and Huyer(2010, p. 24)

371 xMote, Gavin and Huyer(2010, p. 24)

372*\Mote, Gavin and Huyer(2010, p. 2526). The authors cite Kosro (2002) for informationrmrthward winds in
the El Nifio winters of 1983 and 1998 and Péeet al. (2006) for information on the late arrival of northerly winds
in 2005.

33 xpalacios et alLongterm and seasonal trends in stratification in the California Current, 188@8.(2004, p. 1)
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throughout the study aré4.Substantial decadal variability superimposed on these linear tendencies may
play a role in determining the response of the upper ocean to interannualsa@nas El Nifigy®

Further, it is possible that the net impact of an El Nifio event on the CCS will depend greatly on the
ambient conditions present at the time of the impfadthe seasonal component of thermocline depth and
strength exhibited a high degrefnorstationarity(i.e. varying with time)with alternating periods of
weakened and enhanced annual cycles lasting three to five years, along with changes'ih phase.

Future Projections

Information neededsome researchespeculatd that ocean cuents of the future may be similar to
extremes in natural variability observed historically (e.g. ENSO, PDO) and that the negative
consequences observed during extreme phialesexample, largeeductions in fish populations,
harmful algal bloors, hypoxia and anoxia could occur more frequently, or become the ndfm.

Information Gaps

Information is neededn global trendand future projections in ocean curreft$ormation is also
neededn regional trends, as results framgle studiesre presenteldere Furtherinformation is needed
on regional projections for ocean currei@gyler et al. (2008) identify climate information needs for
understanding changes in ocean circulation in the Gulf of Alaska:

e Downscaled IPCC climate scenarios resolved teedkilometer and hourlgcale Regional Ocean
Circulation Models (ROMS) with ice; and
e Archived runs of ROMS from 1900s to pres&fit.

Peterson and Schwing (2008) identify two additional climate information needs for understanding
changes in ocean circulatiomthe California Current regignvhich will also inform the impacts of
altered ocean circulation on species distribution and community structure in pelagio¢epe
habitats:

o Water mass climatology and anomaly fields (using water mass characedstistinguish water
type and sources in near rdiahe), and satellite and blended satelfitedel reanalysis products
to provide the details of water sources and transport patterns in ne@mesal

e Basinscale ocean circulation observations and ef®tb determine changes in gyre circulation
and source and advection of water mass tjes.

374 *palados et al.(2004, p. 1)

375 xpalacios et al(2004, p. 1)

376 xpalacios et al(2004, p. 6)

377 +palacios et al(2004, p. 1)

378 +0sgood (Ed.)Climate Impacts on U.S. Living Marine Resources: National Marine Fisheries Service Concerns,
Activities and Need$2008)

379 xgjgler, M.; Napp, J.; Hollowed, AClimate Impacts on U.S. Living Marine Resources: National Marine
Fisheries Service Concerns, Activities and Neédsskan Ecosystem Compl¢R008, p. 69, 73)

380 +peterson, W& Schwing, F.Climate Impacts on U.S. Living Marine Resources: National Marine Fisheries
Service Concerns, Activities and Needs:ifGatia Current Ecosysten(2008, p. 60)

#lxpeterson, W. & Schwing, F2008, p. 61)
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5. ALTERED FREQUENCY AND SEVERITY OF STORMS

Box 9. Summary of observed trends and future projections for storm frequency and severity

Obsened Trends

Future Projections

Note to the readerin Boxes, we summarize the published and grey literature. The rest of the rep
constructed by combining sentences, tiypieabatim, from published and grey literature. Please s
Preface: Production and Methodology for further information on this approach.

Coasts are highly vulnerable to extreme events, such a®sitmensoasts of the NPLCC regior
particularly Oregon and Washington, arekwelln for the severity of their winter storms.

Wave heights have increased globally since thés1970s.

Under scenarios of future climate cham¢fee 2%t centurya poleward shift of storm tracks by
several degee latitude andreater storm activity at high latitudes is projdzdsdline not
provided}e4

Over the 2% centurym the md-latitudes, xraropical storms are likely to become more intensg
perhaps less frequent, likely leading to increased extreme wa@asidjihts not providedy
Increased wind speed is associated withatitidle storms, resulting in higher wareduced by
these storm¥sHighersea levelwill also increase the height of storm waves and surges, inc
the frequency of extreme evefits.
In determining future beach erosion rates, several recent studies indicate that beach prote
strategieand changes in the behavior or frequency of storms can be more important than t
projected accelerations#a leveise3s8One reviewer noted this is especially true of the outer
and less important for large estuaries like the Puget®Sound.

Thecombined effects of beach erosion and storms can lead to the erosion or inundation of
coastal systersts.

Definition and Causes ofAltered Frequency andSeverity of Storms

Storms develop when a center of low pressianlops with a system of high pressure surrounitling
Cyclones, for example, are a weather system characterized by relatively low surface pressure compared
with the surrounding aithis is associated with convergence, and therefore rising motion, méssdiand

32 Nicholls et al.(2007, p. 317)

33 Hoffman. Designing reserves to sustain temperate marine ecosystems in the face of global climate change.

(2003, p. 135)

%4 Meehl et al(2007, p. 789)

3Fjeld et al.Climate Change 2007: Impacts, Adaptation, and Vulnerability: North Ame@e87, p. 627)The
authors citeMeehl et al., 2007: Section 10.3.6mMthe IPCC AR4for this information

3% Meehl et al(2007, p. 789)

37 Hoffman. (2003, p. 135)

38 Nicholls et al.(2007, p. 324)The authorscitd hr endt (2001) and Leontédyev
389 personal communication with review@anuary 2011).

390 Nicholls et al.(2007, p. 324)
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precipitation®** One way in which climate change may affect the frequency and severity of storms is via
changes to measea levepressurethe IPCC AR4 considers projections of the meaa levepressure

for the medium scenario A18? Sea levepressure differenceshow decreases at high latitudes in both
seasons in both hemisphef&sThe compensating increases are predominantly over théatitidle and
subtropical ocean regiof¥.Many of these increases are consistent across the miSddis patern of
change has been linked to an expansion of the Hadley Circulation and a polewardishiftioflatitude
storm tracks*®

Observed Trends

Global

Information needed.

Alaska

Information needed.

British Columbia

Extremesea levekvents, related timtense storms, can resultdna leved reaching 3.28 feet (1 meter)
above the predicted high tide lexe|

Washington and Oregon

Along the Oregon coast, data show that both the frequency and intensity of lstveitecreasedn
recent yearsand indvidual stormsare producindpigher waves and storsurgegno baseline or range
provided)®*® Along the Oregon and Washingtooass, increased/ulnerability to storm surgéyigh tides
and accelerated coastal erosion are all listed as impacts due to cliaage™® This vulnerability would
becompounded by an increase in averagee heights, a physical effect associatéti more intense
stormsi® The heightof storm waves measured at bubysdreds of miles off the Oregon and
Washington coasts have incsed asnuch as eighfieetsince the midl980s(enddate not providegnd
such waves delivesixty-five percent mordorce when they come ashdfé.

Northwest California

Information needed.

391+Tokay. Chapter 13: Midlatitude cyclones (websitg)Tokay 2009)

392 Meehl et al(2007, p. 770)

393 *Meehl et al.(2007, p. 770)

394*Meehl et al.(2007, p. 770)

3%*Meehl et al.(2007, p. 770)

3% xMeehl et al.(2007, p. 770)The authors cite Yin (2005) for information on the Hadley Circulation and poleward
shifts in midlatitude storm tracks. The authors refer the read8etition 10.3.5.3 in the cited report for further
discussion of patterns in sea level pressure differences.

397+Bornhold. Projectedsea levethanges for British Columbia in the 21st cent®008, p. 9)

398 *Oregon Coastal Management Program (OCNHijnate Ready Communities: A Strategy for Adapting to
Impacts of Climate Changendhe Oregon Coast (pdf2009, p. 12)

39%OCMP. (2009, p. 66)

40xOQCMP. (2009, p. 66)

401%OCMP. (2009, p. 66)
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Northeast Pacific Ocean (Pacific Northwest and British Columbia)

The wave climate of the Pacific Northwest is recognized for its severity, with winter storms commonly
generating deewate significant wave heights (SWHihe average height from trough to crest of the top
third highest waveggreateithan 32.8 feet (1fn) (approximately one event of this magnitude per year),
with the strongest storms in the regimaving generated SWHs in the range of 46 to 49 feet §ldh)*

In recent decades increases in wave heights generated by the most intense storms have dkeurred in
Northeast Pacific Ocedff Specifically, progressive multiecadal increases in winter (October through
April, the dominant season of strongest storms) SWHs have been ob8ahedverall range of
measured SWHs has shifted toward higher values bettheei®76 to 1990 and 1998 to 2007 decéles.
Observed changes in the rate of SWHSs include:

¢ The annual averages of the deegiter SWHs have increased at a rate of approximatego
feet/year(ft/yr; 0.015 netergyr), while averagefor the winter seasorOctoberi March)
increased at the higher rate@075 ft/yr 0.023 m/y}).**

e Averages of the five highest SWHs measured each year have increased at the appreciably greater
rate 0f0.23 ft/yr 0.071 m/y}, with the rate for the annual maximum SWHs havingne31
ft/yr (0.095 m/y}y.*’

e The highest rate of increase in wave heights was identified offshore from the Washington coast,
with slightly lower rates of increase offshore from Oreff8hlorthern to central California is a
zone oftransition having stilldwer rates of SWH increas®s.

This increase has been documented by measurements from a series of NOAA buoys along the U.S. West
Coast, and by analyses of the storm intensities and hindcasts of the generated waves, with the waves
having been generated bytetropical storm$:° While these increases are most likely due to Earth's
changing climate, uncertainty remains as to whether they are the product ofihdo@ed greenhouse

warming or represent variations related to natural rdeitiadal climate cyclé$: However,Ruggiero et

al. (2010)state that measurements of SWHs off the U.S. Pacific Northwest coast represent a clear
example for a phenomenon that was suggested by Wigley (1988) in generahtgratual change in the

mean climate of an environmentadriable can result in significant increageshe frequency of extreme
eventst?

“92xRuggiero, Komar, and Allarincreasing wave heights and extreme value projectitreswave climate of the
U.S. Pacific Northwes{2010, p. 2) The authors cite Allan and Komar (2002, 2006) for this information.
403+Ruggiero, Komar, and Allan2010, p. 1)

404+Ruggiero, Komar, and Allan2010, p. 2) The authors cite Allan and Komar (2000, 2006) for this information.
405 +Ruggiero, Komar, and Allan2010, p. 5)

40¢+Ruggiero, Komar, and Allan2010, p. 13)

“07*Ruggiero, Komar, and Allar(2010, p. 13)

“%xRuggiero, Komar, and Allar(2010, p. 2) The authors cite Allan and Komar (2000, 2006) for this information.
49%9*Ruggiero, Komar, and Allar(2010, p. 2) The authors cite Allan and Komar (2008gaAdams et al. (2008) for
this information.

“9*Ruggiero, Komar, and Allar(2010, p. 1) The authors cite Allan and Komar (2000, 2006), Mendez et al.
(2006), Menendez et al. (2008a), and Komar et al. (Rfd@9nformation obtained from NOAA buoy
measurements. The authors cite Graham and Diaz (2001) for information on analyses of storm intensities and
hindcasts.

“1*Ruggiero, Komar, and Allar(2010, p. 1)

“12xRuggiero, Komar, and Allar(2010, p. 6)
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Future Projections

Global

The IPCC reports that the most consistent results from the majority of the current generation of models
show, for a future warmer climate, a @afard shift of storm tracks in both hemisphdrgseveral

degrees of latitud&"> Greater storm activity at higher latitudes is also proje‘f:][@m the midlatitudes,
extratropical storms are likely to become more intense, but perhaps less frégabnteading to

increased extreme wave heighfsThis is related to increased wind speed associated witthatitigde

storms, resulting in higher waves produced by these stamdsis consistent with studies described in the
IPCC AR4 that showed decreased nemstof midlatitude storms but more intense storfts.

Alaska

Over this century, an increasésea surface temperatuiesd a reduction of ice covare likely to lead to
northwardshifts in the Pacific storrmrack and increased impaacis coastal Alask&.’

British Columbia

Information needed.

Washington
Information needed.

Oregon

In Oregon, pojected changes suggest that future winter storms may be similar to recent strong El Nifio
influenced storms that accelerated coastal erqsiobaseline or range @rided)*'

NorthwestCalifornia

Information needed.
Information Gaps

Information is neededn global trends in the frequency and intensity of storms. In addition, regionally
specific informatioris neededo expand on the trends and projections for ssahmoughout the
geographic extdarof the NPLCC, as thimformation presented above pertains more closely to wave
heights than storms.

3% Meehl et al (2007, p. 789)

414%Meehl et al (2007, p. 789)

5% Field et al.(2007, p. 627)The authors citMeehl et al., 2007: Section 10.3.6ndthe IPCC AR4for this
information

“18xMeehl et al (2007, p. 789)

“7+Karl, Melillo and PetersonGlobal Climate Change Impacts in the United States (28)L1, p. 143)The
authors cite Yin (2005) and Saléf2006) for this information.

8% OCMP. (2009, p. 12)
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6. SEA LEVEL RISE (SLR)

Box 10 Summary of observed trends and future projections feea leverise
Observed Trends

¢ Globalsea levebse by about 394 feet (120 m) during the several millennia that followed the
the last ice age (approximately 21,000 years ago), and stabilized between 3,000 and 2460(
e Sea levsloseapproximately 56 feet (0.40.72 ft; 0.17m * 0.08) the 2@ century*20
e The IPCC AR4 reports that from 1961 to 2668,levelrose 0.071 inches per year (600ZL
inches/yr; 1.8 + 0.5 mm/yrvhile from 1993 to 20G3=a levslro0.12 inches per ygar094
015 inchesl/yr; 3.2 0.7 mm/yr)i21
e Inthe NPLCC regiorsea levaise is less than the 198103 global averagevaist station&?
o Infact, arelativedeclinge sea levedias been observed at most stations in southcentral
southeast AK (typically <Oriches/yr, 12.7 mm/yrp3at Tofino, BC{0.0661 inches/yr o
-1.68 mm/yry24and at Neah Bay, WAQ.064 + 0.014 inches/yr €k.63 £ 0.36 mm/yr)25
o On the other hand, three stations recosgadeveiseexceedihg 19612003 global
averageCordovaAK (0.2268 inches/yr, 5.76 mm/$9Toke PointWA according to
some measuremerisand South BeacR (0.107 inches/yr, 2.72 mm/y#¥.The regional
rate of SLR in the Pacific Northwest has been estiaiate®91 inches/y{~2.3
mm/yr).*?
o0 Measurements fino CA are inconclusive due to debate about the accuracy of the ver
reference system (& 12).

Future projectionsare on the next page.

Note to the readerin Boxes, we summarize the published and grey literature. dheheestport is
constructed by combining sentences, typically verbatim, from published and grey literature. Plegs:
Preface: Production and Methodology for further information on this approach.

19 Bindoff et al.Climate Change 2007: The Physical Science Basis: FAQ 5.1 (wek2a8Y.)

“20|pCC.Climate Change 2007: The Physical Science Basis: Summary lfoyiakers (2007, p. 7)
“2L|pCC.Climate Change 2007: Synthesis Rep@®07c, p. 2) The 90% uncertainty interval of these values is 1.3
to 2.3 mm/yr (gice 1961) and 2.4 to 3.8 mm/yr (since 1993). These uncertainty levels are not necessarily symmetric
around the corresponding best estimate. See Footnote 1.1 (p. 2) of same report.

“22NOAA. Linear mearsea leve(MSL) trends and 95% confidence intervalsrim/yr (websiteX2007)
Abeysirigunawardna andValker.Sea levetesponses to climatic variability and change in northern British
Columbia.(2008) B.C. MoE. In-depth report: Gmate Change(2007, p. 25)NOAA. Tides and CurrentsSea
level Trends(website) (2010); Mote et al.Sea levetise in the coastal waters of Washington St4#008 , p. 7)
42 NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$2epn7)

424 Abeysirigunawardna andValker. Sea levetesponses to climativariability and change in northern British
Columbia.(2008) B.C. MoE. In-depth report: Climate Chang€007, p. 25)NOAA. Tides and CurrentsSea
level Trends(websie). (2010)

“2>Mote et al.Sea levetise in the coastal waters of Washington St42008 , p. 7)NOAA. Tides and Currents:
Sea levelrends(website) (2010)

422 NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aepn7)

“2"Mote et al.Sea levetise in the coastal waters of Washington St42008 , p. 7)NOAA. Tides and Currents:
Sea levelrends(website) (2010)

422 NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aepn7)

% Ruggiero, Brown and Komammpacts of climate change on Oregon's coasts and estug2&H0, p. 216)The
authors cite Burgette et al. (2009) for this information.
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Box 12 0 continued
Future Projections

e Global SLR is projected to increaserB.ihches (2379cm) by the end of the 2dentury across
all models and scenarios presented in this report (compared to the endrafetiei3(. The wide
range is due, in patd the inclusion or exclusion of projected chandes sheet flow. For
example, allaluegeported in the IPCC ARWhich range from 723 inchesr 1859cm by
21003would increase [8/6 to 8.4 inches (RO en) if the contribution from increased flow
from Greenland and Antarctiware to grow linearly with global average temperature €hange

¢ Inthe NPLCC region, increasesda leveire projected for BC, parts of WA, OR, and CA by 2

o +0.36to 1.6 feet (0.8510.5m) on Vancouvdsland ad near Vancouver, BC (B1, A1B,
A1F1 scenarios; see footnote for baseline inforryéion

o +0.82to 1.5 feet (0.28).46m ) at Prince Rupert, BC (B1, A1B, A1F1 scenarios; see
footnote for baseline informatt

o +13inches (3dm; no range provid¢ih PugeSound WA (19801999 badine; see
footnote for scenarjs4

o +11 inches (26m; no range provid¢on the central and southeri\dbast(19861999
ba®line;see footnote for scenaris)

o +50 inches (128 cm) for the areas of the OR coast experienciragtiitéé land motions
(19861999 baseline; no range provided; see footnote for sé®nario)

0 Upto+55inches (1.4 meters) in ¥ scenario; no range provided; see footnote for
baseling}”

e Decreases or very little relative change are projected elsewkeadLC region:

0 -2.11t0-3.4 feet{.64to -1.0m¥38in southcentral and southeast Alaska by(Bbdfaseline
provided)

o Very little relative change on the northwest Olympic Peninsula (WA) will be appar
rates of local tectonic uplift that @mly exceed projected rates of globabSLR.

Definition and Causes ofSea LevelRise

Sea leverelative to the land is mediated by four primary mechanisms:

e Changes in global ocean volume due to melting of ice caps, continental ice sheets and mountain
gladers (known as eustatsea levetise);

430 |pCC.Climate Change 2007: Synthesis Rep(@007c, Table 3.1, p. 45Fompared to a 1980999 baseline.

“31|pCC.Climate Change 2007: Synthesis Rep@®07¢,p.45) I n a footnote, the authors

the I onger term see Sections 3.2.3 and 5.2.0

432 Bornhold.(2008) This study uses IPCC SRES scenarios, which use al98® baseline.

433 Bornhold.(2008) This study uses IPCC SRES scenarios, which use al98®baseline.

“34Mote et al.Sea level rise in the coastal waters of Washington 2068, Table 3p. 10) The researchers use a

Aimedi umo esti mate of SLR: the average of the six centr
435 Mote et al(2008, Table 3, p. 10y he researcherseis a fimedi umod esti mate of SLR: th
values from the six IPCC scenarios (13 inches or 34 cm).

43¢ Ruggiero et al(2010, p. 218)Theresearchers usel@v-probability hgh-impact estinate of local SLR for the

areas of the coast experiencing little vertical land motions (50 inches or 128 cm).
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¢ Global and regional changes in ocean volume due to thermal expansion and salinity effects on
water density (warmer, fresher water occupies more volume than colder, saltier water) (known as
stericsea levetise);

¢ Regional volume changes due to dynamic atmospheric and ocean processes, such as shifting
major wind systems and ocean currents; and,

e Local changes due to vertical land motions, associated with recovery from the weight of glaciers
during the last Ice Age (@stactic rebounding), subsidence (sinking) in river deltas, and tectonic
processes in the earthés crust al pl ates (e. g.
resulting in uplift of land in some areas and sinking of land in otﬁ‘é%)the rate ofland uplift
is greater than the rate at whieda levels rising, anet decreasa relative SLR would be
observed.

Observed Trends

Note: Observed trends igea levehre organized into several tables in this sectibime time periods
provided inthesetablesdiffer for two reasons: the available data record varies by location, and the
published literature varies by the time period studi@éase refer to the notes and footnotes associated
with each table for more information.

Global

Global sea levetose by about 394 feet (120 m) during the several millennia that followed the end of the
last ice age (approximately 21,000 years agod, stabilied between 3,000 and 2,000 years ‘4bBea
levelindicators suggest that globsda levetid not change sigficantly from then until the late 19th
century**? The total 28 century rise is estimated to be 0.56 feet (@4 ft; 0.17m with a range of
0.120.22m).**Several researchers have measured SLR and investigated the contribution to SLR from
thermal expnsion (steric effects) and melting glaciers and ice caps (eustatic effatiB1(0).

From 1961 to 2003:

e According to the | PsedldvatosédaRah avergde mte af 0.074 mcheas peg e
year (0.0510.091 inche/yr; 1.8 mm/yr with a range of £33 mm/yr), with contributions from
thermal expansion, melting glaciers and ice caps, and the polar ice*$heets.

437 CA Natural Resources Agend2009, p. 18)Under the A2 emissions scenarimseline is likel 1990 levels.

The authors cite the work of Rahmstorf (2007), which projects SLR for 2100 compared to 1990 levels using a semi
empirical method, for their SLR projections. Please see the global projections for SLR section of this report for
further detailon the study by Rahmstorf (2007).

438 AK Department of Environmental Conservati¢2010, p. 24). The authors cite Larsen et al. (2004), Kelly et al.
(2007), and Pyare (2009) for this information. No tiasds provided.

3% Mote et al.Sea level rise in the coastal waters of Washington 2068, p. 3)

#40xBornhold.(2008, p. 3)Most sea level measuremsrarerelative to the landthough the advent of new
technologies such as satellite altimetry is expanding the record for measurenadasislotfesea level

41+ Bindoff et al.(2007)

442 Bindoff et al.(2007)

43%PCC. Climate Change 2007: The Physical Science Basis: Summary for Policym(2Réd, p. 7)
444%PCC.Climate Change 2007: Synthesis Rep@007c, p. 2) The 90% uncertainty interval of these values is
1.3 to 2.3 mml/yr (since 1961) and 2.4 to 3.8 mm/yr (since 1993). These uncertainty levels are not necessarily
symmetric around the corresponding best estimate. See Fobthdfe 2) of same report.
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¢ Domingues et al. (2008) found steric and eustatic effects contributed approximately fifty percent
each toSLR, resulting in a total SLR of approximately 0.059 inched/ys mm/yr)**°

From 1993 to 2003:

e According to the | PsedlévetoseddaRah avergdge mte af D.12anchesya g e
(0.0940.15 inches/yr; 3.1 mm/yr with a range of-3.8 mm/yr)** Thermal expansion of the
ocans eustaticeffects) contributed approximatdifty -seven percent of the sum of the
estimatedndividual contributions t@ea levetise, with decreases in glaciers and ice caps
contributingapproximatelytwenty-eight perent and losses from the polar ice sheets contributing
the remaindet?’ Whether the faster rate for 1993 to 2003 (compared to-2083) reflects
decadal variation or an increase in the lortgem trend is uncledf?®

e Domingues et al. (2008) report SLR of apgmately 0.094 inches/y2(4 mniyr) as well as an
increase in the eustatic contribution of approximately sixty percent (compared ta0@%1*

¢ Hansen et al. (2005) find that steric and eustatic effects contributed approximately fifty percent
each toSLR: gven a0.12 inches/yr3.1 nm/yr) SLR, Hansen et al. (2005) run five simulations
to conclude that full ocean temperature changes yield a mearssiztievetise 0f0.63 inches
(0.063 incheslyr; 1.6 cm overall and 1.6 myy/with the remaining ©.59 inches (0.059
inches/yr;1.5 cmoverall and 1.5 mm#y of SLR due to eustatic effects.

From 2003 to 2008:

e Cazenave et al. (2009) find eustatic contributions flamd ice plus land waters has contributed
seventyfive to eightyfive percenbf recentSLR (~0.087 inches/yr; ~ 2.2 mm/yrk.,
significantly more thawnluring the decad&993 t02003*" Of this, the melting of polar ice sheets
and mountain glaciers are roughly equally responéib&teric contributions are an additional ~
0.012 inches/yr (@ mm/yr),andtotal SLRis ~0.098 inches/yr (2.5 mm/yfj?

45*Domingues et a(2008, p. 1090.092)

#expCC. Climate Change 2007: Synthesis Rep@807c, p. 30)The 90% unceainty interval of these values is
1.3 to 2.3 mm/yr (since 1961) and 2.4 to 3.8 mm/yr (since 1993). These uncertainty levels are not necessarily
symmetric around the corresponding best estimate. See Footnote 1.1 (p. 2) of same report.

“47xPCC. Climate Chage 2007: Synthesis Repaf2007c, p. 3Q)The 90% uncertainty interval of these values is
1.3 to 2.3 mml/yr (since 1961) and 2.4 to 3.8 mm/yr (since 1993). These uncertainty levels are not necessarily
symmretric around the corresponding best estimate. See Footnote 1.1 (p. 2) of same report.

“48+PCC. Climate Change 2007: Synthesis Rep007c, p. 30)

9 Domingues et a(2008, p. 1090.092)

“O+Hansen et al(2005, p. 1433)

51 Cazenave et aSea levebudget over 2002008: a reevaluation from GRACE space gravimetry, satellite
altimetry and Argo(2009, p. 86) The authors cite Bindoff et al. (2007) for information on the 12033 decade.

52 Cazenave et a{2009, Table 1, p. 84)

53 Cazenavet al.(2009, Table 1, p. 84)
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Table 10. Contribution tosea levetise by thermal expansion (steric effects) and melting glaciers ang
caps (eustatic effects) over several time perigidshes peyear, with millimeters per year in parentheses)
Study Time period(s) Steric SLR Eustatic SLR Total SLR
Domingues et al. 19612003 0.030 (~0.75) 0.030 (~0.75) 0.059 (1.5)
(2008) 19932003 - +60% from 19612003 0.094 (2.4)
Hansen et a(2005) | 19932003 0.063 (1.6) 0.059 (1.5) 0.12 (3.1)
0.071 £ 0.02
IPCC Working 19612003 B - (1.8 + 0.5)
Group | (AR4 2007 19932003 0.063 £ 0.0098 0.047 £ 0.0079 0.12 £0.028
(1.6 £ 0.25) (1.2 £0.2)* (3.1+£0.7)
Cazenave et al. 20032008 0.012 + 0.0059 0.087 £ 0.011 0.098 £ 0.016
(2009) (0.31 +£0.15) (2.2 +£0.28) (2.5+£0.4)
-- Data not provided.; * land ice contribution only Table created by authors of this repo

Southcentral and Southeast Alaska

For much of souttentral and southeast Alaska, the available information indicates the rate of SLR is less
than the gl obal aver adablef.®paluedrande frooma declineinm@@Co6s AR
levelof 0.674 inches per year (17.12 mm/yr) from 1944 to 28(Bkagway t@n increase in meaea

level of 0.2268 inches per year (5.76ntyr) from 1964 to 2007 at CordoVa.

British Columbia

With the exception of data reported for Prince Ruperlbgysirigunawardena and Walk@008), SLR
from 1909 to 2006 in Btish Columbia is reported as less than the global aveflad®#d 9. Regional
changes in ocean volume, tectonic activity, and@stic rebounding affect SLR in B.C. in the following
ways:

e Regional changes in ocean volundue to thermal expansion, saliity effects, and dynamic

atmospheric and ocean processes:

0 Thermal expansion and salinity effedisithe northeast Pacific (along the B.C. coastline),
SLR due to temperature and salinity has been estimated at about 0.043 inches per year (1.1
mm/yr) *** Throughout the northeast Pacific, about half of the contribution is due to
temperature increases and half is due to salinity decreases, but in the Strait of Georgia,
salinity effects account for abosiity-threepercent of the observesga levethange and
temperature accounts for about thiggvenpercentas a result of coastal raff.*>’

o Dynamic atmospheric and ocean proces$esvailing northwesterly (equatorward)
alongshore winds in summeamombined with high atmospheric pressure and equatorward
coastakurrents normally lowersea leved by abouD.3 feet (0.1m).**® Conversely,
southeasterly winds in winter combined with low atmospheric pressure and strong poleward

“>4NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aepn7)
4> NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aef7)
4®+Bornhold.(2008, p. 8)
57*Bornhold.(2008, p8)
58xBornhold.(2008, p. 7)
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coastal currents can increass leved by overl.6 feet(0.5m).**° Further, fluctuationn sea
level may also be attributed to an ENSO event and demonstrate thateshoohanges may
exceed longerm trend$® In other words, while these changes r@gionally specific (i.e.,
of limited time duration and spatial extgrand even though theye not the primary
contributors to climate changeducedsea levelise, theymaynonetheless exacerbate or
mitigate the longeterm effects of global climate chang@lucedsea levelise***
e Vertical land motions due to tectonic activity:The continuedtress of the Juan de Fuca
tectonic plate as it moves beneath the North American plate results in an annual uplift of the land
(and corresponding fall isea level of about 0.08 to 0.1 inches per yea(Bm/yr)*®? For
example, this rate has been meadume Haida Gwaii (Queen Charlotte Islan66§)Rates of
crustal upliftareestimated to be as high @46 inches per yead (nm/yr) along the southwest
coast of Vancouwer Island near Tofin* This effect diminishes across Vancouver Island and the
Strait ofGeorgia to near zero on bedrock areas near Vanc8tRidowever, this tectonically
driven uplift is periodically halted by strong subduction zone earthquakes, which cause the ocean
floor to drop, some areas (such as the central Olympic Peninsula in Wasitgte) to rise, and
other coastal areas to sink belsga levef®
e Vertical land uplift due to isostactic rebound: the rate of rebound along the coast is estimated
to be0 to 0.16 inches per yed-4 mm/y);467a narrower range of 0.0078 0.0098 incheper

year (0.200.25 mm/yr) has also been reporf@%i

459%Bornhold.(2008, p. 7)

460+B C. MoE. (2007, p. 26)For exampleAbeysiiigunawardenand Walker (2008, p. 284) state that at Prince
Rupert, there is evidence that the annual maximum sea level ove@0351.3 inches/yr; 3.4 mm/yr) increased at
twice the rate of the relative sea level trend, likely due to enhanced storiticsendnd the influence of major
ENSO events (e.g. 1980983 and 1992998) during this period.

51 Comments from reviewers, April & July 2011.

4%2xBornhold.(2008, p. 6)

4%3xBornhold.(2008, p. 6)

464xB.C. Ministry of Environment(2007, p. 26) The report cites Peltier (1996) for this information.
4%5*Bornhold.(2008, p. 6)

%6 +x\WA Department of EcologyOffshore Fault (website}2011)

“67%B.C. Ministry of Environment(2007, p. 26)

%8 Bornhold.(2008, p. 6)
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Table 11. SLR Trends in Southeast Alaska, 19A®8
(inches per year with mm/yr in parentheses. Table created by authors of this report.)
*indicates previously published trend90% CI;Cl = Confidence Interval; MSL = Mea®ea level
Location Time Period| MSL trend® | 95% CI'"° MSL trend* 95% CI*
etehian w0200 | 00" | ozn | oan 039
Sitka 19242007 _(?2'(_)(? ;7 8)-%12?; -((_)2.(.355)4 (%&11@;
o |y || o] oo
oo wumr |50 | oS o
oo | ST | o
e[ wemr| S | g |
Valdez 19732007 '(?2-?:;)2 (21022)5 -(_%.gi:)a (2'1?;;)6
s [wor| 0o | e |
e || 55| 0% | oo | o
w0200 | gay | sy | cory | oo
Anchorage 19722007 ?698385; ?1022)6 ?217%2 ?2023)4
19612003 0.071 %90591%
Global averag* (1.8) (137 2.3)
|

49 NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aep7)
“"ONOAA. Linear mearsea leve(MSL) trends and 95% confidence intervals in mm/yr (web$#807)
4" |pCC.Climate Change 2007: The Physical Science Basis: Summary for Policyn(2Re&, p. 5)
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Table 12. SLR Trends in British Columbia, 19€¢806
(Cl = Confidence Intervallable created by authors of this repport

Location Time period(s)* Mem 1.95% ¢l Me.ani.9.5% cl
(measured in inches per year (measured in millimeters per yeai
19092006 -0.0429 + 0.011 -1.09 £ 0.27
Prince Rupert 19092003 0.04 £ 0.02 1+04
19392003 0.055 +0.02 1.4+0.6
19132004 0.039* 0.98*
Tofino 19092006 -0.0626 + 0.013 -1.59+0.32
19102004 - 0.0662* -1.68*
vancouver 1910-1999 0.015+0.011 0.37£0.28
19112004 0.02+* 0.4+
Victoria 19091999 0.031 £ 0.0098 0.80 +0.25
19162003 0.024+ 0.62*
Global 19612003 0.071 + 0.02' 1.8+0.5
averagé? 19932003 0.12+0.03" 3.1+0.7

*All values for 19092006 are NOAA(2010)values, as are values for Vancouver (1:9999) and Victoria (1909
1999).Values for 19132004 in Prince Ruperl,9102004 in Tofino, 191422004 in Vancouver, and 192003 in

Victoria arereported by the B.C. Ministry of Environme2007, p. 25) Values for 1902003and 19392003 are
reported byAbeysirigunawardenana Walker. (2008)

**With the exception of Vancouver (chance of no trend >0.1), all stations have a chance of no trend less thg
Prince Rupert (<0.05), Tofino (<0.001), and Victoria (<0.01

AGlobal averages areported a®0% Cl

Box 11 Synergistic impacts of SLR, erosion, and flooding increase vulnerability to extreme events
the Fraser River Delta and Queen Charlotte Islands, British Columbia

Two areas are particularly vulnerab®& #® in B.C.: the Fraser River Delta and the Naikoon area of th
Queen Charlotte Islands. The Fr&deer Delta is subsiding due to altered patterns of sedimentadbadi
the rate of 0.04 to 0.08 inches per ye&R (hm/yr).Under natural conditiongdment loading
compensates for subsidence, but in the case of developed deltas such as the Fraser River Delta,
intervention (e.g. dredging, construction of training walls and dikes) diverts these sediments into d
waters away from the deltaséiy adding to the natural subsidenceDageto heavy construction, some
areas are subsidiingtherd morethan 0.1 inches per year (3 mm/year), though this trend is expectec
slow to 0.04 to 0.08 inches per ye&rinm/yr) over time. The Naiko@mea is currently eroding, a tren
that is expected to continue. In these two areas, the combination of SLR and changing weather m
particularly susceptible to erosion and flooding during extreme events.

SourcaBornhol@®008, p. YB.CMoE (2007, p. 27)

4"2|pCC.Climate Change 2007: The Physical Science BasisnSmnfor Policymakerg2007f, p. 5)
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Washington

Measurements of SLR in Washington are comparabl e

though variability aroud the mean is greaterdble13).

Table 13. SLR Trends in Washington

(Cl = Confidence Interval. Table created by authors of this rgport

. . . Meanz 95% CF* Meanz 95% CK*
Location Time Periods o o
(measured in inches pery® | (measured in millimeters per yea

Cherry Point 19732000 0.055+ 0.037 1.39£0.94
19732007 0.032 £ 0.047 0.82£1.20

Friday Harbor 19342007 0.044 £ 0.013 1.13+£0.33

Neah Bay 19342007 -0.064 £0.014 -1.63+£0.36

Port Angeles 19752007 0.0075 £ 0.055 0.19+1.39

Port Townsend 19722007 0.078 £ 0.045 1.98+1.15
18982000 0.0471 0.11 1.047 2.80

Seattle
18982007 0.081 + 0.0067 2.06 £0.17

Toke Point 19732000 0.11+0.041 282+ 1.05
19732007 0.063 + 0.054 1.60 +£1.38

Global averag® 19612003 0.071+0.02 1.8+0.5
19932003 0.12+0.08 3.1+£0.7

* Data for Cherry Point (1972000), Seattle (1898000), and Toke Point (197300) are reported in Mote et

al. (2008,p7. Gl obal data is reported in t heNOAR Tdedand

Currents:Sea leveTrends.(2010)

**The 95% Cl is not reported for Cherry Point (12080), Seattle (1898000), ad Toke Point (1972000),

as well as global data.

A Global averages are reported as 90% CI .

Oregon

Data from NOAA indicate, in general, a rises@a levehlong the coast, with potential decreases in

Astoria and Port Orford. However, the magnitefiehange is difficult to discern due to wide variability
around the mearT@ble14). In the Oregon Climate Assessment Report (OCARpgieroet al. state

while global SLR during the Jtentury is estimated to have been apprately 0.067 inches per year

(2.7 mml/yr), Burgette et al. (2009), using several approaches, estimate that the regional rate of SLR has
been approximately 0.091 inches per year (2.3 mm/yr) in the Pacific Northwest (PNAfiire 13

presents results reproduced from OCAR.

“|PCC.Climate Change 2007: The Physical Science Basis: Summary for Policym(2ke, p. 5)
474 *Ruggiero, Brown ad Komar.Impacts of climate change on Oregon's coasts and estuéizk0, p. 216)
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4N F Figure 13. Alongshore
Wilapa Bay '@ +— - @—— varying rates of relativeea
—t level (RSL) as detamined by
& onia three methods. 1) Tidgauge
! records with trends based o
averages of the summer onl
monthly-mean water levels
(red circles with plusses, err
bars represent the 95%
confidence interval on the
trends). 2) Subtracting the
Burgette et al. (2009)
benchmark survey estimate:
of uplift rates from the
regional mean SLR rate (2.3
mm/yr) (small gray dots). 3)
Coos Bay @kt = - Subtracting the uplift rates
e estimated from GPS sites
along the coast from the
regional mearsea levetate
(small filled black circles)
Source:Rugyiero et al.(2010,
ol p. 219) See Figure 6.5. The
o authors cite Komar et al. (in
ity .. .

; . ; press) for this information.
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Table 14. SLR Trends in Oregon
(inches per year with mm/yr in parentheses. Table created by authors of this report.)
*indicates previously published tren80% CI;Cl = Confidence Interval; MSL = Mea®ea level
Location Time Period | MSL trend” | 95% CF® | MSL trend* 95% CI*
. -0.012 0.02 -0.0063 0.018
Astoria 19252007 1 5 31y (0.40) (-0.16) (0.46)
0.051 0.0452 0.0685 0.0673
Charleston 19702007 (1.29) (1.15) (1.74) (1.71)
. . 0.0780 0.0717
Garibaldi 19702007 (1.98) (1.82)
0.0071 0.0858
Port Orford 19772007 (0.18) (2.18)
0.107 0.0406 0.138 0.0563
South Beach 19672007 2.72) (1.03) (3.51) (1.43)
19612003 0.071 0.051i 0.0917'
- (1.8) (1.371 2.3)
Global averag -
19932003 0.12 0.094i 0.158'
(3.1) (2.47 3.8)
Table 15. SLR Trends in Northern California
(inches per year with mm/yr in parentheses. Table created by authors of this report.)
*indicates previously published trends Data not provided:90% CI;
Cl = Confidence Interval; MSL = Medbea level
Location Time Period | MSL trend”™ | 95% CF"® trl\gf(;_* 95% CI*
. -0.026 0.014 -0.019 0.017
Crescent City 19332007 (-0.69 (0.39 (-0.489 (0.44
. 0.186 0.0622
North Spit 19772007 473 (1.58 -- --
1961-2003 0.071 0.051|" 0.091
0 (1.8) (1.371 2.3)
Global averag® -
19932003 0.12 0.094i 0.18'
(3.2) (2.47 3.8)

“">NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aepn7)
4" NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aef7)
“’"|PCC.Climate Change 2007: The Physical Science Basis: Summary for Policym@Red, p. 5)
‘" NOAA. Linear mearsea leve{MSL) trends and 95% confidence intervals in mm/yr (web$aep7)
“"YNOAA. Linear mearsea leve(MSL) trends and 95% confidence intervalsrim/yr (website}2007)
“80|pCC.Climate Change 2007: The Physical Science Basis: Summary for Policyn(2kRe, p. 5)
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NorthwestCalifornia

Over the20th centurysea levehas riserapproximatelyseven inchealong the California coadt?
However, the available record for northern California is limited to two tide stations at North Spit on
Humboldt Bay and Crescent City near the border with Oregabl¢15). Several reviewers noted the
North Spit and Crescent City stations are the subject of intense scrutiny dueargehdisgcrepancy
between the measea levetrends reporte{Box 12).

Box 12 The effects of tectonic activity on the vertical referency/stem andsea leverise
measurements in Washington, Oregon, and California

In Washington, Oregaand particularly in northern Califorwiaere three tectonic plates interdbete is
significant tectonic activity due to the proximity of the Casedstiaction Zone off of the Pacific Coast.
Washington and Oregon reference data points along the coast haviebeled te accurately reflect thg
elevatiorof land relative teea levedut this work has not yet been done for the southern portiba of
Cascadi&ubduction Zone betwe&helter Cove, CA and the Califefdwagonstate boundaryocal
scientists in California have estimated differences in the reference points since theyeletéré988
(NAVDS88) could be several millimeters jpar wff. For examplBOAA tide gauges show relative sea l¢
rise on the North Spit of Humboldt Bay and relative sea level decline in Crescent City, suggesting
vertical errors due to seismic actitgviously unidentified benchmark inBtpliiases portions of tidal
records by up to 0.063 inches per year (1.6 mm/yr). This issue affects the ability to understand if r
land surface due to uplift will keep up with SLR and also to understand areas that will subside beh
uplift. Adversely disturbed vertical survey control datum affects every project using these benchmg
including sea level and circulation models, restoration projects, measuring sedimentation, and ma

The importance of this issue led Burgette arehgaks (2009) to quantify the spatial pattern of uplift r
western Oregon and northernmost California using tidal and leveling records. Relative uplift rates
levelingare adjusted to the tidal cycéounting for uncertainties in both datastyidey sources of
uncertainty include benchmark instability, tidal variations, seasonal cycles, river influences, and w
result of Burgette et al . &8s sealewbrthesHadfic Coast betdge
Crescent 1By, CA and Astoria, @ from 1925 to 2006:

Adjusted relativeea levahtes from 1928006
(inches per year with millimeters per year in parentheses)
Location Adjusted relatea levate Adjusted standard error
Crescent City, CA -0.021{0.54) 0003 (0.08)
Port Orford, OR 0.0120.31) 0.004 (0.10)
Charleston, OR 0.011 (0.29) 0.004 (0.09)
South Beach, OR 0.048 (1.22) 0.003 (0.08)
Garibaldi, OR 0.035 (0.88) 0.004 (0.09)
Astoria, OR 0.002 (0.04) 0.003 (0.07)

SourcaéBurgette, Weldon IISahdhidinterseismic uplift rates for western Oreegirikendaaiatign in locking
the Cascadia subductig2@o@eTable 1, g.p8rsonal communication with reviewers

“81%CA Natural Resources Agend§2009, p. 18)
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Future Projections

Global

Sea levelise projections vary by the model, assumptions, and scenariosTiadgel {3 Figure14).** By
the end of the Zicentury,sea levels projected to rise:

e 5.1inches (3cm) to 70 inche§179cm) by the end of the Ztentury(compared to the end of
the 20" century across all models and scenarios presented in this report

e 7.linches under the B1 scenat®23 inchesinder the A1F1 scenar{@8-59 cm) of SLR is
projeded by the end of the Ztentury (209€2099) by the IPCC in the AR4, compared to a
19801999 baseliné®

e 5.1to 7.1 inches (:38cm) under the B1 scenario, 7.1 to 9.8 inches23.8m) under the A1B
scenario, and 7.5 to 12 inchesA®cm) under the AZcenarioof SLRis projected by 2100 by
Meehl et al. (2005), compared to 1999 levi&fs.

e 20 to 55 inches (5@40cm) of SLR by 2100, compared to 1990 levels, is projected by Rahmstorf
(2007) using a ser@mpirical approach that assumes a proportiationshipbetween global
temperature and global SUR.

e 41 incheg104cm) under the B1 scenario 56 incheg143cm) under the A1F1 scenai(full
range of30-75 inches oi75-190cm) of SLR is projected from 1990 to 2100 by Vermeer and
Rahmstorf (2009) using semiempirical method, compared to 1990 lev&ls.

e 281042 inche$72-107cm) under the B1 scenario af8 to 63 inche$110-160cm) under the
A1F1 scenario of SLR is projected by the end of tiéc&htury (20962099 compared to 1980
1999 baselineby Grinsted et al. (2009) using a seempirical model linking SLR to temperature
with more parameters than those used by Rahmstorf (2007) and Vermeer and Rahmstorf
(2009)**"

82 Grinsted et al(2009) IPCC.Climate Change 2007: Synthesis Rep(007c) Meehl et al(2005) Nicholls and
Cazenave(2010) Rahmstor{2007) Vermeer and Rahmsto{2009)

“83|pCC.Climate Change 2007: Synthesis Rep@@07c, Table 3.1, p. 45)

84 Meehl et alHow much more global warming aséa levetise? (2005, p. 17760771) Meehl 6 s CCSM3 r e.
useamdel ing approach si miApgendix2fopantexplanatiorPOBRES and clifidtee as e s ee
modeling.

8> Rahmstorf A semiempirical approach to projecting futueea levetise. (2007, p. 369)The corresponding

correlation is highly significant (r = 0.88, P = 1.6 x®0with a slope of 3.4 mm/year per °C.

48%\/ermeer and RahmstoGlobal sea levelinked to global temperaturg2009, Table 1, p. 215321531)

“87 Grinsted, Moore and Jevreje\Reconstructingea levefrom paleo and projected temperatures 200 to 2100 AD.

(2009, Table 2, p. 467 )
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Wide variation in projected SLR by the end of th& @dntury has beeditributedto the observation that
sea levethanges cannot yet be predicted with confidence using models based on physical processes,

Figure 14. Global mearsea
level evolution over the 20th
and 21st centigs. The red
curve is based on tide gaug
measurements (Church anc
White 2006). The black cun
is the altimetry record
(zoomed over the 1992009
time span) (Cazenave and
Llovel 2010).Projections for
the the 21st century are alst
shown. The shaded lightue
zone represents IPCC AR4
projections for the A1FI
greenhouse gas emission
scenario. Bars are semi
empirical projections [red be
(Rahmstorf 2007); dark blue
bar: (Vermeer and Rahmstc
2009); green bar: (Grinsted
al. 2009)].Source:Nicholls &
Caznave (2010, Fig. 1, p.
1517)

because the dynamics of ice sheets and glaciers and to a lesser extent that of oceanic heat uptake is not
sufficiently understood® For examplesealevepr oj ect i ons
uncertainties in climatearbon cycle feedbacks nor do they include the full effects of changes in ice sheet
Therefore the upper values of the IPCC ranges given atte be considered upper bourfds

flow.

489

sea levelise

presented i

linearly with global average temperature change, the upper rangea lefvetise reported in the AR4
would increae by 0.3 to 0.7 feet (0.1 to O.Z?ﬁ)l.Two lines of evidence support projectionsseh level
rise exceeding those reported in the AR4:

“88x\/ermeer and Rahmsto2009, p. 21527)
“89+PCC. Climate Change 2007: Synthesis Rep@007c, p. 45)
490+ pCC. Climate Change 2007: Synthesis Rep@007c, p. 45)
“91%PCC. Climate Change 2007: Synthesis Rep007c, p. 45) n
Sections
492xOverpeck et alPaleoclimatic evidence for future isheet instability and rapidea levetise. (2006, p. 1747)
493 Overpeck et al(2006, p. 1747)
494xOtto-Bliesner et alSimulating Arctic climate warmth and icefield retreat in the last interglaciat@®06, p.

t he
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l onger
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—
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If the contribution from increased ice flow from Greenland and Antarctica were to grow

The record of past iegheet melting (130,000 to 127,000 years ago) indicates that the rate of
future melting and relate8LR could be faster than widely thoudftboth the Greenland Ice
Sheet and portions of the Antarctic Ice Sheet may be vulnérablering this time Otto-
Bliesneret al. (2006) report the Greenland Ice Sheet and other cifeatit ice fields likely
contibuted7.2 to 11.2 feet (2-:3.4m) of SLR***Kopp et al. (2009) findhe millennial average
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rate of globalSLRis very likely to have exceeded 18 feet per thousand years (&y6 5%
probability exceedance value) but is unlikely (33% exceedance valbeyé exceeded 30 feet
per thousand years (9.2kyr).**

¢ Recently identified accelerated decline of polar ice sheet mass (both Greenland and Antarctica)
in the last few year&®

o0 In Greenland: Rignot and Kanagaratnam (2006) repormedelerated ice dischardn
the westand particularly irthe eastloubled the ice sheet mass deficit from 90 to 220
cubic kilometers per year from 1996 to 2388 hen et al. (2006) report similar findings
during the period April 2002 to November 2005: the estimtatid ice meling rate is
239 * 23 cubic kilometers per year, mostly from East Greerifénd.

o In Antarctica: In a 23 square mile (60 Kijrarea in the Amundsen Sea region of West
Antarctica, the glaciers are 60% out of balance, sufficient to saeséeveby 0.0094
inches per year (0.24 mm/y‘lr%9 and all surveyed glaciers in this specific region have
thinned rapidly during the 1996%° Further, the catchment regions of the Amundsen Sea
glaciers contain enough ice to ragmsa leveby 4.3 feet (1.3 m), or 0.0094 inches per
year (0.24 mm/yr) for the next 5,416 yegq’]sWhile these glaciers are the most rapidly
advancing in Antarctica, they are likely to flow considerably faster once the ice shelves
are removed and glacier retreat proceeds into the deeper part of glacierr’%asins.

49%*Kopp et al.Probablistic assessment sé#a leveturing the last interglaciestage.(2009, p. 863)95%

exceedance valuadicates there is 85% chancehe listed value exceeds a given value.

49 xNijcholls and Cazenav&ea levetise and its impact on coastal zoné2010, p. 1517)

497+ Rignot and Kanagaratnai@hanges in the velocity structure of the Greenland Ice S{a886, p. 986)Rignot

and Kanagaratnam used satellitdaminterferometry in the study.

498 xChen, Wilson and Taplegatellite gravity measurements confirm accelerated melting of Greenland Ice Sheet.
(2006, p. 1958)This study used timeariable gravity meagements from the Gravity Recovery and Climate
Experiment (GRACE) satellite mission.

499+Thomas et alAcceleatedsea levetise from West Antarcticd2004, p. 258)At the time of velocity
measurementgjaciers in the study area discharged 253 + 5 cubic kilometers of ice per year to the ocean, while total
snow accumulation was 160 * 16 cubic kilometers per year over a catchment area of 393,000 square kilometers (see
p. 256).

*%*Thomas et al(2004, p. 256)

*1*Thomas et al(2004, p. 258)The authors cite Rignot (2001) for information on the ice content of the catchment
regions of the Amundsen Sea géas.

*92*Thomas et al(2004, p. 258)
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Table 16. Global AverageSea leveRise 19612100
(inches with cm in parentheses. Tableated by authors of this repprt
IPCC modek-based Meehl et al. Rahmstorf Vermeer and | Grinsted et
Scenario range (2005) (2007). Rahmstorf al. (2009)
or Year(s) | (20902099 relative | (2100 relative to (2100 relative (2009.) (20992099
0 19801999) 1999 levels) to 1990 (2100 relative to | relative to
levels) 1990 levels) 198G-1999)
0.0517 0.091
19612003 inches/yr
(2.37 2.3 mmlyr)
0.094i 0.15
19932003 inchesl/yr
(2.47 3.8 mmlyr)
2071 55
2100 (507 140)
B1 7.171 15 PCM: 5.1 (13) 3271 52 281 42
(1871 38) CCSM3: 7.1 (18) (81-131) (72-107)
ALT 7.817 18 3871 62 351 51
(2071 45) (97-158) (89-130)
B2 7.81 17 3571 57 3271 47
(207 43) (89-145) (82-120)
8.31 19 PCM: 7.1 (18) 3871 61 3671 52
AlB .
(217 48) CCSM3: 9.8 (25) (97-156) (91-132)
A2 8.171 20 PCM: 7.5 (19) 3971 61 371 54
8.2 (2371 51) CCSM312 (30) (98-155) (93-136)
ALF1 10.|. 23 447 70 4371 63
(2671 59) (113179) (110160)
*The model average associated with each scenadiali€04 cm) for the B1 scenarid, 5 (@14cm) for the B2
scenariod 9 (@24cm) for the A1T, A1B, and A2 scenarios, aéd (@43 cm) for the A1F1 scenario.

Southcentral and Southed@ddaska

Recent glacier retreat in the Gulf of Alaska coastal area of southeasilghdentral Alaska has resulted

in the land surface rising as it readjusts to the loss of glaciZfi€his isostatic rebound, combined with
activeregional tectonic deformatip results in a rate of land uplift that is greater than the projected rate of
globalsea leveltise® Thus, over the next century, the relatsem leveln these areas projected to
decreasdetween 2.1 and 3féet (0.641.0m).>*

British Columbia

Prgections for relative SLR by 21Q@aseline is likely 1980999, see footnotédr Prince Rupert,
Nanaimo, Victoria, Vancouver, and the Fraser River Delta are based on extreme low, mean, and extreme

*3xAK Department of Environmental Conservatiga010, p. 24)

04xAK Department of Environmental Conservatiga010, p. 24)

5 xAK Department of Environmental Conservatig@010, p. 24) The authors cite Larsen et al. (2004), Kelly et al.
(2007), and Pyare (20D%or this information. No baseline is provided.
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high estimates of global SLR #ble17).>° For the extreme low and mean estimates, three of five

locations fall below the global average. The notable exception is the Fraser River Delta, where projected
SLR exceeds (or nearly exceeds) the global average. For the extreme high scelwritioals are

projected to exceed the global average SLR. This may be due to differences in modeling scenarios; the
study does not provide detailed information on the scenarios used.

Table 17. Relative SLR by 2100 for Selected Blcations
(feet with meters in parenthes@able modified fronBornhold (2008, Table 1, p. &)y authors of this repo)t.
Location SLR (extreme low SLR (meanestimateof SLR (extreme high
estimate of global SLR global SLR estimate of global SLR
Prince Rupert 0.37 1.0 0.101 0.31) 0.8271 1.5 (0.2571 0.46) 3.17 3.81 (0.95 1.16)
Nanaimo -0.1(¢-0.09 0.36 0.1 2.6 0.80
Victoria 0.067 0.13 0.0271 0.04 | 0.5671 0.62 0.177 0.19 2.97 3.1 (0.891 0.99
Vancouver 0.17 0.59 0.041 0.18 0.6671 1.1 (0.2071 0.33 2.91 3.4 (0.891 1.03
Fraser River Delta 1.1 0.39 1.6 0.50 3.94 (.20
7 0.591 1.2(SRES B1 0.697 1.6(SRES A1B 0.851 1.9(SRES A1F1
Global average (0.18'|'( 0.39 ) (0.21(1' 0.48 ) (o.2é'|' 0.59 )

Washington

In Puget Soundafi me di umo e s thy 2688 is six ireHes (8&n)Rnd by 2100 is thirteenches

(34 cm) relative to 19801999°% On the northwest Olympic Peninsula, very little relative SLR will be

apparat due to rates of local tectonic uplift that currently exceed projected rates of glob2¥ 81eR

imedi umo e st inateSLReby 2060candawo inshesrn4ocm) of SLR by 2t8eiowever, this

tectonically driven uplift is periodically halted by stgpsubduction zone earthquakes, which cause the

ocean floor to drop, some areas to rise, and other coastal areas to sinkdzelevef'* Uplift may also

be occurring along the centia@hd southern Washington Coastrates lower than that observed on the

northwest Olympic Peninsylaoweverthere is a lack of available data for this region and it is difficult to

predict SLR in the coming centuf‘%T he fimedi umd est i meutherncbastprojecise cent
five inches (12.&m) SLR by 2050 and elenénches (2&m) SLR by 210613

Combining the IPCC high emissions scenario with 1) higher estimates of ice loss from Greenland and
Antarctica, 2) seasonal changes in atmospheric circulation in the Pacific, and 3) vertical land deformation,
a lowprobability high-impact estimate of local SL®r the Puget Sound Basin is 22 inclg@sout 55 cm)

by 2050 and 50 inch€428 cm)by 2100°** Low-probability, high impact estimates are smaller for the
central and southern Washington cda$8 incheqabout 45 cmpy 2050 and 43nches(108 cm by

% Bornhold.(2008) This study uses IPCC SRES scenarios, which use a198®baseline.
07 |pCC.Climate Change 2007: Synthesis Rep(@®07c, p. 45)

%08 xMote et al.(2008, Table 3, p. 10)

%9 Mote et al.(2008, p. 3)

1%+ Mote et al.(2008, Table 3, p. 10)

*L1+\WA Department of Ecology(2011)

*1ZxMote et al.(2008, p. 3Y2008)

*3*Mote et al.(2008, Table 3, p. 10)

*14*Mote et al.(2008, p. 3)
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2100)1 andeven lower for the northwe&lympic Peninsuld 14 inches(35 cm) by 2050 and 3%ches
(88 cm) by 2100 due to tectonic upﬁf@These projections are relative to a 19809 baseline'®

Oregon

Combining the IPCQigh emissions scenario with 1) higher estimates of ice loss from Greenland and
Antarctica, 2)seasonal changes in atmospheric circulation in the Pacific, and 3) vertical land deformation,
alow-probability highimpact estimate of local SLR for the areashaf coast experiencing littiertical

land motionge.g. Tillamook Countyis 22 inches %5 cm) by 2050 anB0 incheg128 cn) by 21003"

NorthwestCalifornia

Estimates of up to 55 inches (1.4 metersded levelise under the A2 emissions scenaric2ip0 are
projected(baseline is likely 1990 levels, see footn)Gt&This projection accounts for the global growth

of dams and reservoirs and htvey can affect surface runoff into the oceans, but it does not account for
the possibility of substantial igaelting from Greenland or the West Antarctic Ice Sheet, which would
drive sea leved along the Californiaoast even highét! Projections ofea levetise under the B1

scenario are still several times the rathisforicalsea levetise, and would bahe differ under a
stringent fApol i cy emissomsaouldbeXrastically wehducémshayt|eeeh @nla
lower emissions trajectory and without the addition of meltwater from the major continental ice sheets,
sea leved in the 21st centyrcan be expected to be much higher thea leved in the 20th centurs?

Information Gaps

Information is neededn regional trends in Oregon and northern California, as the available records are
limited or the available data varies widely around the miglame specific projections for Oregon and
northern Californiaare also needeéor the Gulf of Alaska region, Sigler et al. (2008) state three
additional climate information needsea levebnd 500 mb pressure mapsadoutput from the Fifth
Generation [dtional Center for Atmospheric Research/Penn State Mesoscale Model (MM5) (which
simulates mesoscale and regional scale atmospheric circé®tioduding winds’>®

*1>Mote et al.(2008, p. 3)

*1®Mote et al.(2008, p. 3)

*17*Ruggiero et al(2010, p. 218)

18 CA Natural Resources Agend{2009, p. 18) The authors cite the work of Rahmstorf (2007), which projects
SLR for 2100 compared to 1990 levels using a seimpirical method, for their SLR projections. Please see the
global projections for SLR section of this report for further detail on the &tydRahmstorf (2007).

9% CA Natural Resources Agend§2009, p. 18)

20xCA Natural Resources Agendi2009, p. 18)

2L*CA Natural Resources Agendi2009, p. 18)

*22\\orldwinds, Inc.About MM5 (website2011)

*ZxSijgler, M.; Napp, J.; Hollowed, 2008, p. 69, 73)
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7. ALTERED PATTERNS OF COASTAL UPWELLING

Box 13 Summary of observed énds and future projections for coastal upwelling
Observed Trends

e Available data suggetsts equatorward alongshore wind stress that drives coastal upwelling
increased during upwelling seasons from 1948 t624988.

e Substantial upwelling of nutrients oveomaortions of the shelf in the Coastal Gulf of Alaska |
beenreported, despite the fadnds are genaly downwellinfavorablemost of the yea&ps

e The coasts of British Columbia, Washington, Oregon, and California are strongly influence
seasonalpwelling, which typically begins in early spring and ends in late sumna&r or fall.

0 The intensity of upwelling may have increased over the last half bicé& @@ off the
coasts of southern Oregon and northern Califéfiiae trends are not signdints28

Future Projections

e There is evidence that climate change could alter coastal upwelling patterns and boost the
deep, hypoxic (i.e. laaxygen) waters into productive nearshore 2&p¥s.

e Along the B.C. coastymmer upwellirfavorable wids are projected to increase in speedlbyb
and rotate clockwise by ~5% (statistically significa2®88099 (1974995 baseline; A1B).
Projected changes suggest a coherent pattern: betwe2t2080d 208099, they amplify by a
factor of 2 013532

e Using data gathered off the northern Oregon coast, 17 models predict increases in July up
(two models project substantial decreases) fo2289(19889 baseline; A1BRHowever, given
inherentimitations in properly modeling upwellitigprojections are highly uncertgm.

e Snyder et al. (2003) have projected increased upwelling between San Francisco and the C
border under scenarios of increased carbon dioxide concentrations (e.gv5828ipppm
baselin®r using the Al scena(@85686 ppm) vs. 33869 ppm baselin®>The peak is projectec
to shift later in the year, while the onset of upwelling is projected to occur up to a m@ath lat

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

24 Bakun.Global climate change and intensification of coastal ocean upwe(i290, p. 200)

2 Hermann et alQuantifying crossshelf and vertical nutrient flux in the Coastal Gulf of Alaska with a slatia

nested, coupled biophysical modé2009, p. 2474)

26 Feely et alEvidence for upwelling of corrosive "acidified" water onto the continental {2€168)

2" Mote, Gavin and HuyerClimate change in Oregon's land and marine environmé2€4.0, p. 2627)

28 Mote, Gavin and Huye2010, p. 2627)

2% Grantham eal. Upwelling-driven nearshore hypoxia signals ecosystem and oceanographic changes in the
northeast Pacific(2004)

39| evin et al.Effects of natural and humanduced hypoxia on coastal benth¢009)

! Merryfield, Pal and Forema(2009, p. 10)

32 Merryfield, Pal and Forema(2009, p. 10)

*3Wang, Overland and Bon¢R010, p. 265)

34 Wang, Overland and Bon¢R010, p. 265)

>3 Snyder et alFuture climate change and upwelling in the California Curré2003, p. 8.2, &)

3¢ Snyder et al(2003, p. 84)
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Definition and Causes ofAltered Patterns of

CoastalUpwellin
The California Current (CC3is a P g

~62L-milewide (1000 km), sluggish ct '  Upwelling refers to the replacement of shallow surface
s@nning the Pacific CoastX@0h treal | water by deeper, colder, saltier, nutrieich, and oxygen
Guadalajarislexico) to 50°N (northerr | noor water in regmse to equaterard winds pushing
Vancouver Island). Itis the dominant |  grface waters offshof&. Upwelling of deep water occurs
in the NPLCC region south of 50°N . | 50ng the western margof continents when the wind
Superimposed on the mean flow, alc | pjows towards the equatéFigure15).5%¢ As the wind blows
winds blowing toward the equator ré | e water towards the equattire Coriolis force causes the
upward movement of deeperichulvét | \arer to turn west and away from the cd¥stlong the
(known as upwelling). Dynamicsdnflt | -~ ot fromvancouver Island to Baja Californ(ze. in the
the CCS at finer geographic scales il | ¢, ,q1a| waters of the California Currertlongshoravinds
coagtllne shape (straighter in t.he nor blowing toward the equator pushrface waters offshore
contlngntal shelishapeiandiwidtn (W from approximately April through Octoh&f These surface
Hitte [ e e} .the rEgEmEE 0l waters must be replaced by otheltava, a process that
;:rigs\?;e(mzzliife%mr:&ghé’i\?:: occurs viahe upwelling ofcold, salty, nutrientich, CO,-
Sivait o Qv ol Fues, T samal, o rich, and oxygeroorintermediatejepth(3?8 to 656 ft;
T PR ——— — z;mc 190 to 200 m) offs.hore waters onto fdtmtlnenta'll shelf
also increases with deliguide: Air-sea fluxes during coastal upwelling result in net uptak
of atmospheric @and a concomitant release of marine,CO
Source: Hickey & Ba2@8) Hickey & | (upwelled waters have more génd less @than the
Banag2003) marine air, so marine G@s released to the air and
atmospheric @is absorbed into the ocean to restore the
balance at the asea interface®*

The central and southern coastal region off western North Anisist@ngly influenced bgeasonal
upwelling, which typically begins in eargpring when the Aleutian loywressure systemoves to the
northwest and the Pacific Highovesnorthward, reslting in a strengthening of therthwesterly
winds®>* The upwellingtypically lasts until latessummer or fall, when winter storms rettffmndwinds
blow from the equataoward the poledorcing surface waters onshore instead of offsiamewn as
downwdling).

3" Feely et al(2008)

38 Monterey Bay Aquarium Research Institutgwelling (websi). (2010)

%39 *Monterey Bay Aquarium Research Institu2010)

*0*Hauri et al.Ocean acidification in the California Current Systg2009, p. 63)

*lxFeely et al(2008, p. 1491)

42| yeker.Coastal upwelling fluxes of ON,0, and CQ assessed from continuous atmospheric observations at
Trinidad, CA.(2004, p. 106)

*3xFeely et al(2008, p. 1491 he authors cite Hickey in Volume 2 ©he SegRobinson and Brink, Eds,1998)
and Pennington and Chavez (2000) for this data.

*44xFeely et al.(2008, p. 1491)
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As described irChapteril, recent decades have seen a substantialbpittf CQ and other greenhouse
gases i n the °ResutihgbhEbitia ofmighitimércealing and enhancemehtaytime
heating should leamb intensificationof the continental thermé&bws adjacent to upwelling regiorfS.
Thisintensification would be reflected in increasashoreoffshore atmospheric pressugeadients,
intensified alongshore windand accelerated coastal upwelling circulatidh®Vith intensfied

upwelling, enrichment (i.e., of the waters with food sources due to upwelling) can be increased which
would be beneficial to organisms, however the concentration of sufficient food to sustain a population
may be decreased due to increased mixingateation {.e., of the organisms and the food sources in the
same area) may also be decreased by increased seaward transport of surfaéweatal. this could

have a negative effect on the marine ecosystems, as the current balance of these tisréenfadtment,
concentrationandretention) will change with changes in upwellfiy.

Observed Trends

Global

Data from widely separated areas around the world (e.g. California, Peru, Spain) suggest that the
equatorward alongshore wind stress that drogesstal upwelling increased during the respective
upwelling seasons from 1948 to 1988.

Alaska

The winds off of Alaska are generally downwellifayorable at the coast over most of the y&hr.
However, Hermann et al. (2009) report substantial upwedlingitrients over major portions of the shelf
in the Coastal Gulf of Alaska, driven by local wistless curt>® These effects are large enough to
overwhelm the smaller downwelling flux at the coast throughout the growing séa$bese results are
derivedfrom a nutrient transport budget informed by output from a spatially nested, coupled
hydrodynamic and lower trophic model of the Coastal Gulf of Ald¥ka.

Southern British Columbia, Washington, Oregon, and California (the California Current System)

From nathern California to southern Vancouver Island, the magnitude of -alogifjwind stress
decreases by a factor of eiéﬁ?.UpweIIingLfavorable wind stress is weaker by as much as a factor of two
off the coast of Washington than off the coast of Oré@gfﬁhe Oregon Climate Assessment Report

45 *Bakun.(1990, p. 198)The authors cite Ramanathan (1988) for this information.

46 xBakun.(1990, p. 198)

*47*Bakun.(1990, p. 198)The authors refer to Figure 1 in the cited report.

*48xSnyder et al(2003, p. 84)

9% gnyder et al(2003, p. 84)

0% Bakun.(1990, p. 200)

*lxHermann et al(2009, p. 2474)

®2xHermann eal. (2009, p. 2474)

3xHermann et al(2009, p. 2474)

®4*Hermann et al(2009, p. 2474)

> +Hijckeyand Banaswhy is the northern end of the California Current System so produ¢f0é8, p. 92)
*¢xHickey and BanagDceanography of the U.S. Pacific Northwest Coastal Ocean and Estuaries with Applicatio
to Coastal Ecology2003, p. 1028)
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(OCAR) reports on three estimates of the alongshore wind stress as indicators of the intensity of
upwelling557

¢ Wind measurements at Buoy 4605(bout 20 nautical miles, or 37 km, west of Newport):
Hourly measurements began1985, and data are available from NOZRAThis time series is
not yet long enough to determine a legegn trend, but data indicate that the average intensity of
upwellingin each year from 2005 to 2008 was stronger than the&0average of 1986
2005>°

e Wind stress data(from the National Center for Environmental Prediction, NCEP, and Kalnay et
al., 1996 data available since 194®aily wind stress values were used to determine the dates of
onset and cessation of seasonal upwelling, and to cidhimaverage and variance of the
alongshore wind stress during each upwelling se#8@he seasonal average has no significant
trend, but the variance has increased significantty the last fifty years, by about thiiye
percent off the southern &gon coast (45°N) and by about fifty percent off the northern
California coas{41°N).**

¢ Monthly values of the Coastal Upwelling Indexoff the coast of southern Oregon (45°N,
125°W) and northern California (42°N, 125°%#jovided by the Pacific Fisheries &ronmental
Laboratory http://www.pfeg.noaa.ggvAveraging the June, July, Auguand September (JJAS)
values together yields an annual estimate of the intensity of upw&Hifige average JJAS index
at this Iecation increased over the past fiftgars, particularly offouthern Oregagrthough much
of the trend is due to a recent decade of strong winds (12®35)>° Slow variations in the
elevenyear running average do not seem to be correlated hatRDO***

NorthwestCalifornia

Observations show that wirdtiven upwelling alonghe California coast has increasmekrthe past 30
years(specific time period not provided; however, the article was published in.2008)ing upwelling
events off the coast of TriniddHead in northern California, regiorait-sea fluxes of g nitrogen (N),
nitrous oxide K,0), and CQ were monitored®® As expected, griods of lowPotential Oxygen of the
Atmosphere (APO, a signal of marine oxygeaincidedwith elevated levels dfl,O, offshore flow, and
reduced ocean temperatur&ddowever, it was found that atmospheric APO &h@® are constraining
two independent aspects of coastal biogeochemisiy:ddnstrains the rate of ventilation of the

%7*Mote, Gavin and Huye(2010, p. 26)

8 Mote, Gavin and Huye(2010, p. 26)

9% Mote, Gavin and Huye(2010, p. 26)

0+ Mote, Gavin and Huye(2010, p. 26)

1% Mote, Gavin and Huye(2010, p. 26)

62 Mote, Gavin and Huye(2010, p. 27)

%3 *Mote, Gavin and Huye(2010, p. 27)

%4*Mote, Gavin and Huye(2010, p. 27) The authors cite Mantua et al. (1997) and suggest seeing Section 2.2 in
OCAR.

%5 gnyder et alFuture climate change and upwelling in the California Curr¢2@03, p. 81)

%% | yeker.(2004, p. 103)

67| yeker.(2004, p. 103)It was alsdfound that upwelling C@fluxes represented about 10% of exportduetion
(organic matter from primary production that is not converted to inorganic forms before sinking in the ocean) along
the northwest coast of North America (see p. 101).
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subsurface waters, while APO constransombination of subsurface ventilation and mileager
biological productior®®

Future Projections

Global

There is evidencthat climate change could alter coastal upwelling patterns and boost the delivery of
deep, hypoxigi.e. low-oxygen)waters into poductive nearshore zon&E°"° With increased global
warming, thecoastal surface waters in subtropical and tropical eastern ocean boundaries (e.g. the
California Currentould cool relative to the surfacesaither the continental land mass on one side
the ocean interior on the othét Similarly, & atmospheric greenhougas content increases, the rate of
heating over the land farther enhanced relative to that over the ocean, partica@anmyghitime

radiative cooling is suppressed by an incregdiegree of blockage of outgoing longwave radiation.
This causes intensification ¢fie low pressure cells over theastal interiof!® A feedback sequence is
generated as the resulting pressure gradient increase is matcheapgréional wind increasevhich
correspondingly increasése intensity of the pwelling in a nonlinear mannely apower of 2 or more
under these strong wirabnditions)which, in concert with ocean surfaceoling produced by the
intensified upwelling, furtheenhances the laihsea temperature contrast, the associatessshore
pressure gradient, the upwellifayvorablewind, and so on’

Southcentral and Southeast Alaska

Information needed.

British Columbia

Merryfield, Pal, and Foreman (2009) examine future trends in nubelétels in response to human
induced climate changdong the B.C. coast® Two intervals, 2032049 and 2082099, are compared
to the 19761995 baseline period (A1B scenari).

In the winter season, when marine winds are genegalltherlyand downwellng favorable, the
multimodelensemble mean exhibits statistically insignificant chaigesisting of an approximatelfive
percenintensification and slightounterclockwise rotatioH!

In the summer upwelling season, when climatological winds are plymarithwesterly under the
influence of the North Pacific High (NPl semipermanent, subtropical area of high pressure in the

%8| yeker.(2004, p. 104)

°%° Grantham et al(2004)

"% evin et al.(2009)

"1*Bakun.(1990, p. 200)

"2xBakun and Weekssreenhouse gas buildup, sardines, malnine eruptions and the possibility of abrupt
degradation of intense marine upwelling ecosyst¢at®4, p. 1016)

53 *Bakun and Week$2004, p. 1016)

" *Bakun and Weekg§2004, p. 1016.017) The authors cite Trenberth et al. (1990) for information on the specific
increase in intensity of upwellirigby a power of 2.

> *Merryfield, Pal and Foremn. Projected future changes in surface marine winds off the west coast of Canada
(2009, p. 6)

"% xMerryfield, Pal and Foremari2009, p. 6)

*""*Merryfield, Pal and Foremar§2009, p. 9)
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North Pacific Ocean, strongest in the summer and displaced toward the equator during winter when the
Aleutian Low becomes moreothinanj, the projected changes implied by the multimodel ensemble mean
consist of an increase in wind speed together with a clockwise rotation of the wind®¥&dterchanges

in 2080 2099 relative to the 1978995 base period are statistically significand amount tdive to ten
percent increases in wind speed and approximatetioBkwise rotations in wind directio¥?’ In addition

the projected changes consistently amplify by a factowofto threebetween 2032049 and 2080

2099, suggesting a cohategattern of chang&’

By comparisonWang et al(2008)found that most of the climate models they considered show an
increase in alongshore, upwelling favorable wind stress°at dbng the Oregon coast in summer
between 19801989 and 203®039°* Thesechanges appear consistent with a gross northward shift in
the pattern of upwelling favorable winds along the North American west®¥b&sth a shift in turn is
consistent with modeled changeslimeJuly-August mearsea levepressurewhich correspond® a
northward shift in the NPFf?

Washington
Information needed.

Northern Oregon

Wang, Overland, and Bond (2010) assessed the decadal averaged upwelling index for July off the coast of
northern Oregord®°N, 125W) and projected changes from 198®t02030-39 using the A1B

scenario® They state that for the California Current region, seventeen models predict increases in July
upwelling with only two models (CSIR@k3.0 and PCM) indicating substantial decred$dsiven the

inherent limitations of the nuels to properly handle upwelling, the projections from Wahgrland,

and Bondoés analysis are highly®uncertain, and fur

Southern Oregon andorthwestCalifornia

According to Diffenbaugh, Sualer and Sloan (2004$nyder et al(2003)have shown that both the
seasonality and peak strength of upwelling in the California Current (along the California coast only) are
sensitive to elevated G@oncentrations, with radiative forcing resulting in an intensified peak season in
the nothern region (north of Point Conceptiof)Using a regional climate model run under four cases
(constant concentrations of 280 ppm and 580 ppr @@ comparing 1980999 to 2082099 under

the Al scenario), Snyder et al. (2003) show that increasgdo@ing affects winestress curl by causing

"8 *Merryfield, Pal and Foremarf2009, p. 10) The authors cite Bograd et al. (2002, Fig. 1b) for information on
winds in thesummer upwelling season under the influence of the North Pacific High.

> *Merryfield, Pal and Foremarf2009, p. 10)

*80xMerryfield, Pal and Foremar§2009,p. 10)

*lxMerryfield, Pal and Foremar§2009, p. 10)

82 *\Merryfield, Pal and Foremarf2009, p. 10) The authors cite J. Fyfe, personal communicatioogy for this
information.

*83xMerryfield, Pal and Foremarf2009, p. 10) The authors refer the reader to Fig. 8 (bottom) in the cited report.
*84xVang, Overland and Bondlimate projections for selectedrje marine ecosystem(8010, p. 265)

%3 #\\ang, Overland and Bon@2010, p. 265)

%8¢ #\\ang, Overland and Bon@2010, p. 265)

*87xDiffenbaugh, Snyder and SloaBould CQ-induced lanecover feedbacks alter neahore upwelling regimes?
(2004, p. 27)The authors cite Snyder et al. (2003)
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an increase in the larmtean temperature gradiéfftThis temperature gradient, which is substantial
during the summer months, contributes to the alongshore winds that drive up#eRimgthe Upper
Northern regio (San Francisco Bay to ti@alifornialOregon border) the winsltress curl increases are
concentrated in the warmest months of June through Septettibemporally, the peak of the upwelling
seasoris projected to shifiater in the year and the onseprjected to occuup to a month latef*

In contrast to Snyder et al., Mote and Mantua (2002) find that thephégsure cells associated with mid

latitude coastal upwelling are robust features of the climate and are relatively unaffected by climate
changeunder two global climate simulations (comparing the 2080s to the 199Bs)\wever, the model
underestimates interdecadal variability, which complicates detection of an anthropogenic influence on
upwelling.593 Bakun and Weeks (2004) state that the inconctusggults produced by gloksdale

climate change models such as those used by Mote and Mantua (2002) necessarily confound the smaller
scale neacoastal intensification response with an opposite larger-saaie relaxation response.
Further,theystatt hat Snyder et al . 6s (2003) simulations ha
hypothesis because they use a regional climate model possessing sufficiently higher resolution to

effectively differentiate between the two effetts.

These studies illustta future projections of coastal upwelling due to climate change remain uncertain.
We leave further discussion of coastal upwelling and its impacts under a changing climate to other
sections in this report, nameBection 8 of this Chapter (altered patteofi coastal hypoxia and anoxia),
Sections 1 and 2 in Chapter IV (altered nutrient cycling and altered ocean productivity, respectively),
Sections 2 and 3 in Chapter VI (altered phenology and development, and shifts in community
composition, competition,na survival, respectively), and Chapter VIl (implications for key fish, wildlife,
plants, plankton, and shellfish).

88 xgSnyder et al(2003, p. 84). In the 19801999 period, C@concentrations ranged from 338 to 369 ppm. In the
20802099 periodCO, concentrations ranged from 635 to 686 ppm.

*89xgnyder et al(2003, p. 84)

*90xgnyder et al(2003, p. 84)

*1xSnyder et al(2003, p. 84)

*92xMote and MantuaCoastal upwelling in a warmduture. (2002, p. 1,2)

93 *Mote and Mantua2002, p. 3)If the simulations presented by Mote and Mantua are correct, then ntelong
trend in upwellig would be expected, and the variability and trends in observed upwelling have no anthropogenic
component. | f, on the other hand, the model sd underrepi
with an inability to represent anthropogemifiuence, for instance through unrealistic locking to geographic
features, then these projections of a changeless upwelling regime are uhldtetythese sentences are from the

cited report, page 3.

*94*Bakun and Week$2004, p. 1017)

*%*Bakun and Weekg§2004, p. 1017)
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Physical Processes in the

California Current System Calltortila Curtsnt
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Figure 15. Primaryphysical processes in the California Current System (CCS) in summer. (Left) A map of tl
with bottom topography and typical suzéacurrents (blue arrows), showing the location of submarine canyon
(red), regions with I onger than average residen
(yellow, the Strait of Juan de Fuca and the Columbia River). Then®iduRiver plume is depicted in the bi
directional pattern frequently seen in the summer season. Regions where upwelling is primarily two dimen
(fistraight coast upwellingo) are differenthfaitlea:
and jetso). (Right) A cartoon s hosubregignofthe CCSimplan \ge
(upper) anctross section (lower). In the cross section, ciralils dots indicate equatorward flow; circlesth
crosses inaiate poleward flow. Retentiareas over banks, behind capes, and within bagisestuaries are notec
green text. Upwellingvater next to the coast is shown as darker Nate that river plumes are generally warmu
thancoastal waters in summeoure: Hickey and Banag2008, Fig. 1, p. 92)
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Information Gaps

Information is neededn regionatrends angbrojections of coastal upwelling, particubafbr Alaska,
British Columbia, and Washingto8ince climate change is likely to affect upwelling in various (poorly
understood) ways, Peterson and Schw#if8)identify a number of information needs relative to
climate change and upwelling respof$e:

Dates of spring and fall transition, length of upwelling season, overall average magnitude of
upwelling, and some measure of the frequency of upwelling events in relation to meanders in
the jet stream (sensu Bane et al., 2007). A forecast of the approxiatatef spring

transition would be useful in forecasting migration and recruitment for many species.

An index of when the upwelling system has truly transformed from a winter unproductive
state to a summer productive state. This will require an indbiolafgical variables.

Actual measures of the effectiveness of upwelling in terms of the depths from which water
upwells, and the nutrient content of that water. A connection between upwelling and
stratification will allow study of the biological effectiness of upwelling.

Better spatiallyresolved coastal wind fields, from satellites or blended measnoeéled
products.

Improved atmospheric models with higksolution winds, ocean models with upper ocean
and coastal circulation and density and nutsgent

Improved regional climate models with projections of the timing, intensity and location of
coastal upwelling.

Ocean models with reliable coastal physics and high resolution to capture Ekman transport
and ocean stratification, and can be coupled t@mbichl models to determine phytoplankton
production, biomass, subduction, and grazing.

Forecast models to give shderm and seasonal predictions of wind forcing and upwelling in
coastal areas.

An El Nifio/La Nifia forecast to assist in determining th@rig and strength of upwelling, as
well as the quality of source water.

% *peterson and Schwin(R008, p. 55)
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8. ALTERED PATTERNS OF COASTAL HYPOXIA AND ANOXIA

Box 14 Summary of observed trends and future projections for coastal hypoxia and anoxia
Observed Trends

e Seasondlypoxia is a normal occurrence off the coasts of southern BC, WA, OR5and CA.
However, an increase in severe hypoxic events has been observed off the OR and WA co.
2002598

0 Severe hypoxia (0.21.57 mL/L DO) was detectedd23.1 miles @ km)off the central
OR coast in Juigeptember 2062
0 Hypoxia overed an especially largearéa WASds conti nental $
dissolved oxygdiO) concentrations tdate (<0.5 mL/L) were recorded at the inner
shelfé®0From 2002005, hypogievents were within the rangg\A 6 s hi st @t
¢ In deeper waters off the coast of British Columbia, the hypoxic boundary rose from appro
1300 feet to about 980 feet (4D about 306n) deep over fifty years (1258602

Future Projections

X

e Presentlay anomalous hypoxic events are consistent with expectations of how these syste
be altered due to climate ch&igjdowever, it has not been proven that climate change is th
causéo

e As oxygen declines in the subarctic Pacifibyfieic threshold will rige.

¢ It would take a little more than 20 years to create hypoxia in waters off the BC coast, assu
ventilation and an oxygen consumption rate of dl@um o I yrk60§A more precise time perid
was not provided; however, the study was published in 2007.

(D

~ =

Note to the readerin Boxes, we summarize the published and grey literature. The rest of the re
constructed by combining sentences, typieabatim, from published and grey literature. Please sge
Preface: Production and Methodology for further information on this approach.

Definition and Causes ofAltered Patterns of CoastalHypoxia and Anoxia

AHypoxi ad descr i berscolunhtbatislargely deficiemt of dissdlvechoxydem t e
generally, a body of water is considered hypoxic when there is lesswbanilligrams of dissolved

97 Chan et al(2008) Connolly et al(2010) Grantham et al2004) Partneship for Interdisciplinary Studies of
Coastal Oceand1SC0).(2009)

% Connolly et al(2010) Grantham et a(2004) PISCO.(2009)

%9 Grantham et a2004, p.750)

8% Connolly et al(2010, p. 1)

%91 Connolly et al(2010, p. 1, 8)

92 Whitney, Freeland and Robe(2007, p. 179)

893 p|SCO.Hypoxia off the Pacific Northwest Coa&2009)

804pISCO.(2009)

85 Whitney, Freeland and Robef2007,p. 196)

8% Wwhitney, Freeland and Robe2007, p. 197)The authors cite Feely et £004) for the oxygen consumption
rate.
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oxygen per liter of watgi2.0 mg/l_).6°7ﬁ Anoxi ao i sheawaterbody that dbeoislaf r i

dissolved oxygerf-or eaclfF (°C) that water warms, oxygesolubility (the capacity to dissolve oxygen)
decreaseby about1% (about 2%y Severaphysical and biological processeseiract to create hypoxic
eventg(Figure16):

¢ Changing wind patterns and ocean currentsChanging wind patterns and ocean currents
promote upwelling anddvectionof low-oxygen nutrient rich (i.e. nitrogenich) deep ocean
waters®®® Thesefi 0 x ygen mini mu mnawmllyiedeap wateasnwhererespination
removes oxygen that is not replenished by contact with the sea sq}ﬁtakmvelling, however,
can transport these oxyg@oor waters onto productive continental shelves, where respiration can
further reduce waterolumn dissoled oxygen (DO) content and thus subject coastal ecosystems
to the risk of hypoxia or anoxf4*

¢ Oxygen demand exceeds oxygen suppBiological oxygen demand exceeds the supply of
oxygen from surface waters, typically as a result of increased microbiabtespistimulated by
accumulated carbon from enhanced primary production in surface WHtEre enhanced
production results from increased nitrogen (and sometimes phosphorus) avaﬁjaaoility

o Stratification: Oxygen depletion is exacerbated in situationgmgtwater masses are highly
stratifiedor isolated from oxygenated water bodiésStratification results from strong thernual
salinity gradients; for exampl&om excessive rain or rundifom land®*

e Age, temperature, and salinity:Hypersaline watersna warm waters hold less dissolved
oxygen than cold, fresher wat®f. Where warm, saline waters enter the ocean or where waters
are very old, hypoxia is more likefy.

€97 Information as cited iGrantham et a2004) Upwelling-driven nearshore hypoxia signals ecosystem and
oceanographic changes in the northeast Pacific

% xNajjar et al.The potential impacts of climate change on the-Atldntic coastal region(2000, p. 226)

%9 Grantham et a(2004)

®1% Grantham et a(2004)

®11* Chan et alEmergence of anoxia in the California Current large marine ecosy$g98, p. 1)

®12+| evin et al.(2009, p. 3566)

13| evin et al.(2009, p. 3566)

614+ | evin et al.(2009, p. 3567)

15| evin et al.(2009, p. 3567)

618x | evin et al.(2009, p. 3568)

7% evin et al.(2009, p. 3568)
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Figure 16. Schematic diagram illustrating the mechanisms underlying the formation of hypoxia
experienced by benthos along tinantal shelvesSource:Levin et al.(2009, Fig. 1, p. 3648)

Global climate change could increase the likelihood of hypoxia in the ocedgsastal environments by
altering the physical environment in at lefage ways:

Increased water temperature:As a result of increasing SST, less oxygen will be able to
dissolve into the warmer watete

Increasing stratification: Most of the timestratification is a natural process, but letegm

warming trends in the ocean, climaidated precipitation changes, and altered riverine input can
insert a human elemeftt.

Altered wind and upwelling patterns: The wind patterns that cause upwelling are idyzart to
temperature differences between the land and ocean surface, and it is thought that global climate
change will promote more heating over the land than over the neighboring ocean, thereby
resulting in more intense upwelling events that may bimgdxygen water closer to the shore

and ocean surfac®.

Ocean acidification: Reduced transport of organic matter to the deeper layers of the ocean
(caused by impacts to calcifying organisms) ldadsnhanced remineralization of organic matter

in shallowwaters®* This effect leads to higher oxygen demand in the upper ocean, resulting in a
drop in the dissolved oxygen concentration tii&Because these waters constitute the source of
the upwelling waters in th€alifornia Current System (located off theasts of California,

Oregon, Washington, and southern British Columtsiagh a decrease likely will cause more
frequent lowoxygen events along the $) West coast in the futufé However, Hauri et al.

618 x California Natural Resources Agen€glifornia Climate Adaptation Strateg§2009, p. 66)

19| evin et al.(2009, p. 3567)

620xBakun.(1990) Bakun and Week$2004)

82LxHauri et al(2009, p. 69) The authors cited Balch andddff (2009) for this information.

22 Hauri et al (2009, p. 69) The authors cited Hofmann and Schellnhuber (2009) for this information.
623 *Hauri et al(2009, p. 69)
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(2009) note that such concomitant perturbations @saplicate their detection and
surveillance®

Researchers suggest that, in areas with strong seasonality such as the coastal waters of the western coast
of North America, organisms are susceptible to mortality when dissolved oxygen concentrations fall

below 1.0 mL/L and mass mortality occurs at concentrations less than 0.5°fihese conditions

occurred off the Oregon coast in 2002 and 2006, resulting in mass mortality of fish, Dungeness crab, and
bottomdwelling invertebrate®? Please see Chapt#fil Sedion 4 for further information on the impacts

of these hypoxic events on shellfish.

Observed Trends

Regional

Along the continental margins of the northeast Pacific Odbare is a extensive oxygen minimum zone
(OMZ; ~66-4856 €4, or ~201480m, deep, where dissolvedxygen falls below 0.5 toL. %27 Helly and
Levin (2004) report the lower boundary of the OMZ would not be expected to shift significantly over
seasonal to decadal intervals, although the upper boundary may experience seasonal fluctuatibns (e.g
82 fed, or 25 m, off Chile) and interannual shifts of up to 213 to 328 feet (65m)®*

Southcentral and Southeast Alaska

Information needed.

British Columbia

Off the coast of British Columbia, the hypoxic boundary has shoaled from Ed@@ifeet 400m) to
about980 feet (30f) over fifty years (195€006)%* In the depth range ~44980 feet (12800 m),
oxygen decreased between 17% and 30%4(20 & ni) from k9§6 to 2006°° Concomitant with this
change is an overall trend in warming and oxy@sss in the waters below the ocean mixed layers to
depths of at leag280 feet {000 n).%**

Washington

Al ong Washingtondés out er -1286)amwshypoxiaiisenork prevalemtrandc a | re
severe thathat observed off the coast of northenre@on, likely due to sma#icale differences in ocean
topograph)ﬁ.32 From 2003 t@®2005, hypoxic events off the Washington coast occurred at levels

624 xHauri et al (2009, p. 69)

6%5%Connolly et al(2010, p. 3)

%% Grantham et a2004)

827+ Grantham eal. (2004, p. 751)The authors cite Kamykowski and Zentara (1990) for this ¢¢mse see Helly
and Levin (2004, Fig. 2, p. 1163) for the depth of the OMZ in the eastern Pacific.

628xHelly and Levin.Global distribution of naturally occurring marine hypoxia on continental marg2@804, p.
1165)

629 x\Whitney, Freeland and Robe(2007, p. 179)

830 +\Whitney, Freeland and Robe(2007, p. 196)

83Lx\Whitney, Freeland and Robef2007, p. 179)

832xConnolly et al(2010, p. 1, 7)
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previously observed in the historical d&tdThe year 2006 was an exception, with hypoxia covering an
especidly large area of the Washington continental shelf and dissolved oxygen concentrations below 0.5
mL/L at the inner shelf, lower than any known previous observations at that Iot4tion.

In a study of hypoxia in ceratl Puget Sound and Hood CanalBnandenbeger et al. (2008)data from
sediment cores suggest hypoxia has occurred to a greater degree prior to significant human alterations
beginning in the 1900%° However, the data do not resolve the timing of sheed hypoxia events that

led to fish kills n Hood Canal during the early“*?denturyf.mThe decoupling between the increase in
anthropogenic factors and the low oxygen conditions in the deep waters of the basin is somewhat
counterintuitive and opposite to what has been observed in other coastaissys which the onset of

low oxygen conditions came as a result of a rise in land use changes (i.e. agriculturmﬁjadiehf37

In fact, the paleecological indicators suggest that climate oscillations, such as the Pacific Decadal
Oscillation (PDO) may influence the ventilation of deep watePuget Sound and particularly their least
mixed regions such as the southern end of FHomoal®®

Oregon

Between July and September 2002, se(@2l- 1.57 mL/L DO)innershelf hypoxia was detected in
cental Oregon, from Florence tdewport®*® Bottom dissolvegbxygen concentrations 6f21i 1.57

mL/L were found to extend from the shelf breakéarshore stationg.Q-3.1 miles;2i 5 km offshoref*

In shallow waters, researchers note the severe hypoxidisutaty surprising given the potential for air
sea oxygen equilibration caused by turbulent conditions (e.g. significant wave height exceeding three
metersf* In addition, strong winds favoring upwelling were ineffective in eroding stratification on the
inner shelf, and upwelling therefore resulted in thesheteward transport of cold, saline, dissolved
oxygendepleteddeep water onto the inner sh¥&ff

In 2006, researchers documented anoxia on the inner skelftralOregon, where it had never before

been recorded (although hypoxic waters have historically been upwelled onto the continental shelf, these
waters have generally remained on the deeper, outer portions of thé”@rﬁ@ decades of available

records show little evidence of shelf hypoxiaano evidence of seveirenershelf hypoxia before

2000°** More specifically, hypoxic water in depths less than 165(&®8m) in this region is

considered unusual, and was not reported before 2002 although measurements welnméue al

Oregon coador over fifty years®*

833xConnolly et al(2010, p. 1, 8)

834xConnolly et al(2010, p. 1)

835 *Brandenberger et dReconstructing trends in hypoxia ugimultiple paleoecological indicators recorded in
sediment cores from Puget Sound, \(2R08, p. iii)

836 xBrandenberger et 2008, p. iii)

837xBrandenkerger et al(2008, p. ivv)

38 +Brandenberger et g2008, p. v)

839xGrantham et a(2004, p. 750)

840xGrantham et a2004, p. 750)

®41xGrantham et a(2004, p. 751)

842xGrantham et a2004, p. 751)

%43 Chan et alEmergence of anoxia in the California Current large marine ecosy$2€08)
644%Chan et al(2008, p. 1)

845%pP|SCO.(2009, p. 2)
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NorthwestCalifornia

Information needed.

Box 15 Impacts of hypoxia on the structure, function, and processes of biological communities in
the marine environment

A recent paper by Ekau et al. (2010) proaidextensive review of the impacts of hypoxia on the stru
and processes in pelggioen oceargommunities. Discussion of impacts is organized by taxonomic ¢
and includes gelatinous plankton, crustacea, mollusks/squid, and fish. Effectdagyphgsioduction,
spatial distribution, growth, and other factors are also dis€irpserl.7 summarizes the behavioral and
physiological responses of marine organisms to varying oxygen saturation levels.

A literature review conducted by Vaetanyer and Duarte (2088pgests hypoxia affects benthic (batt
dwelling) marine organisat®ove the commonly used hypoxic threshold of two milligrams of oxygen
liter (2 mg QL).%46Based on their review, the redeancstate fish and crustaceans are most vulneral
while mollusks, cnidarians, and priapulids were most t#fie8amte sme benthic marine organisms ma
sensitive to exposure to higher oxygen levels than previought the vulnerability dhe® organisms
and the coastal ecosystem as a wdblgpoxianay begreater than currently recogni¢éd.

#4®vaquerSunyer and Duart&hresholds of hypoxia for marine biodiversitg008)
®47vaquerSunyer and Duarté2008)
®48\vyaquerSunyer and Duart¢2008, p. 15456)
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Fig. 3. Behaviour and physiology responses of marine organisms to
various oxygen saturation levels. The graph summarizes and illus-
trates the information given in Table 2.

Figure 17. Behavior and physiology responses of marine organisms to various oxygen saturation
levels.Source:Ekau et al(2010, Fig. 3, p. 1682)

Future Projections

Regional

Scientistshave suggestduaypoxic eventsn the northeast Pacifigre due to anomalous upwelling driven

by unusual changes in wind patte?ﬁ%]’hese wind patterns are what might be expected to result from
increased differences between land and sea surface temperatures due to global climat® change.
Specifically, temperature gradients across the shore support more intense alongshore windsyehich dri

649 Grantham et al2004)
50 Bakun and Week$2004)
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surface water off the coast and result in the upwelling of deeper WatEwther, as oxygen declines in

the subarctic Pacific, the hypoxic threshold will i¥&he changes in oceanic and atmospheric

conditions that have produced the anomalous hypmweats are consistent with expectations of how

these systems might be altered due to climate change; however, it has not been proven that climate change
is the causé>®

Southcentral and Southeast Alaska

Information needed.

British Columbia

Assuming no vetilation and an oxygen consumption rate of about four micromoles per kilogram per

year, it would take a little more than twenty years to create hypoxia in waters off the coast of British

Columbia®*

Washington

Information needed.

Oregon

Information needed.

NorthwestCalifornia

Information needed.
Information Gaps

Information is neededn trends in hypoxia and anoxia off th@asts of southcentral and southeast
Alaska, as well as northern CalifornMore specific information on future projections in hyj@oand
ania throughout the NPLCC region is also needed.

51 Bakun.(1990) Bakun an Weeks(2004)

852 *\Whitney, Freeland and Robe(2007, p. 196)

3p|SCO.(2009)

854*Whitney, Freeland and Robef2007, p. 197)The authors cite Feely et al., (2004) for the oxygen consumption
rate.
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IMPLICATIONS FOR MARINE & COASTAL ECOSYSTEMS

Marine ecosystems are centrally impattto the biology of the plan&t Ecosystem production and
structure respond to changes in ocean regifhiedthough there igonsiderable uncertainty about the
spatial and temporal detaitdimate change is clearly and fundamentally altering ocean ecosystems.
Based on a search of theesdific and greyliterature, the following implications of climate change for
marine and coastal ecosystems in the NPLCC region have been identified:

1. Altered nutrient cycling

2. Altered ocean productivity

3. Altered food web dynamics

4. Multiple stressors and thresholds

Two large marine ecosystems (LME) are foundhi@NPLCC regioni the Gulf of Alaska LMEand the
California Current Ecosyste(CCE).**® The Gulf of Alaska LME lies off the southern coast of Alaska
and the western coast of Canddahe Calibrnia Currents a ~621mile-wide (1000 km), sluggish

current spanning thidorth AmericanPacific Coast from 20°N (near Guadalajara Mexico) to 50°N
(northern Vancouver Islan. The cold Subarctic Current, as it bifurcates towards the south, serves as
the boundary between the Gulf of Alaska and the California Current®ME.

RecentchangesinnAas kadés coastal water s Ssunfacelwaterswagrenger a l
the southeast Bering Sea bottom waters over the continental shelf, a more strongly stratified ocean,
hypothesized decrease in ocean productivity, alteration of pelagic loabiést, and changes in the
distribution of speciege?2 These changes have the potential to affect the structure, function, productivity,
and composition of Alaskab6s marine ecosystems,
species that live or mrate through these ecosystems (e.g. North Pacific right V\fl‘?éle)the Gulf of

Alaska, Sigler, Napp, and Hollowed (2008) identify ocean acidification, as well as climate regimes and
ecosystem productity, asmajor climaterelated concern®?

The northerrend of theCCEis dominated by strong seasonal variability in winds, temperature,
upwelling, plankton production, and the spawning times of many fishes, whereas the southern end of the
CCEhas much less seasonal variability in these paranfétém. somegroups of organisms, the

855 *Hoegh-Guldberg and Brunq2010, p. 1523)

6% %|SAB. Climate change impactsxaColumbia River Basin Fish and Wildlif©€007, p. 69)

87*Hoegh-Guldberg and Brunq2010, p. 1523)

%8 0sgood (ed.)Climate Impacts on U.S. Living Mag Resources: National Marine Fisheries Service Concerns,
Activities and Need$2008, Fig. 1, p. 2NOAA. Gulf of Alaska: LME #2 (website009) NOAA. California
Current: LME #3 (website)2009)

859%NOAA. Gulf of Alaska: LME #2 (website(2009)

850 xHijckey and Banag(2008, p. 93)

%1 +*NOAA. Gulf of Alaska: LME #2 (website(2009)

2xgjgler, M.; Napp, J.; Hollowed, AClimate Impacts on U.S. Living Marine Resources: National Marine
Fisheries Servic€oncerns, Activities and Needs: Alaskan Ecosy§templex(2008, p. 66) The authors refer the
reader to Figure 2 in the cited report for Bering Sea information.

853 x5igler, M.; Napp, J.; Hollowed, A2008, p. 66)

4 gigler, M.; Napp, J.; Hollowed, A2008, p. 66)

8% xpeterson, W. & Schwing, FClimate Impacts on U.S. Living Marine Resources: National Marine Fisheries
ServiceConcerns, Activities andeeds: California Current Ecosyste(2008, p. 44)
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northern end of the CCE is dominated by-andtic boreal fauna whereas the southern end is dominated
by tropical and suftropical specie&® Higher trophic levebrganisms often take advantage of the strong
seasonal cycles of prodiion in the north by migrating to the region during the summer to®fded.
Animals exhibiting this behavior include pelagic seabirds such as-fuatéd albatross and sooty
shearwaters, fishes such as Pacific whiting and sardines, and humpbaciéft@vesall, the climate
species linkages in the CCE are extremely com?:ﬁ%ihe five issues of greatest concern in the CCE are:

Increased variability in climate forcing,

Changes to the magnitude and timing of freshwater input,

Changes in the timing and strengttthe spring transition and their effect on marine populations,
Ocean warming and increased acidification and their impact on pelagic habitat, and

« Changes in ocean circulation and their impact on species distribution and community stflicture.

The following structure will be used to present information on the implications of climate change for the
NPLCC regionb6s marine and coast al ecosystems:

e Observed Trendsi observed changes at the global level, for the Gulf of Alaska LME, and for
the California Current €bsystemSection3 (altered food web dynamics) also describes region
wide changes.

e Future Projectionsi projected direction and/or magnitude of change at the global level, for the
Gulf of Alaska LME, and for the California Current Ecosyst&action3 (altered food web
dynamics) also describes reginide projections.

e Information Gaps i information and research needs identified by reviewers and literature
searches.

Note: Sectiord (Multiple stressors and thresholds: Discussion) is presented as a distbssiage the
available information could not be classified as observed trends or future projections.

% xpeterson, W. & Schwing, F2008, p. 44)
7 xpeterson, W. & Schwing, F2008, p. 44)
%8 xpeterson, W. & Schwing, F2008, p. 44)
€9 +peterson, W. & Schwing, F2008, p. 44)
670xpeterson, W. & Schwing, F2008, p. 4445)

96

—
| —



Climate Change Effects in Marine and Coastal Ecosystems
Draft Final: August 2011

1. ALTERED NUTRIENT CYC LING

Observed Trends

Global

Information needed.

Gulf of AlaskaLME

Several recent studies have assessed nutrient cycling pooetse Gulf of Alaska:

¢ In a study of glacier runoff in freshwater discharge, Neal, Hood, and Smikrud (2010) conclude
changes in timing and magnitude of freshwater delivery to the Gulf of Alaska could impact
coastal circulation as well as biogeochemitatds in nearshore marine ecosystems and the
eastern North Pacific Oce&flHood and Scott (2008) find that different levels of glacial
coverage can alter the timing and magnitude of freshwater, dissolved organic matter, and nutrient
yields®”? Taken togethertheir results indicate that decreasing watershed glacial coverage leads to
lower riverine yields of freshwater, inorganic phosphorus, and labile dissolved organic®fatter.

e Hood et al. (2009) find that direct runoff from Gulf of Alaska glaciers prodacemservative
dissolved organic carbon flux of 0.#3.01 Teragrams per year (Tg/yr) to downstream
ecosystem&™* Furthermore, the dissolved organic carbon bioavailability value from the most
heavily glaciated catchment suggests that ~0.1 Tg of the adissalved organic carbon derived
from Gulf of Alaska glaciers is readily bioavailaBl@Because glacial streamwater turbidities are
high and riverine transit times from glaciers to their estuaries are short across broad regions of the
Gulf of Alaska, a shistantial portion of this labile dissolved organic carbon is probably delivered
to marine heteotrophic communities without biological or photochemical altef&tibmus,
changes in riverine yields of dissolved organic matter and nutrients due to redinctjatser
extent in coastal watersheds may affect the productivity and function of nearshore coastal
ecosystem$”’ As stated above, the results of studies by Neal, Hood, and Smikrud (2010) and
Hood and Scott (2008) indicate that decreasing watershedlgtagerage leads to lower riverine
yields of freshwater, inorganic phosphorus, and labile dissolved organic ffatter.

California Currencosystem

Information needed.

671xNeal, Hood and SmikrudContribution of glacier runoff to freshwater discharge into the Gulf of Alag@i.0,
p. 1)

72*Hood and Sct. (2008, p. 583)

573 *Hood and Scott(2008, p. 585)

67 *Hood et al.Glaciers as a source of ancient and labile organic matter to the marine envirar(@@08, p.
1046)

67> *Hood et al.(2009, p. 1046)

7% +Hood et al.(2009, p. 1046)

77*Hood and Scott(2008, p. 583)

678xHood and Scott(2008, p. 585)

97

—
| —



Climate Change Effects in Marine and Coastal Ecosystems
Draft Final: August 2011

Future Projections

Global

Information needed.

Gulf of AlaskaLME

Iron is an essentiahicronutrient that limits primary productivity in much of the ocean, including the Gulf
of Alaska®”® Dust is thought to be one of the most important sources of iron to the Gulf of Alaska, but as
with most regions, there are few measurem&h@rusius et al(2011) recently described a potentially
important but largely undocumented source of dust and iron to the Gulf of Alaska: dtaaiaich

riverbed sediments of coastal Alagkesults described in next sectidf)in their conclusion, they state it
remains important to examine whether dust fluxes are increasing iddtiglde locations in response to
glacial recession and climate change, and what the impact might be on marine ecé&#tglasiers
continue their presesttay pattern of increasing s®loss due to a warming climate, more glacial flour

may be transported to the Gulf of Aladikadust plumeand other mechanisms, affecting phytoplankton
growth and Gulf of Alaska ecosysteffs.

Freshwater inflows into estuaries influence water residemes hutrient delivery, vertical stratification,
salinity and control of phytoplankton growth rat&Decreased freshwater inflows increase water
residence time and decrease vertical stratification, and vice e mar example,ricreased melting of

glacias in the Gulf of Alaska coupled with warmer sea surface temperatures will result in increased
stratification of the GuIf® Areas with enhanced riverine input into the coastal ocean will also see greater
vertical stratificatior?"”

California Current Ecosysm

Since some of the source t@es that supply the northern California Curreriginate in the Gulf of
Alaska, more stratified source waters will contribute to increased stratificatioastat waters of the
northern California Currefit®

Comparing the081-2120 period to a 4§ear period representative of 18@0nate conditiongA2
scenario) Rykaczewski and Dunne (2010) find thasgite increased surface temperatures, associated
increased stratificatigrand relatively modest changes in upwellingrate concentration in the upper 200
m of theCCE is projected to increase eighty perdgnyear2100°® This significant increase in nitrate

679 +Crusius et al(2011, p. 1)

80+Crusius et al(2011, p. 1)

8lxCrusius et al(2011, p. 1)

82xCrusius et al(2011, p. 5)

®3+Eosi Resear c h (2814,pt18)i ght s o

84 Nicholls et al.(2007, p. 328)

885 xNicholls et al (2007, p. 328)The authors cite Mooret al. (1997) for this information.

880 xpeterson, W. & Schwing, F2008, p. 56)

887 xpeterson, W. & Schwing, F2008, p. 56)

888 xpeterson, W. & Schwing, F2008, p. 56)

889 xRykaczewski and Dunné&nhanced nutrient supply to the California Current Ecosystem with global warming
and increased stratification in an earth system mo@010, p. 2) The authors refer the reader to Fig. S2b for
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concentration is in opposition to the decreased concentration in the subtropical North( B&difio
45°N) that is expected given the increased stratificatfon.

Through the NPLCC regigrthe decrease in biodiversity in hypoxic areas will reduce ecosystem
resilience and resistance and may decrease its fumctiaririent cycling processés.

Information Gaps

Information is needed on observed patterns of nutrient cycling in the California Current Ecosystem, as
well as observed trends and future projections for global patterns of nutrient cycling. Further, quantitative
projections of nutrient cycling patterns undegrsarios of future climatic change are needed for the

NPLCC region.

information on increased stratification and to Fig. 1b for information on nitration concentration (both in cited
report).

890 +Rykaczewski and Dunng2010, p. 2)

#91xEkau et al. Impacts of hypoxia on the structure and processes in pelagic commu@iiis, p. 1691)
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2. ALTERED OCEAN PRODUCTIVITY

Observed Trends

Global

The annual primary productigaccumulation of plant growth during a specified time period, typically by
photosynthesizers such as pipfemkton)of t he wor |l dé6s oceans has decrea
the early 1980s, with nearly seventy percent of this decline occurring at higher latitudes and with large

relative decreases occurring within Pacific and Indian ocean gyreGHapter 3, Section tbr further

informationon gyre$.*** Global declines in net primary production (as estimated from the SeaWiFS

satellite sensor) between 1997 and 2005 were attributed to ocean surface Warming.

In a metaanalysis of the effects of oceaaidification on marine organisms, ocean acidification did not
have a significant overall mean effect on photosyntii&stdthough calcifying organisms had a more
negative mean effect than noalcifying organisms, the difference was not signifi¢dtithe mean effect
was different amongst taxonomic groups, with a significant negative mean effect on calcifyirf§®algae.

Gulf of AlaskaLME

Iron is an essential micronutrient that limits primary productivity in much of the ocean, including the Gulf
of Alaska®” In a study of lgdrologic and meteorological controls and their importance as a source of
bioavailable irorin glacial flour dust stormsZrusius et al. (2011) found that glacial flour (i.e., fine

grained sediment resulting from glacial erosion) dust plumegansported several hundred kilometers
beyond the continental shelf into irtimited waters of the Gulf of Alask& They estimated the mass of

dust transportettom the Copper River valleguring one event in 2006 to be twedfitye to eighty

kilotons*° Based on conservative estimates, this equates to a soluble iron loading of 30 to 280 tons.
Crusius et alsuggest the total amount from the entire Gulf of Alaska coastline is two to three times larger
i comparable to the annual iron flux to Gulf of Alasurface waters from eddies of coastal origjin.

892xHoegh-Guldberg and Brund2010, p. 1525)The authors cite Gregg et al. (2003) for information about higher
latitudes and Polovina et al. (2008) for information about the Pacific and Indian oceans.

893+ Janetos et a(2008, p. 166)

894*Kroeker et alMeta-analysis reveals negative yet variable effects on ocean acidification on marine organisms
(2010, p. 1425)

8% *Kroeker et al(2010, p. 1425)The authors refer the reader to Fig. 2 in the cited report and provide statistics for
this result:Qw = 0.30, d.f. = 1P = 0.59.

8% xKroeker et al(2010, p. 1425)The authors refer the reader to Fig. 3 in the cited report and provide statistics for
taxonomic groups@m = 12.03, d.f. = 3P = 0.02) and calcifying algae (LnRR-8.33, 95% biasorrected

confidence interval =0.39 t0-0.22).

897*Crusius et al(2011, p. 1)

898 xCrusius et al(2011, p. 1)

89xCrusius et al(2011, p. 1)

"xCrusius et al(2011, p. 1)

"xCrusius et al(2011, p. 1)
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California CurrenEcosystem

The vertical gradient in ocean temperature off California has intensified over the past several'8ecades.
Roemmich and McGowan (1995) credited this change in temperature rtriactthe observed loAgrm
decline in zooplankton bioma&¥ In recent yearshe northern California Current aggrs to have

recovered fromiwo summers of poor productivity (2005 and 200&)e ocean was cold during the

winter of 200607, the spring &insition to upwelling conditions was very early (February), and
zooplankton biomass returned to levels not seen since summer ot*2004.

Future Projections

Global

Sarmiento et al. (2004) examinsid different coupled climate model simulations to deterntiesocean
biological response to climate warming between the beginning of the industrial revolution aritf 2050.
Three different primary production algorithmere usedo estimate the response of primary production

to climate warming based @stimated chlaphyll concentration§? The three algorithms give a global
increase in primary production of 0.7% at the low end to 8.1% at the high end, with very large regional
differences®’

Steinacher et al. (2010), on the other hand, project decreases in globakimaay productivity and
export of particulate organic carbon by 2100 relative to preindustrial conditions (A2 scendtio
model analysis’®

Finally, dgae growth idagoons and estuaries magspond positively to elevated dissolved inorganic
carbon (DC), though marine macroalgae dot appear to be limited by dissolved organic carbon

levels’®®

Regionwide

Beyond the coastal waters of the NPLCC redian, farther out to sea than the California Current)
production and chlorophyll concentration omeost of the North Pacific are projected to decline with

future warming, consistent with the changes in nutrient concentration discussed in the previou§%ection.
The projected decline in production is greatest in the subtropical region (20% mediantue2l@®

relative to 1860 levels between 20° and 45° N; A2 scenario) where primary production is limited by the
supply of macronutrients? In the subarctic Pacific, where production is colimited by iron, light, and
macronutrients, the relative decline imguction is less (5% decline between 45° and 65° N); increased

"%2xpeterson, W. & Schwing, F2008, p. 56) The authors cite Palacios et al. (2Débr this information and refer
the reader to Figure 4 in the cited report.

"3 xpeterson, W. & Schwing, £2008, p. 56)

Y xpeterson, W. & Schwing, F2008, p. 45)

% *3sarmiento et alResponse of ocean ecosystems to climate war(2e@4, p. 1)

%% *sarmiento et al(2004, p. 1)

%7*Sarmiento et al(2004, p. 1)

"% xgteinacher et aProjected 21 century decrease in marine productivity: a muttbdel analysis(2010, p. 979)
" Nicholls et al.(2007, p. 328B30). The authors cite Beer and Koch (1996) for this information.
"0xRykaczewski and Dunné2010, p. 2) The authors refer the reader to Fig. 1c ethed report.
"1xRykaczewski and Dunng2010, p. 2)
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stratification acts to reduce light limitation and thus iron demand in the subarctic, enhancing the
efficiency of nitrate uptaké?

Gulf of AlaskaLME

If global warming results in shorter wenrs in the north Pacific, areas where production is light limited
may see higher productiviﬂ}.3 For example, phytoplankton blooms are initiated currently as early as
February off northern California in years when storm intensity is' féw.

California Curreh Ecosystem

The coastal plain estuaries of the Pacific Northwest, with the exception of the Columbia River, are
relatively small, with large tidal forcing and highly seasonal direct river inputs that are low to negligible
during the growing seasdt.Primary production in these estuaries is likely controlled not by iraren
stratification but by coastal upwelling and exchange with the o¢gan.

Future ocean productivity in the California Current is mediated by several mechanisms, each of which
interack to determine productivityAvailable research on these mechanisms supports both increased and
decreased ocean productivity. Increases in ocean productivity may occur in the following situations:

o Rykaczewski and Dunne (2010) examined changes in nutrientysamgbliproductivity of the
California Current Ecosystem under projected conditions of future global clilh@emparing
the 20812020 period to a 4@ear period representative of 1860 (A2 scenario), they conclude
primary production is projected to increase¢he CCE with future warming (10% by 2100) in
response to increased nitrate supply tempered by increased iron and light colififtation.

e Currently ight limited areage.g., the northern California Current) may see higher productivity
the future’*® Early blooms result in bursts in egg production by both copepods and euphausiids,
initiating a cohort of animals that reach adulthood-me months earlier than a cohort that is
initiated with the onset of upwelling in March or Apﬁﬁ The result would be atger plankton
production seasoff’

Decreases in ocean productivity may occur in the following situations:

e Given that the future climate will be warmer, the upper ocean at the basin scale will almost
certainly be, on average, more stratiffé8This will make it more difficult for winds and
upwelling to mix the upper layers of the coastal ocean, and will make offshore Ekman pumping
less effective at bringing nutrients into the photic Z&he result will be lower primary

"2+Rykaczewski and Dunng2010, p. 2)
"3+peterson, W. & Schwing, F2008, p. 53)
"4 xpeterson, W. & Schwing, £2008, p. 5354)
"5xHickey and Banag(2003, p. 1010)
"®+Hjckey and Banas(2003, p. 1010)

"7 +Rykaczewski and Dunng2010, p. 1)
"8+Rykaczewski and Dunng2010, p. 2)

"9 peterson, W. & Sahing, F.(2008, p. 53)
"20xpeterson, W. & Schwing, F2008, p. 54)
"2l +peterson, W. & Schwing, §2008, p 54)
"2xpeterson, W. & Schwing, F2008, p. 53)
"B xpeterson, W. & Schwing, F2008, p. 53)
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productivity everywhere (with the psible exception of the nearshore coastal upwelling
zones)7.24

e Some global climate models predict a higher frequency of El Ni@otswhile others predict
the intensity of these events will be stronlfén.f true, primary and secondary production will be
greatly reduced in the CCE, with negative effects transmitted up the food thiiowever,
despite considerable progress in understanding the impact of climate change on many of the
processes that contributeEbNifio variability, it is not yet possible t®ay whether ENSO
activity will be enhanced or damped, or if the frequency of events will cH&nhge.

Information Gaps

Information is needed on observed patterns of ocean productivity in southcentral and southeast Alaska, as
the research presented here is fa@single study. Quantitative data on observed patterns of ocean
productivity throughout the NPLCC region is also needed. For future projections, information is needed

for the Gulf of Alaska LME as well as globally.

"2 xpeterson, W. & Schwing, F2008, p. 53)
"% xpeterson, W. & Schwing, F2008, p. 45)
"% xpeterson, W. & Schwing, F2008, p. 45)
"27xCollins et al.The impacbf global warming on the tropical Pacific Ocean and El Ni¢&910, p. 391)
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3. ALTERED FOOD WEB DYNAMICS

Observed Trends

Global

Information needed.

Regionwide

In the Pacific OcearChavez et al. (2003) report ttait and ocean temperatures, atmospheric carbon

dioxide, landings of anchovies and sardines, and the productivity of coastal and open ocean ecosystems

have vaied over periods of about fifty yeaf$Sar di ne and anchovy fAregi meso
scale changes in ocean temperatures; for twitrdyyears the Pacific is warmer than average (the warm

sardine regime) and then switches to cooler than azdoaghe next twentjive years (the cool, anchovy

regime)’® In the northeast Pacific, an intensification (sardine) or relaxation (anchovy) of the Aleutian

Low has also been observEiinstrumental data provide evidence for two full cycfés:

e Cool (anchovy) phases from about 1900 to 1925 and 1950 to 1978A stronger and broader
California Current, brought about during the anchovy regime, is associated with a shallower
coastal thermocline from California to British Columbia, leadmmgnhanced primary
production’®
e Warm (sardine) phases from about 1925 t4950 and 1975 to the mil990s** The fisar di ne
regi med of the 1930s and 1940s was most notabl
collapse’® During the sardine regime from the late 1970s teetiy 1990s, zooplankton and
salmon declined off Oregon and Washington but increased off Al&<keabird populations
decreased off California and P€&fU.

As implied aboveinthemid1 9 70s, the Pacific changed from a coo
fisae di @d1Theemid@970s change has been widely recognized in a myriad of North Pacific

climatic and biological time series and has been referred to as thel®F76egimeshift, even though its

precise timing is difficult to asse§8.Some indices suggethat the shift occurred rapidly whereas others

"8 xChavez et alFrom anchovies to sardines and back: multidecadal change in the Pacific 32688, p. 217)

" xChavez et al(2003, p. 217)

30xChavez et al(2003, p. 218)The authors cite Miller et al. (1994) for this infeation.

lxChavez et al(2003, p. 217)

32xChavez et al(2003, p. 217)

33xChavez et al(2003, p. 21R The authors refer the reader to Figure 2 in the cited report.

34xChavez et al(2003, p. 217)

"3*Chavez et al(2003, p. 217)The authors cite Leh-Cota, Hernande¥4azquez and LluciCota (1997) and refer
the reader to Figure 1E in the cited report for information on the sardine regime of the 1930s and 1940s.
3®+Chavez et al(2003, p. 218)The athors cite Hare and Mantua (2000) and Benson and Trites (2002) for this
information.

3"xChavez et al(2003, p. 218)The authors cite Veit, Pyle and McGowan (1996) for information on California.
" xChavez et al.(2003, p. 217)

"39*Chavez et al(2003, p. 217)The authors cite Ebbesmeyer et al. (1991) for information on climatic time series,
Hare and Matua (2000) and Benson and Trites (2002) for information on biological time series, and Miller et al.
19994) and Frances and Hare (1994) for information on the-197% regime shift.

104

—
| —



Climate Change Effects in Marine and Coastal Ecosystems
Draft Final: August 2011

suggest a more gradual change, though all indicate a shift in the "497akle 18 further describes the
atmospheric, biological, and ecologl changes associated with tregimeshift.

Gulf of AlaskaLME

Information needed.

California CurrenEcosystem

Increasing hypoxia seems to benefit gelatinous plankton and/or squid as observed in the Benguela and
California current region$'Ot her components of t haendyativelgssi cal o
affected: certain copepods and fiéhwithin these groups the response is very comfifex

¢ In general, small pelagic fish species, such as clupeids, could be more vulnerable than higher
evolved and more adaptable species such as gobies fistl4*

¢ No systematic investigation exists on whether higher evolved fishes are more tolerant or adaptive
to hypoxic conditions than less evolved offés.

Jumbo squidDosidicus gigasare opportunistic predators with high turnover rates and high cotismmp
rates’*® Climate change has already been shown to force the range expansions of many marine species
towards the poles, with animals with the greatest turnover rates showing the most rapid distributional
responses to warmir§’ Results from a food webuwsly by Field et al. (2007) reflect the widely held
perception of jumbo squid being a highly flexible predator with the ability to rapidly adapt to new
environmental conditions during range expansiéhs.

Currently there is insufficient information to estitmglausible or possible impacts on California Current
food webs, due to a lack of abundance information and incomplete knowledge of how movement and
food habits may differ across seasons and between inshore and offshoré*Mdtexgver, that jumbo
squidare opportunistic predators with high turnover rates and high consumption rates, and that among
their important prey are several of the current (and historically) largest fisheries (e.g., by volume along
the U.S. West Coast, suggest that impacts are pladgiFor examplestomach samples collected by

Field et al. included Pacific hak®lériuccius productus small flatfish, rockfish, Pacific sardine
(Sardinops saggxNorthern anchovyEngraulis mordak and California market squitidligo
opalescens™! Such impacts could drive changes at both higher and lower trophic [&els.

"0+Chavez et al(2003,p. 217)

"1+Ekau et al (2010, p. 1690)

"2xEkau et al (2010, p. 1690)

"3*Ekau et al (2010, p. 90)

"44%Ekau et al(2010, p. 1690)

"5xEkau et al (2010, p. 1690)

" +Field et al.Range expansion and trophic interactioof the jumbo squid (Dakcus gigas)n the California
Current. (2007, p. 143)

"7 +Field et al.(2007, p. 142)The authors cite Perry et al. (2005) for this information.
"8xField et al.(2007, p. 142)

"9xField et al.(2007, p. 143)

0xFijeld et al.(2007, p. 143)

SlField et al (2007, Fig. 4, p. 138)

52xFijeld et al.(2007, p. 143)
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Table 18. Synthesis of Pacific conditions during sardine and anchovy regimes.
Type of Warm fisardi ne 1 Cool fdaegihmey
impact (mid 1970s to mid 1990s) (1950s through early 1970s)
34" to 48" parallel* North of 48" 34" to 48" parallel* North of 48"
parallel parallel
o \Weaker upwelling| ¢ Strong e Stronger e Weak Aleutian
e Slower CA Aleutian Low upwelling Low
Current & weaker| e More e Faster CA e Less
CA Undercurrent downwelling Current & downwelling
e Lower e Higher stronger CA e Lower
Atmospheric precipitation in precipitation Undercurreh precipitation
& Physi WA & lower & streamflow | ¢ Higher & streamflow,
salinty e Higher/strong precipitation in | ¢  Lower/weaker
e Higher SST & stratification, WA & higher stratification,
stratification higher SST salinity lower SST
e Lower SST &
stratification
e More sardines e More salmon | e More anchovies| ¢ Less salmon
e Less salmon, e Higher salmon, e Lower PP,
seabirds, rockfish, zooplankton, seabirds, nutrients, &
Biological & & anchovies PP, & rockfish zooplankton
Ecol ogie Lowernutrients, nutrients e Less sardines
zooplankton & PP e Higher nutrients
zooplankton, &
PP
*The 34" to 48" parallel is the area approximately betwsenthern CA and the Strait of Juan de Fuca
A f SSsEasurfack e mper at ur e. APPO is primary produ
Source: Modified fromChavez et al(2003, Fig. 3, p. 220py authors of this report.

Future Projections

Global

Animal metabolism is temperatudeependent, and consequently ecological processes such as predator
prey interactions arikely to be altered as warming occiré When combined with changing patterns of
primary productivity and etabolic rate, these fundamental influences have the potential to substantially
modify ocean food web dynamics, from coastal to epegan ecosysterﬂg4

e Respiration is more sensitive than photosynthesis to changes in temperature, resulting in the
caloric denands of consumers being potentially more strongly influenced by increased

3*Hoegh-Guldberg and Brunq2010, p 1525) The authors cite Hochachka and Somero (2002) for information
on the temperaturdependence of animal metabolism and Sanford (1999) for information on prpoator
interactions.

54*Hoegh-Guldberg and Brunq2010, p. 1525.526)
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temperature when compared to the temperature response of primary protti&imrgetic
demands are increased at warmer temperatures, requiring increased consumption of prey to
mairtain a given growth rat€® These findings havienplications for the ability of pelagic (open
ocean) systems to capture and store carbon dioxide, with the potential for these critical ocean
processes to decline as temperainw:eeaseg?’7

¢ Warming has alsoden found to decrease the size of individual phytoplankton, further altering
the functioning and biogeochemistry of shallow pelagic ecosystems and, in particular, reducing
their potential for carbon sequestratigeeChapter VI| Sectiong for further inbrmation)758

With regard to ocean acidificatiorhe negativeesponses of corals and coccolithophores to ocean
acidificationcould have profound repercussions for magoesystems, with scleractinian corals serving
as habitat focoral reef ecosystemsdoccolithophores serving as floeindation of its food web?

Regionwide

Severalreviewesr r equested i nformati on o nregwmbdescribedlr t he HAsar
previouslyis likely for the futureHowever, Chavez et g2003)do not make projeitins about which

regime is more likely in the future. Instead, they note that studies of anthropogenic effects and

management of ocean resources must consider natural, multidecadal oscffid&fisren example, they

state overfishing or global warming maler the response of populations to natural multidecadal

change’®*

Gulf of AlaskaLME

With some assurance thatygen levels will continue to decline (andtrient levels increasei), is
reasonable to project thedntinentakhelf and slope ecosystemsthe subarctic Pacific Oceaill lose
oxygenated habitaf coastalupwellingstrengthes.”®? For example:

e The few fish species such as sablefish and some rock fishes that tolerate low oxygen may expand
their territory, but in general midiater organisms i be forced to find shallower habitat or
perish’®® This will increase competition for resources and may expose some species to greater
predation from abové&?

% *Hoegh-Guldberg and Brunq2010, p. 1525)The authors citedpezUrrutia et al. (2006) for information on the
sensitivity of respiration to temperature, aeéer the reader to Figure 3, A to F, in the cited publication.
56%SAB. (2007, p. 69)

5"*Hoegh-Guldberg and Brunq2010, p. 1525)The authors citedpzeUrrutia et al. (2006) for this information.
8 +Hoegh-Guldberg and Brunq2010, p. 1525)The authors cite Mén et al. (2010) for information on the size of
individual phytoplankton.

9xKroeker et & (2010, p. 1428)

%0xChavez et al(2003, p. 221)

*1xChavez et al(2003, p. 221)

921NV hitney, Fredand and Rober(2007, p. 191)

531N hitney, Freeland and Robe(R007, p. 191)

841NV hitney, Freeland and Robe(R007, p. 191)
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