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EXECUTIVE SUMMARY  

This Phase I draft final report provides a first-ever compilation of what is knownðand not knownðabout 

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 Service funded this report to 

help inform members of the newly established NPLCC as they assess priorities and begin operations. 

Production of this report was guided by University of Washingtonôs Climate Impacts Group and 

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 II 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 of the Cascade Mountain Range and Coast 

Mountains. The region contains approximately 38,200 miles (~ 61,500 km)
1
 of coastline and is home to 

iconic salmon and orca, a thriving fish and shellfish industry, and a wide range of habitats essential for the 

survival of fish, wildlife, birds, and other organisms. Many of these species, habitats, and ecosystems are 

already experiencing the effects of a changing climate. 

Carbon dioxide, temperature, and precipitation 

The atmospheric concentration of carbon dioxide (CO2) is increasing in the earthôs atmosphere, leading to 

increases in temperature, altered precipitation patterns, and consequent effects for biophysical processes, 

ecosystems, and species. 

 Atmospheric CO2 concentrations have increased to ~392 parts per million (ppm)
2
 from the 

pre-industrial value of 278 ppm,
3
 higher than any level in the past 650,000 years.

4
 By 2100, CO2 

concentrations are projected to exceed ~600 ppm and may exceed 1000 ppm.
5
 As CO2 levels 

increase, a concomitant decline in ocean pH is projected for the NPLCC region,
6
 hampering 

calcification processes for many calcifying organisms such as pteropods,
7
 corals, and mollusks.

8
   

 Annual average temperatures increased ~1-2°F (~0.6-1°C) from coastal British Columbia to 

northwestern California over the 20
th
 century

9
 and 3.4°F (~1.9°C) in Alaska from 1949 to 2009.

10
 

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 Alaska.
11

 These temperature increases will drive a 

rise in sea surface temperature and contribute to declining oxygen solubility in seawater,
12

 species 

range shifts,
13

 and potential uncoupling of phenological interdependencies among species.
14

 

 Seasonal precipitation varies but is generally wetter in winter. Cool season precipitation (Oct-

March) increased 2.17 inches (5.51 cm) in Alaska from the 1971-2000 to 1981-2010 period.
15

 In 

Washington and Oregon winter precipitation (Jan-March) increased 2.47 inches (6.27 cm) from 

1920 to 2000.
16

 In California, winter precipitation increased between 1925 and 2008,
17

 while in 

British Columbia, both increases and decreases in winter precipitation were observed, depending 

on the time period studied.
18

 Over the 21
st
 Century, winter and fall precipitation is projected to 

increase 6-11% in BC and 8% in Washington and Oregon, while summer precipitation is 

projected to decrease (-8 to -13% in BC and -14% in WA and OR).
19

 In southeast Alaska, 

however, warm season precipitation is projected to increase 5.7%.
20

 Projected increases in winter 

rainfall, declining snow accumulation
21

 and glacial extent,
22

 and decreased summer precipitation 

(where occurring) will shift the frequency, volume,
23

 and timing
24

 of freshwater inflow to marine 
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systems. Coastal areas with enhanced riverine input such as the Columbia River estuary will see 

greater stratification associated with increases in precipitation,
25

 a condition that exacerbates low-

oxygen conditions associated with harmful algal blooms and hypoxic waters.
26

   

Impacts of climate change on marine and coastal systems  

Increases in CO2 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.   

 The oceans are increasing in acidity. Increasing atmospheric CO2 concentrations have caused 

global ocean pH to decline from 8.2 to 8.1 since pre-industrial times, increasing the oceanôs 

acidity by approximately 26%.
27

 pH declines in the NPLCC region are generally consistent with 

those observed globally, although some coastal areas such as Hood Canal (WA) report 

significantly lower pH (less than 7.6 in 2008).
28

 By the end of this century, global surface water 

pH is projected to drop to approximately 7.8, increasing the oceanôs acidity by about 150% 

relative to the beginning of the industrial era.
29

 If atmospheric CO2 levels reach 550 ppm, pH in 

the NPLCC region is projected to decline approximately 0.14 units
30

and the saturation state of 

aragonite will approach the critical threshold for undersaturation (ɋ < 1), below which the shells 

of some marine organisms may begin to dissolve or have difficulty forming.
31

 Ocean water 

detrimental to shell-making has already been observed in shallow waters from Queen Charlotte 

Sound (BC) south to Baja California.
32

 Aragonite-shelled pteropods, which are prey for salmon
33

 

and other fish,
34

 appear particularly vulnerable to continued ocean acidification.
35

  

 Sea surface temperatures are rising. Global mean sea surface temperature (SST) increased 

approximately 1.1°F (0.6°C) since 1950.
36

 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 to 1980-1999).
37

 

Warmer SST contributes to sea level rise, increased storm intensity, and greater stratification of 

the water column.
38

 Increased SST is also associated with species range shifts,
39

 altered nutrient 

availability and primary production,
40

 and changes in algal, plankton and fish abundance in high-

latitude oceans.
41

  

 Storm intensity and extreme wave heights are projected to increase. Off the Oregon and 

Washington coasts, the heights of extreme storm waves increased as much as eight feet since the 

mid-1980s and deliver 65% more force when they come ashore.
42

 During the 21
st
 century, extra-

tropical storms are likely to become more intense in the NPLCC region.
43

 This will combine with 

higher sea levels to increase storm surges, the height of extreme waves
44

 and the frequency of 

extreme events.
 45

 Increased extreme wave heights and more intense storms are projected to 

increase beach and bluff erosion
46

 and lead to shoreline retreat,
47

 loss of coastal habitat,
48

 and 

damage to coastal infrastructure.
49

   

 Sea levels are rising, but the relative effect varies by location. Since the end of the 19
th
 century 

global sea levels have risen approximately 6.7 inches (17 cm).
50

 In the NPLCC region, however, 

relative sea level change from 1898 to 2007 ranges from -0.67 to +0.23 inches/yr (-1.7 to 0.575 

mm/yr).
51

 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 accretion.
52

 By the end of the 21
st
 century, global sea 

level is projected to increase 5.1 to 70.0 inches (13-179 cm) compared to the end of the 20
th
 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
iii  

century.
53

 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 cm).
54

 Sea level is projected to rise in British 

Columbia and parts of Washington, Oregon, and California,
55

 while sea level is projected to 

decline or remain relatively stable in southcentral and southeast Alaska and the northwest 

Olympic Peninsula (WA).
56

 Rising sea level often results in loss of nearshore or coastal habitat
57

 

and harm to dependent species.
58

  

 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 Oregon coast in 2002.
59

 

Dungeness crab surveys showed mortality rates of up to 75% in some regions during this 

period.
60

 In 2006 off the Washington coast, the lowest DO concentrations to-date (<0.5 mL/L) 

were recorded at the inner shelf.
61

 During an anoxic event in 2006 off the Oregon coast, surveys 

revealed the complete absence of all fish from rocky reefs
62

 and near-complete mortality of 

macroscopic benthic invertebrates.
63

 While anomalous events such as these are consistent with 

potential climate-induced changes in coastal systems, it has not been shown that climate change is 

the cause of the anomalies.
64

  

Implications of climate change for ecosystems, habitats, and species 

Climate change effects, independently or in combination, are fundamentally altering ocean ecosystems.
65

 

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 sea-level and increases in storms and erosion are projected to result in significant habitat impacts. 

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

lost or degraded,
66

 including staging areas that support millions of shorebirds, geese, and ducks.
67

 As sea 

level rises along Puget Soundôs armored beach shorelines, most surf smelt spawning habitat is likely to be 

lost by 2100.
68

 In Skagit Delta marshes (WA), the rearing capacity for threatened juvenile Chinook 

salmon is projected to decline by 211,000 fish with 18 inches (45 cm) of sea level rise.
69

 

Habitat loss due to sea level rise is likely to vary substantially depending on geomorphology and other 

factors. In Washington and Oregon, analysis of coastal habitats under 27.3 inches (0.69 m) of sea level 

rise projects loss of two-thirds 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 Bay.
70

 Much of these habitats 

are replaced by transitional marsh.
71

 However, the Lower Columbia River may be fairly resilient to sea 

level rise because losses to low tidal, saltmarsh, and freshwater tidal habitats are minimized (-2%, -19%,  

-11%, respectively), while gains in transitional areas are substantial (+160%).
72

  

Invasive Species, Range 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 effect on photosynthesis.
73

 Among calcifying organisms, corals, calcifying algae, 

coccolithophores, and mollusks are negatively affected, while crustaceans and echinoderms are positively 

affected.
74

 Warmer waters are likely to promote increased populations of Pacific salmon in Alaska while 

promoting decreased populations elsewhere in the NPLCC region.
75

 If oxygen levels decline
76

 and coastal 
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upwelling strengthens as some studies project,
77

 oxygenated habitat will be lost.
78

 A few species, such as 

sablefish and some rock fishes, tolerate low-oxygen conditions and may expand their territory.
79

 

However, most species will be forced to find shallower habitat or perish.
80

 Overall, smaller specimens 

seem to be the winners under low-oxygen conditions, as they outcompete larger organisms due to their 

advantageous body-mass to oxygen-consumption ratio.
81

  

Many sea and shorebirds have medium or high vulnerability to climate change.
82

  These include the 

Aleutian Tern, Kittlitzôs Murrelet,
83

 beach-nesting black oystercatchers,
84

 and the Cassinôs auklet.
85

 For 

coastal birds, loss of habitat and food sources are the largest climate change-related concerns.
86

 

Reproductive failure among seabirds has been documented as a result of changes in marine productivity, 

often observed during El Niño years when sea surface temperatures are warmer than average.
87

 

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

more intense, or of longer duration.
88

  

Climate change may enhance environmental conditions such that some species are able to survive in new 

locations, known invasive species expand into new territories, and species that currently are not 

considered invasive could become invasive, causing significant impacts.
89

 Invasive and non-native 

species that appear to benefit from climate change include Spartina, Japanese eelgrass, and New Zealand 

mud snail.
90

 

In response to warming temperatures and changing currents, many marine species are expanding their 

ranges toward the poles.
91

 The abundance and distribution of jumbo squid in the NPLCC region increased 

between 2002 and 2006, with sightings as far north as southeast Alaska.
92

   Loggerhead turtle, brown 

pelican, and sunfish are reported recent arrivals to the northern Washington coast.
93

 

Climate change may also lead to significant phenological decoupling, such 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 the usual April-May time period).
94

 The delay 

was accompanied by recruitment failure among plankton-reliant rockfish species, low survival of coho 

and Chinook salmon, complete nesting failure by Cassinôs Auklet, and widespread deaths of other 

seabirds (common murres, sooty shearwaters).
95

  Similar mismatches also occurred in 2006 and 2007 

when upwelling began early but was interrupted at a critical time (May-June).
96

 

As a result of these effects, novel assemblages of organisms will inevitably develop in the near future due 

to differing tolerances for changes in environmental conditions.
97

 These novel communities will have no 

past or present counterparts and are likely to present serious challenges to marine resource managers.
98

 

Adaptation to climate change for marine and coastal systems 

Given that CO2 concentrations will continue to increase and exacerbate climate change effects for the 

foreseeable future,
99

 adaptation is emerging as an appropriate response to the unavoidable impacts of 

climate change.
100

 Adaptive actions reduce a systemôs vulnerability,
101

 increase its capacity to withstand 

or be resilient to change,
102

 and/or transform systems to a new state compatible with likely future 

conditions.
103

 Adaptation actions typically reflect three commonly cited tenets: (1) remove other threats 

and reduce non-climate stressors that exacerbate climate change effects;
104

 (2) establish, increase, or 

adjust protected areas, habitat buffers, and corridors;
105

 and, (3) increase monitoring and facilitate 

management under uncertainty, including scenario-based planning and adaptive management.
106
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Adaptation actions may occur in legal, regulatory, or decision-making processes, as well as in on-the-

ground conservation activities.
107

 For example, to counteract loss of coastal habitat due to erosion and sea 

level rise, options include removing shoreline hardening structures,
108

 enhancing sediment transport,
109

 

establishing ecological buffer zones,
110

 and acquiring rolling easements.
111

 To manage invasive species, 

whose spread is exacerbated by increased sea surface temperatures and other climate-related effects, 

options include restoring native species, physically removing invasive species, and strengthening 

regulatory protections against invasive species introduction.
112

 Decision-makers may also create or 

modify laws, regulations, and policies governing coastal management to promote living shorelines that 

protect coastal property and habitat,
113

 incorporate climate projections into land use planning to safeguard 

coastal habitats,
114

 and implement coastal development setbacks to address rising sea levels and increased 

storm intensity, maintain natural shore dynamics, and minimize damage from erosion.
115

   

Although uncertainty and gaps in knowledge exist, sufficient scientific information is available to plan for 

and address climate change impacts now.
116

 Implementing strategic adaptation actions early may reduce 

severe impacts and prevent the need for more costly actions in the future.
117

 To identify and implement 

adaptation actions, practitioners highlight four broad steps: 

1. Assess current and future climate change effects and conduct a vulnerability assessment.
118

  

2. Select conservation targets and a course of action that reduce the vulnerabilities and/or climate 

change effects identified in Step 1.
119

 

3. Measure, evaluate, and communicate progress through the design and implementation of 

monitoring programs.
120

 

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

assumptions.
 121

 

Adaptive approaches to addressing climate change impacts will vary by sector and management goal, 

across space and time, and by the goals and preferences of those engaged in the process.
122

 In all cases, 

adaptation is not a one-time activity, but is instead a continuous process, constantly evolving as new 

information is acquired and interim goals are achieved or reassessed.
123

 Ultimately, successful climate 

change adaptation supports a systemôs capacity to maintain its past or current state in light of climate 

impacts or transform to a new state amenable to likely future conditions.
124
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PREFACE 

This report is intended as a reference document ï a science summary ï for 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 Federation under a grant from the U.S. FWS (FWS 

Agreement Number 10170AG200). 

This report is a complete ñDraft Finalò version and represents the fulfillment of Phase One of a two phase 

project. Under Phase Two, funded through a separate grant, NWF will convene expert focus groups and 

produce a final report in 2012 that incorporates additional information. A companion report compiling 

similar information on freshwater aquatic and riparian ecosystems within the NPLCC area will also be 

completed under the same timeline.  

Production and Methodology 

This report draws from peer-reviewed studies, government reports, and publications from non-

governmental organizations to summarize climate change and ecological literature on historical baselines, 

observed trends, future projections, policy and management options, knowledge gaps, and the 

implications of climate change for species, habitats, and ecosystems in the marine and coastal 

environment. Because the report strives to reflect the state of knowledge as represented in the literature, in 

most cases language is drawn directly from cited sources. By compiling and representing verbatim 

material from relevant studies rather than attempting to paraphrase or interpret information from these 

sources, the authors sought to reduce inaccuracies and possible mis-characterizations 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 report. Given the extensive use of 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 general, verbatim material is found in the main body of the report, while the Executive 

Summary, Boxes, and Case Studies reflect the report authorsô synthesis of multiple sources.  

To produce this report, the authors worked with the University of Washington Climate Impacts Group 

(CIG) and reviewers from federal, state, tribal, non-governmental, and university sectors. CIG provided 

expert scientific review throughout the production process, as well as assistance in the design and 

organization of the report. Reviewers provided 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 NPLCC region for assistance and 

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

This report draws from primary sources as well as synthesis reports. In synthesis reports, 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 number is included for reference. In cases 

where a primary source is referenced in a secondary source, it is indicated in the footnote. The global, 

regional, state, and provincial level synthesis reports drawn from include: 

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

Change 2007. 

 Global Climate Change Impacts in the United States. (2009).  

 Alive and Inseparable: British Columbiaôs Coastal Environment (2006).  

 Environmental Trends in British Columbia: 2007.  

 Taking Natureôs Pulse: The Status of Biodiversity in British Columbia (2009). 

 Climatic Change, Volume 102, Numbers 1-2 (September 2010).  This volume published the findings 

of the Washington Climate Change Impacts Assessment (WACCIA).  

 Washington Climate Change Impacts Assessment (WACCIA) (2009).  

 Oregon Climate Assessment Report (OCAR) (2010).  

 2009 California Climate Adaptation Strategy: A Report to the Governor of the State of California in 

Response to Executive Order S-13-2008.  

 Synthesis of Adaptation Options for Coastal Areas. (2009). 

 The State of Marine and Coastal Adaptation in North America: A Synthesis of Emerging Ideas. 

(2011).  

 Strategies for Managing the Effects of Climate Change on Wildlife and Ecosystems. (2008). 

How to Use This Document 

Being the first reference document of its kind for the North Pacific LCC region, the extensive details on 

climate change trends and projections are necessary to provide baseline information on the NPLCC. 

However, we encourage the reader to focus on the general magnitude and direction of projections, their 

implications, and on the range of options available to address climate change impacts. It is our hope that 

this document will provide useful information to North Pacific LCC members and stakeholders, and help 

facilitate effective conservation that accounts for climate change and its impacts in the region. 
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1 

I. INTRODUCTION  

This report compiles existing knowledge on known and potential climate change effects on marine and 

coastal ecosystems within the geographic extent of the North Pacific Landscape Conservation 

Cooperative (NPLCC). The report also includes a menu of policy and management responses, culled from 

published science and grey literature, to adapt to climate change in marine and coastal environments. The 

North Pacific Landscape Conservation Cooperative is one of twenty-one Landscape Conservation 

Cooperatives (LCCs) planned for the United States, Canada, and Mexico.
1
  LCCs are member-directed 

conservation partnerships among State and Federal agencies, Tribes, nongovernmental organizations, 

universities, existing partnership efforts, and other conservation entities.
2
 Other key partners of the 

NPLCC will be the three regional Climate Science Centers (CSCs) within the geographic area of the 

NPLCC ï Alaska, Northwest, and Southwest CSCs.
3
 The CSCs will deliver basic climate change impact 

science for their region, prioritizing fundamental science, data and decision-support activities based 

principally on the needs of the LCCs.
4
 LCCs will link the science with conservation delivery.

5
 Thus, 

LCCs are management-science partnerships that inform resource management actions and provide needed 

tools.
6
 They provide a forum for identifying common science questions and needs for the defined 

landscapes, across organization lines.
7
 More specifically, LCCs generate applied science to inform 

conservation actions related to climate change, habitat fragmentation, and other landscape-level stressors 

and resource issues.
8
 For further information, please see http://www.fws.gov/science/shc/lcc.html 

(accessed March 14, 2011). 

Description of NPLCC 

The NPLCC region comprises approximately 204,000 square miles (530,000 square kilometers, km
2
) in 

six western U.S. states and Canadian provinces (see Figure 3 on page 4).
9
 Public lands make up 

approximately 78 percent, or 159,000 square miles (412,000 km
2
) of the NPLCC, with 82,000 square 

miles (212,000 km
2
) of Federal lands in the U.S. portion of the NPLCC and 77,000 square miles (200,000 

km
2
) of Crown lands in the Canadian portion of the NPLCC.

10
 The total amount of coastline is 

                                                      

1
 *US Fish and Wildlife Service. Landscape Conservation Cooperatives: Better Conservation through Partnerships 

in the Pacific Region. (2010, p. 1) 
2
 *USFWS. North Pacific Landscape Conservation Cooperative. (August 2010, p. 1) 

3
 USFWS. North Pacific Landscape Conservation Cooperative (pdf, website). (December 2010, p. 2). A total of 

eight CSCs are being established to support the 21 LCCs. They consist mainly of university-based consortiums. 
4
 *U.S. Department of the Interior. Interior's plan for a coordinated, science-based response to climate change 

impacts on our land, water, and wildlife resources (pdf, website). (n.d., p. 2)  
5
 *U.S. Department of the Interior. Interior's plan for a coordinated, science-based response to climate change 

impacts on our land, water, and wildlife resources (pdf, website). (n.d., p. 5) 
6
 *USFWS. North Pacific Landscape Conservation Cooperative. (August 2010, p. 1) 

7
 *USFWS. North Pacific Landscape Conservation Cooperative. (August 2010, p. 1) 

8
 *USFWS. North Pacific Landscape Conservation Cooperative. (August 2010, p. 1) 

9
 USFWS. North Pacific Landscape Conservation Cooperative High Resolution Map. (2010). Within the Yukon 

Territory (YT; 186,272 mi
2
, 482,443 km

2
), the only land within the NPLCC region is that covered by the Kluane 

National Park and Preserve (8,487 miles
2
, 21, 980 km

2
; ~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. 
10

 USFWS. North Pacific Landscape Conservation Cooperative High Resolution Map. (2010) 

http://www.fws.gov/science/shc/lcc.html
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approximately 38,200 miles (~ 61,500 km)
11

 and extends from Kenai Peninsula in southcentral Alaska to 

Bodega Bay in northern California. The inland extent of the NPLCC is delineated according to the Pacific 

Flyway, ecoregions, and the crests of several mountain ranges and, from the coast, stretches inland up to 

150 miles (~240 km); therefore only the lower extent of many of the larger river watersheds are included 

within the area. This area encompasses a variety of water 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 II, which describes observed trends and future projections, both globally 

and within the NPLCC geography, for greenhouse gas concentrations, temperature, and precipitation. 

Chapter III describes the primary effects of changes in greenhouse gas concentrations, temperature, and 

precipitation on ocean acidification, sea surface temperature, hydrology, ocean currents, storms, sea level, 

coastal upwelling, and hypoxia and anoxia in the NPLCC region. The report then describes how the 

changes presented in Chapter II and the effects presented in Chapter III impact marine and coastal 

ecosystem processes (Chapter IV), the geomorphology of coastal nearshore systems (Chapter V), species 

behavior and community-level responses (Chapter VI), and specific fish, wildlife, plants, plankton, and 

shellfish (Chapter VII) in the NPLCC region. In Chapter VIII, the report provides a menu of policy and 

management responses to address the impacts of climate change on species and habitats in the marine and 

coastal environment described in Chapters IV-VII . These responses are based on the general tenets of 

climate change adaptation for natural systems and are culled from published scientific literature, grey 

literature, and interviews with experts throughout the NPLCC region. Chapter IX briefly describes future 

work in the NPLCC region. Six appendices provide key terms and definitions, an explanation of climate 

modeling and emissions scenarios, an explanation of long-term climate variability, a discussion of the Sea 

level Affecting Marshes Model (SLAMM), resources for adaptation principles and responses to climate 

change, and a list of reviewers and interviewees. 

Definitions for Marine and Coastal Environments 

In this report, we use definitions for marine and coastal areas based on oceanography and law (Figure 1 

and Figure 2).
12

 Nearshore areas extend from the farthest reach inland of tidally-influenced water to the 

depth of light penetration in the ocean (usually about 10 meters).13 Coastal waters are described often as 

extending to the edge of the continental shelf. The open ocean is described often as the area beyond the 

edge of the continental shelf. 

                                                      

11
 USFWS. North Pacific Landscape Conservation Cooperative High Resolution Map. (2010) 

12
 NOAA. Federal Geographic Data 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 water (MLLW) 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 Project (website). (2003); Puget Sound Nearshore Ecosystem Restoration 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 Data Committee's (FCDG) Marine Boundary Working Group Shoreline 

Boundaries Diagram. (2010).  

 

Figure 2. General marine habitat types and associated tidal influence.  

Source: http://maps.risingsea.net/wetland_loss/tides_wetlands_elevation.jpg (accessed 2.11.2011) 

http://maps.risingsea.net/wetland_loss/tides_wetlands_elevation.jpg
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Figure 3. Public land ownership within the North Pacific Landscape Conservation Cooperative (NPLCC).  

Source: U.S. Fish and Wildlife Service (2011). This is a preliminary land ownership map, including only federal, 

state, and provincial lands. At a later date, the map will be updated to include Native Alaskan, First Nations, and 

Tribal lands. Lands owned by other entities (e.g. NGOs, private property) may be included as well.



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

 
5 

II.  CO2 CONCENTRATIONS, TEMPERATURE, &  PRECIPITATION   

                                                      

14
 NOAA. Trends in Atmospheric Carbon Dioxide: Global 2011 (website). (2011) 

15
 CIG. Climate Change: Future Climate Change in the Pacific Northwest (website). (2008) 

16
 Forster et al. (2007, p. 141) 

17
 Raupach et al. Global and regional drivers of accelerating CO2 emissions. 

18
 Mote (2003, p. 276); Butz and Safford (Butz and Safford 2010, 1). Butz and Safford refer the reader to Figures 1 

& 2 in the cited report. 
19

 Karl, Melillo and Peterson. (2009, p. 139). The authors cite Fitzpatrick et al. (2008) for this information. 
20

 Mote (2003, p. 276) 
21

 Butz and Safford (Butz and Safford 2010, 1). The authors refer the reader to Figures 1 & 2 in the cited report. 
22

 Alaska Climate Research Center. Temperature Change in Alaska (website). (2009)  
23

 Mote (2003, p. 279) 
24

 Killam et al. (2010, p. 2) 
25

 Pike et al. (2010, Table 19.1, p. 701) 
26

 Stafford, Wendler and Curtis. (2000, p. 41). Information obtained from Figure 7.  
27

 Mote (2003, p. 279) 
28

 Killam et al. (2010, p. 4) 
29

 Pike et al. (2010, Table 19.1, p. 701) 
30

 Mote (2003, p. 279) 

Box 1. Summary of observed trends and future projections for greenhouse gas concentrations, 
temperature, and precipitation 

Observed Trends  

 Atmospheric CO2 concentrations in March 2011 were approximately 392 parts per million (ppm),14 higher 
than any level in the past 650,000 years15 and 41% higher than the pre-industrial value (278 ppm).16 From 
2000-2004, the emissions growth rate (>3%/yr) exceeded that of the highest-emissions IPCC scenario 
(A1F1), and the actual emissions trajectory was close to that of the A1F1 scenario.17 

 Annual average temperatures in the NPLCC region increased, in general, 1-2°F (~0.6-1°C) over the 20th 
century.18 Alaska is an exception ð a 3.4°F (~1.9°C) increase was observed from 1949-2009.19 

 In the 20th century and early 21st century, the largest increase in seasonal temperature occurred in winter: 
+3.3°F (+1.83°C) in western BC, OR, and WA20 and +1.8-2.0ºF (+1.0-1.1ºC) in northwestern CA.21 These 
increases tend to drive the annual trends, particularly in AK (+6.2°F or 3.4°C from 1949-2009 near 
Juneau).22 

 In the 20th century and early 21st century, average annual precipitation trends are highly variable, with 
increases of 2 to approximately 7 inches (~5-18 cm) observed in WA, OR,23 and northwestern CA,24 and 
both small increases and decreases (Ñ1inch or Ñ2.54 cm) observed in BCõs Georgia Basin and coastal 
areas, depending on the time period studied.25 Precipitation trends in Alaska were not available. However, 
precipitation was 32-39 inches (80-100cm) in southcentral Alaska and at least 39 inches (100cm) in 
southeast Alaska from 1949-1998.26 

 In the 20th century and early 21st century, seasonal precipitation trends are highly variable, with increases in 
winter and spring precipitation observed in WA, OR,27 and northwestern CA,28 and both increases and 
decreases observed in BC, depending on location and time period.29 Specifically, in WA and OR, spring 
precipitation increased +2.87 inches (7.29cm) and winter precipitation increased 2.47 inches (6.27cm) from 
1920 to 2000.30 

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

Note to the reader: In Boxes, the published and grey literature is summarized. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 
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Future projections  

 Projected atmospheric CO2 concentrations in 2100 range from a low of about 600 ppm under the A1T, 

B1, and B2 scenarios to a high of about 1000 ppm in the A1F1 scenario.31 Recent emissions trajectories 

are close to that of the A1F1 scenario.32  

 By 2100, average annual temperatures in the NPLCC region are projected to increase 3.1-6.1°F (1.7-

3.4°C) (excluding AK & BC, where temperatures are projected to increase 2.5-2.7°F (1.4-1.5°C) by 2050 

and 5-13°F (2.8-7.2°C) after 2050, respectively).33 The range of projected increases varies from 2.7 to 

13°F (1.5-7.2°C), with the largest increases projected in AK.34 Baselines for projections vary by study 

location: 1960s-1970s in AK, 1961-1990 in BC, 1970-1999 in the Pacific Northwest (PNW), and 1971-

2000 in northwest CA.  

 By 2100, seasonal temperatures are projected to increase the most in summer (region-wide: 2.7-9.0°F, 

1.5-5°C): in BC, 2.7°F to 5.4ĚF (1.5-3ĚC) along the North Coast and 2.7°F to 9.0ĚF (1.5-5ĚC) along the 

South Coast. In WA and OR, 5.4-8.1ĚF (3.0-4.5ĚC).35 The exception is AK, where seasonal temperatures 

are projected to increase the most in winter.36 The baseline for projections varies by study location: 

1960s-1970s in Alaska, 1961-1990 on the BC coast and northern CA, 1970-1999 in the PNW. 

 Precipitation may be more intense, but less frequent, and is more likely to fall as rain than snow.37 

Annual precipitation is projected to increase in AK,38 BC (2050s: +6% along the coast, no range 

provided),39 and WA and OR (2070-2099: +4%, range of -10 to +20%),40 but is projected to decrease in 

CA (2050: -12 to -35%, further decreases by 2100).41 Increases in winter and fall precipitation drive the 

trend (+6 to +11% [-10 to +25% in winter] in BC and +8% [small decrease to +42%] in WA and OR), 

while decreases in summer precipitation mitigate the upward trend (-8 to -13% in BC [-50 to +5%] and -

14% [some models project -20 to -40%] in WA and OR).42 In southeast AK, however, a 5.7% increase 

in precipitation during the growing season is projected (no range or baseline provided).43 Baselines for 

BC, WA, OR, and CA are the same as those listed in the previous bullet. 

  

                                                      

31
 Meehl et al. (2007, p. 803). This information was extrapolated from Figure 10.26 by the authors of this report. 

32
 Raupach et al. Global and regional drivers of accelerating CO2 emissions. (2007) 

33
 For BC, Pike et al. (2010, Table 19.3, p. 711). For AK, Karl, Melillo and Peterson. (2009, p. 139). For WA and 

OR, CIG. Climate Change (website). (2008, Table 3) and Mote et al. (2010, p. 21). For CA, California Natural 

Resources Agency (NRA). (2009, p. 16-17), Port Reyes Bird Observatory (PRBO). (2011, p. 8), and Ackerly et al. 

(2010, Fig. S2, p. 9). 
34

 For AK, Karl, Melillo and Peterson. (2009, p. 139). For WA and OR, CIG. Climate Change (website). (2008, 

Table 3) and Mote et al. (2010, p. 21). For CA, CA NRA.. (2009, p. 16-17) and PRBO. (2011, p. 8). 
35

 For BC, BC Ministry of Environment (MoE). (2006, Table 10, p. 113). For OR and WA, Mote and Salathé, Jr. 

(2010, Fig. 9, p. 42).For CA, PRBO. (2011, p. 8).  
36

 Karl, Melillo and Peterson. (2009) 
37

 Karl, Melillo and Peterson. (2009) 
38

 Karl, Melillo and Peterson. (2009, p. 139). 
39

 Pike et al. (2010, Table 19.3, p. 711) 
40

 The precipitation range was obtained from the Climate Impacts Group. It can be found in Summary of Projected 

Changes in Major Drivers of Pacific Northwest Climate Change Impacts, available in draft form from 

http://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521_projecteddrivers.pdf (accessed 1.5.2011). 
41

 California Natural Resources Agency. (2009, p. 16-17) 
42

 For BC, BC MoE. (2006, Table 10, p. 113). For OR & WA, Mote & Salathé, Jr. (2010, 42-44) 
43

 Alaska Center for Climate Assessment and Policy. (2009, p. 31) 

http://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521_projecteddrivers.pdf
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1. CARBON DIOXIDE ( CO2) CONCENTRATIONS  ï global observed trends and 

future projections 

Observed Trends 

 Overall change: Atmospheric CO2 concentrations in March 2011 were approximately 392 parts 

per million (ppm),
44

 higher than any level in the past 650,000 years
45

 and 41% higher than the 

pre-industrial value (278 ppm).
46

 Current CO2 concentrations are about 3.4 percent higher than 

the 2005 concentration reported by the IPCCôs Fourth Assessment Report (AR4: 379 ± 0.65 

ppm).47 From 2000-2004, the actual emissions trajectory was close to that of the high-emissions 

A1F1 scenario.
48

 

 Annual growth rates 

o 1960-2005: CO2 concentrations grew 1.4 ppm per year, on average.49 

o 1995-2005: CO2 concentrations grew 1.9 ppm per year, on average.50 This is the most 

rapid rate of growth since the beginning of continuous direct atmospheric measurements, 

although there is year-to-year variability in growth rates.51 

o 2000-2004: the emissions growth rate (>3%/yr) exceeded that of the highest-emissions 

IPCC scenario (A1F1).52  

o 2010: the annual mean rate of growth of CO2 concentrations was 2.68 ppm.53 

  

                                                      

44
 NOAA. Trends in Atmospheric Carbon Dioxde (website). (2011) 

45
 CIG. Climate Change: Future Climate Change in the Pacific Northwest (website). (2008).  

46
 Forster et al. (2007, p. 141) 

47
 Forster et al. (2007, p. 141) 

48
 Raupach et al. Global and regional drivers of accelerating CO2 emissions. (2007) 

49
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 2) 

50
 IPCC. (2007f, p. 2) 

51
 * IPCC. (2007f, p. 2) 

52
 Raupach et al. (2007) 

53
 NOAA. Trends in Atmospheric Carbon Dioxide: Global (website). (2011) 
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Box 2. The Special Report on Emissions Scenarios (SRES). 

Changes in greenhouse gas (GHG, e.g. carbon dioxide, CO2) and sulfate aerosol emissions are based on 
different assumptions about future population growth, socio-economic development, energy sources, and 
technological progress. Because we do not have the advantage of perfect foresight, a range of assumptions 
about each of these factors are made to bracket the range of possible futures, i.e. scenarios. Individual 
scenarios, collectively referred to as the IPCC Special Report on Emissions Scenarios or SRES scenarios, are 
grouped into scenario òfamiliesó for modeling purposes. Forty individual emissions scenarios are grouped 
into six families: A1F1, A1B, A1T, A2, B1, and B2. The òAó families are more economic in focus than the 
òBó families, which are more environmentally focused. The A1 and B1 families are more global in focus 
compared to the more regional A2 and B2. All scenarios are assumed to be equally valid, with no assigned 
probabilities of occurrence. While the scenarios cover multiple GHGs and multiple drivers are used to 
project changes, this report focuses on CO2 because it is the major driver of ocean acidification, as well as 
other climate change impacts, and is tightly coupled with many ecological processes. 

 The A1 scenarios (A1F1, A1B, and A1T) assume rapid economic growth, a global population that peaks 
in mid-century, and rapid introduction of new and more efficient technologies. They are differentiated by 
assumptions about the dominant type of energy source: the fossil-intensive A1F1, non-fossil intensive 
A1T, and mixed energy source A1B scenarios. Cumulative CO2 emissions from 1990 to 2100 for the 
A1T, A1B, and A1F1 scenarios are 1061.3 Gigatons of carbon (GtC), 1492.1 GtC, and 2182.3 GtC, 
respectively. These correspond to a low-, medium-high, and high-emissions scenario, respectively. 

 The B1 scenario assumes the same population as A1, but with more rapid changes toward a service and 
information economy.  This is a low-emissions scenario: cumulative CO2 emissions from 1990 to 2100 
are 975.9 GtC. 

 The B2 scenario describes a world with intermediate population and economic growth, emphasizing local 
solutions to sustainability.  Energy systems differ by region, depending on natural resource availability. 
This is a medium-low emissions scenario: cumulative CO2 emissions from 1990 to 2100 are 1156.7 GtC. 

 The A2 scenario assumes high population growth, slow economic development, and slow technological 
change. Resource availability primarily determines the fuel mix in different regions. This is a high-
emissions scenario: cumulative CO2 emissions from 1990 to 2100 are 1855.3 GtC. 

Scenario 
Cumulative CO2 

emissions 
(GtC), 1990-2100 

Population 
Growth Rate 

Economic 
Development Rate 

Fuels used 

A1F1 2182.3 
Peaks in mid-
21st century 

Rapid Fossil fuel intensive 

A1B 1492.1 
Peaks in mid-
21st century 

Rapid Mixed energy sources 

A1T 1061.3 
Peaks in mid-
21st century 

Rapid 
Non-fossil fuel 
intensive 

A2 1855.3 High Slow 
Determined by 
resource availability 

B2 1156.7 Intermediate Intermediate 
Determined by 
resource availability 

B1 975.9 
Peaks in mid-
21st century 

Rapid ð toward service 
& information economy 

Non-fossil fuel 
intensive 

Source:  IPCC. Climate Change 2007: Synthesis Report. (2007); IPCC. The SRES Emissions Scenarios (website). (2010); IPCC. 

IPCC Special Report on Emissions Scenarios: Chapters 4.3 & 5.1 (website). (2010); IPCC. SRES Final Data (version 1.1) Breakdown 

(website). (2000); CIG. Climate Change (website). (2008). 
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Future Projections 

 Compared to the concentration in 2005 (~379 ppm), atmospheric CO2 concentrations are 

projected to increase over the period 2000-2100 across all six SRES scenarios,54 from a low of 

about 600 ppm under the A1T, B1, and B2 scenarios to a high of about 1000 ppm in the A1F1 

scenario.55 

 Note: Most projections in this chapter are 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, see Box 2  and Appendix 3 for further information).56  

  

                                                      

54
 Meehl et al. Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth 

Assessment Report of the Intergovernmental Panel on Climate Change. (2007, p. 803). This information has been 

extrapolated from Figure 10.26 by the authors of this report. 
55

 Meehl et al. (2007, p. 803). This information has been extrapolated from Figure 10.26 by the authors of this 

report. 
56

 IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 44) 

Box 3. Why are CO2 concentrations, air temperature, and precipitation important? 

 Increasing carbon dioxide concentrations in the atmosphere contribute to the greenhouse effect, leading to 

increases in global average air temperature. Increased carbon dioxide levels in the atmosphere also drive the 

acidification of the ocean. 

 Air temperature is important because increases in air temperature are reflected in increasing sea surface 

temperature, drive sea level rise, and because warmer air holds more water vapor. Air temperature affects 

wind patterns, which affect ocean currents, storm patterns, upwelling, and sea level rise.  

 Precipitation is important because its type (e.g. rain vs. snow), amount, frequency, duration, and intensity 

affects other hydrologic processes such as the amount and timing of freshwater inflow into coastal regions, 

which in turn affects the incidence and severity of hypoxic events. 

 Together, temperature, precipitation, and CO2 concentrations affect the land (e.g. coastal erosion), coastal 

environment (e.g.  inundation due to sea level rise), open ocean (e.g. storm frequency and intensity) and the 

habitats and biological communities dependent on each. 

Sources: see, for example, Pew (2011); Trenberth et al. (2007); Grantham et al. (2004); Hauri et al. (2009); Nicholls and 

Cazenave (2010); Feely, Doney, and Cooley (2009); Glick, Clough, and Nunley (2007) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
10 

2. TEMPERATURE  ï 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 (14.52°C; NCDC 

dataset).
57

 This is tied with 2005 as the warmest year on record, at 1.12°F (0.62°C) above the 20
th
 

century average of 57.0°F (13.9°C; NCDC dataset).
58

 The range associated with this value is plus 

or minus 0.13°F (0.07°C; NCDC dataset).
59 

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

2006.
60

 

o In 2010, Northern Hemisphere combined land and ocean surface temperature was the 

warmest on record: 1.31°F (0.73°C) above the 20
th
 century average (NCDC dataset).

61
 

 From 1906 to 2005, global average surface temperature increased ~1.34°F ± 0.33°F (0.74°C ± 

0.18°C).
62 

o  From the 1910s to 1940s, an increase of 0.63°F (0.35°C) was observed.
63

 Then, about a 

0.2°F (0.1°C) decrease was observed over the 1950s and 1960s, followed by a 0.99°F 

(0.55°C) increase between the 1970s and the end of 2006 (Figure 4).
64

 

 The 2001-2010 decadal land and ocean average temperature trend was the warmest decade on 

record for the globe: 1.01°F (0.56°C) above the 20
th
 century average (NCDC dataset).

65
 

o From 1906-2005, the decadal trend increased ~0.13°F ± 0.04°F (0.07°C ± 0.02°C) per 

decade.
66

 From 1955-2005, the decadal trend increased ~0.24°F ± 0.05°F (0.13°C ± 

0.03°C) per decade.
67

 

 Warming has been slightly greater in the winter months from 1906 to 2005 (December to March 

in the northern hemisphere; June through August in the southern hemisphere).
68

 Analysis 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 hot days and warm nights 

has increased.
69

 

 

                                                      

57
 NOAA. State of the Climate Global Analysis 2010 (website). (2011)  

58
 NOAA. (2011) 

59
 NOAA. (2011) 

60
 *IPCC. Climate Change 2007: Synthesis Report: Summary for Policymakers. (2007, p. 2) 

61
 NOAA. (2011)  

62
 *Trenberth et al. Climate Change 2007: The Physical Science Basis. (2007, p. 252). Note: Trenberth et al. 

comprise Working Group 1 of the IPCC 4
th
 Assessment Report.  

63
 Trenberth et al. (2007, p. 252) 

64
 Trenberth et al. (2007, p. 252) 

65
 NOAA. (2011)  

66
 Trenberth et al. (2007, p. 237) 

67
 Trenberth et al. (2007, p. 237) 

68
 *Trenberth et al. (2007, p. 252) 

69
 *Trenberth et al. (2007, p. 252) 
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Figure 4. Jan-Dec Global Mean Temperature over Land & Ocean. Source: NCDC/NESDIS/NOAA. Downloaded 

from http://www.ncdc.noaa.gov/sotc/service/global/global-land-ocean-mntp-anom/201001-201012.gif (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 warmed even more, by 6.3°F (3.5°C).
70

 The time period over which trends are computed is 

not provided. However, compared to a 1960s-1970s baseline, the average temperature from 1993 

to 2007 was more than 2°F (1.1°C) higher.
71

  

o Annual average temperature increased 3.2°F (1.8°C) in Juneau over 1949-2009.
72

 From 

1971 to 2000, temperatures in Anchorage increased by 2.26°F (1.27°C).
73

  

 From 1949 to 2009, winter temperatures increased the most, followed by spring, summer, and 

autumn temperatures.
74

 For example, in Juneau, winter temperatures increased by 6.2°F (3.4°C), 

spring temperatures increased by 2.9°F (1.6°C
 
), summer temperatures increased by 2.2°F 

(1.2°C), and autumn temperatures increased 1.4°F (0.8°C).
75

 

 A comparison of official data from the National Climatic Data Center (NCDC) for 1971-2000 and 

unofficial National Weather Service (NWS) data for 1981-2010 for Juneau, Alaska indicates 

average annual, warm season (April ï September), and cold season (October ï March) 

temperatures have increased from 1971-2000 to 1981-2010 (Table 1):
76

 

                                                      

70
 *Karl, Melillo and Peterson. Global Climate Change Impacts in the United States. (2009, p. 139). The report does 

not provide a year range for this information. The authors cite Fitzpatrick et al. (2008) for this information. 
71

 Karl, Melillo and Peterson. (2009, p. 139). See the figure entitled Observed and Projected Temperature Rise. 
72

 Alaska Climate Research Center. Temperature Change in Alaska (website). (2009)  
73

 Alaska Center for Climate Assessment and Policy. Climate Change Impacts on Water Availability in Alaska 

(presentation). (2009, p. 4) 
74

 Alaska Climate Research Center. (2009) 
75

 Alaska Climate Research Center. (2009) 
76

 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 

http://www.ncdc.noaa.gov/sotc/service/global/global-land-ocean-mntp-anom/201001-201012.gif
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o Annual: +0.6°F (+0.33°C), from 41.5°F (5.28°C) to 42.1°F (5.61°C).77 

o April -September: +0.2°F (+0.1°C), from 50.9°F (10.5°C) to 51.1°F (10.6°C).78 

o October-March: +0.8°F (+0.444°C), from 32.1°F (0.0556°C) to 32.9°F (0.500°C).79 

 

Table 1. Annual and seasonal temperature trends for Juneau, AK over two thirty-year time periods. 

 1971-2000* 

°F (°C) 

1981-2010* 

°F (°C) 

Absolute 

Change 

°F (°C) 

Percent 

Change
À
 

Annual  

Average 41.5 (5.28) 42.1 (5.61) +0.6 (+0.33) +1.45 

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 

(April ï Sept)  

Average 50.9 (10.5) 51.1 (10.6) +0.2 (+0.1) +0.393 

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  

(Oct ï March)  

Average 32.1 (0.0556) 32.9 (0.500) +0.8 (+0.444) +2.49 

Average maximum 37.0 (2.78) 37.7 (3.17) +0.7 (+0.39) +1.89 

Average minimum 27.2 (-2.67) 28.1 (-2.17) +0.9 (+0.50) +3.31 

*Data for 1971-2000 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 (Meteorologists, 

NOAA/National Weather Service, Juneau) on May 12, 2011. The official data for 1981-2010 are 

scheduled for release by NCDC in July 2011. The table was created by the authors of this report and 

approved by Tom Ainsworth and Rick Fritsch on June 10, 2011. 

ÀPercent change reflects the relative increase or decrease from 1971-2000 to 1981-2010. 

 

Western British Columbia 

 Observed trends in the annually averaged daily minimum, mean, and maximum temperatures 

from 1950 to 2006 are available for four stations along the BC coast (Table 2).80 

  

                                                      

77
 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 
78

 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 
79

 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 
80

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

p. 7) 
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Table 2. Trends in the average daily minimum, mean, and maximum temperatures per decade in °F (°C) 

in southern coastal British Columbia, 1950-2006. 

 Temperature  Annual Winter Spring Summer Autumn 

Abbotsford 

Airport, near 

Vancouver 

Minimum  0.72 (0.40) 1.58 (0.88) 0.86 (0.48) 0.58 (0.32) 0.23 (0.13) 

Average 0.59 (0.33)* 0.52 (0.29)* 0.68 (0.38)* 0.74 (0.41)* 0.27 (0.15)* 

Maximum 0.20 (0.11) 1.13 (0.63) -0.41 (-0.23) 1.21 (0.67) -0.76 (-0.42) 

Comox 

Airport, east 

Vancouver 

Island 

Minimum  0.58 (0.32)* 0.40 (0.22)* 0.79 (0.44)* 0.65 (0.36)* 0.38 (0.21)* 

Average 0.41 (0.23)* 0.40 (0.22)* 0.50 (0.28)* 0.45 (0.25)* 0.22 (0.12)* 

Maximum 0.23 (0.13)* 0.31 (0.17)* 0.23 (0.13) 0.27 (0.15) 0.11 (0.06) 

Port Hardy 

Airport, NE 

Vancouver 

Island 

Minimum  0.38 (0.21)* 0.43 (0.24)* 0.50 (0.28)* 0.45 (0.25)* 0.04 (0.02) 

Average 0.34 (0.19)* 0.49 (0.27)* 0.36 (0.20) 0.31 (0.17) 0.07 (0.04) 

Maximum 0.27 (0.15)* 0.52 (0.29)* 0.41 (0.23)* 0.14 (0.08) 0.05 (0.03) 

Victoria 

Airport, near 

Victoria 

Minimum  0.40 (0.22)* 0.36 (0.20)* 0.63 (0.35)* 0.45 (0.25)* 0.20 (0.11)* 

Average 0.45 (0.25)* 0.40 (0.22)* 0.58(0.32)* 0.52 (0.29)* 0.22 (0.12)* 

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% probability 

that the trend is not due to chance. 
Source: Adapted from B.C. MoE. (2007, Table 1, p. 7-8) by authors of this report. 
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Pacific Northwest (Figure 5) 

 Average 20
th
 century warming was 

1.64°F (0.91°C; the linear trend over the 

1920-2000 period, expressed in degrees 

per century).81  

 Warming over the 20
th
 century varied 

seasonally, with average 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).82 Data reflect the linear trend 

over the 1920-2000 period, expressed in 

degrees per century; data for summer 

are significant at the 0.05 level.83  

 Increases in maximum and minimum 

temperatures in the cool (October-

March) and warm (April-September) 

seasons from 1916 to 2003 and from 

1947 to 2003 were observed (Table 3).84 

 When comparing the 1981-2010 climate normals (i.e., the 30-year average) to the 1971-2000 

climate normals, both maximum and minimum temperatures are about 0.5°F (~0.3°C) 

warmer on average in the new normals across the United States.85 The averaged annual 

statewide increases in maximum and minimum temperatures observed over this period are: 

o Maximum: +0.3 to +0.5°F (~+0.2-0.3°C) in Washington and Oregon.86 

o Minimum: +0.3 to +0.5°F (~+0.2-0.3°C) in Washington and +0.1 to +0.3°F (~+0.06-

0.3°C) in Oregon.87 

                                                      

81
 Mote (2003, Fig. 6, p. 276) 

82
 Mote (2003, Fig. 6, p. 276)  

83
 Mote (2003, Fig. 6, p. 276)  

84
 Hamlet et al. Twentieth-century trends in runoff, evapotranspiration, and soil moisture in the western United 

States. (2007, Table 1, p. 1475). 
85

 *NOAA. NOAA Satellite and Information Service: NOAAôs 1981-2010 Climate Normals (website). (2011) 
86

 *NOAA. (2011, Fig. 1) 
87

 *NOAA. (2011, Fig. 2) 

Figure 5. Historical average (1916-2003) 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). 

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

 PRISM data (a climate-mapping system) suggest that most of the Six Rivers National Forest 

area, located in northwestern California, experienced increases in mean annual temperature of 

about 1.8ºF (1ºC) between the 1930s and 2000s, although some coastal areas have seen a 

slight decrease in temperature.88 Average temperatures at the Orleans station increased 

approximately 2ºF (1.1ºC) in the period from 1931 to 2009 (1931 baseline: ~56.2ºF, or ~13 

ºC).89 The trend is driven by a highly significant increase in mean minimum (i.e., nighttime) 

temperature, which rose by almost 4ºF (2.2ºC) between 1931 and 2009 (1931 baseline: ~42ºF, 

or ~5.5ºC).90 Note: For a figure showing mean annual temperature and annual temperature 

seasonality from 1971 to 2000, please see Figure S1 in the link included in the footnote.91  

                                                      

88
 *Butz and Safford. A summary of current trends and probable future trends in climate and climate-driven 

processes for the Six Rivers National Forest and surrounding lands (pdf). (2010, p. 1). Butz and Safford refer the 

reader to Figure 1 in the cited report. 
89

 *Butz and Safford. (2010, p. 1). Butz and Safford refer the reader to Figure 1 in the cited report. For the 1931 

baseline, please see Figure 2 in the cited report. 
90

 *Butz and Safford. (2010, p. 1). Butz and Safford refer the reader to Figure 2 in the cited report. 
91

 Ackerly et al. The geography of climate change: implications for conservation biogeography (Supplemental 

Information). (2010). http://onlinelibrary.wiley.com/store/10.1111/j.1472-

4642.2010.00654.x/asset/supinfo/DDI_654_sm_Data_S1andFig_S1-

S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d710ca3e (accessed 6.8.2011). 

Table 3. Regional-scale maximum and minimum temperature trends during 1916-2003 and 1947-2003 for 

the cool season (October-March) and warm season (April-September) in the Pacific Northwest. 
 (°F per century with °C per century in parentheses; trends extrapolated from 1916-2003 and 1947-2003 data 

records)         

Source: Modified from Hamlet et al. (2007, Table 1, p. 1475) by authors of this report. 

Maximum temperature 

October-March 
1916-2003 

1947-2003 

1.82 (1.01) 

3.47 (1.93) 

April -September 
1916-2003 

1947-2003 

0.40 (0.22) 

2.68 (1.49) 

Minimum temperature 

October-March 
1916-2003 

1947-2003 

3.01 (1.67) 

4.09 (2.27) 

April -September 
1916-2003 

1947-2003 

2.43 (1.35) 

3.47 (1.93) 

http://onlinelibrary.wiley.com/store/10.1111/j.1472-4642.2010.00654.x/asset/supinfo/DDI_654_sm_Data_S1andFig_S1-S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d710ca3e
http://onlinelibrary.wiley.com/store/10.1111/j.1472-4642.2010.00654.x/asset/supinfo/DDI_654_sm_Data_S1andFig_S1-S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d710ca3e
http://onlinelibrary.wiley.com/store/10.1111/j.1472-4642.2010.00654.x/asset/supinfo/DDI_654_sm_Data_S1andFig_S1-S8.pdf?v=1&s=93f8310b31bb81d495bae87579a8d7f4d710ca3e
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 When comparing the 1981-2010 climate normals (i.e., the 30-year average) to the 1971-2000 

climate normals, both maximum and minimum temperatures are about 0.5°F (~0.3°C) 

warmer on average in the new normals across the United States.92 The averaged annual 

increase in maximum and minimum temperatures in California observed over this period are: 

o Maximum: +0.3 to +0.5°F (~+0.2-0.3°C).93 

o Minimum: +0.3 to +0.5°F (~+0.2-0.3°C).94 

Future Projections 

Note: The studies presented here differ in the baseline used for projections. Baselines include 1980-1999 

(IPCC), 1961-1990 (BC, CA), 1970-1999 (WA, OR), 1971-2000 (CA) and 1960-1970s (AK).  

Globally (1980 ï 1999 baseline) 

 Even if greenhouse gas (GHG) concentrations were stabilized at year 2000 levels (not 

currently the case), an increase in global average temperature would still occur: 0.67°F 

(0.37°C) by 2011-2030, 0.85°F (0.47°C) by 2046-2065, 1.01°F (0.56°C) by 2080-2099, and 

1.1°F (0.6°C) by 2090-2099 (all compared to a 1980-1999 baseline).95,96 
 

 Global average temperatures are projected to increase at least 3.2°F (1.8°C) under the B1 

scenario and up to 7.2°F (4.0°C) under the A1F1 scenario by 2090-2099 compared to a 1980-

1999 baseline.97 The range of projected temperature increases is 2.0°F (1.1°C) to 11.5°F 

(6.4°C) by 2090-2099, compared to a 1980-1999 baseline (Figure 6).98 

 A study by Arora et al. (2011) suggests that limiting warming to roughly 3.6°F (2.0°C) by 

2100 is unlikely since it requires an immediate ramp down of emissions followed by ongoing 

carbon sequestration after 2050.99 

                                                      

92
 *NOAA. (2011) 

93
 *NOAA. (2011, Fig. 1) 

94
 *NOAA. (2011, Fig. 2) 

95
 *IPCC. Climate Change 2007: Synthesis Report: Summary for Policymakers. (2007f, p. 8). See Figure SPM.1 for 

the information for 2090-2099. 
96

 Meehl et al. Climate Change 2007: The Physical Science Basis. (2007). Data for 2011-2030, 2046-2065, 2080-

2099, and 2180-2199 were reproduced from Table 10.5 on p. 763. Data for 2090-2099 were obtained from p. 749.  
97

 IPCC. Climate Change 2007: Synthesis Report: Summary for Policymakers. (2007f, p. 8). See Figure SPM.1.  
98

 IPCC. Climate Change 2007: Synthesis Report: Summary for Policymakers. (2007f, Table SPM.3, p. 13). 

AOGCMs are Atmosphere Ocean General Circulation Models. 
99

 *Arora et al. Carbon emission limits required to satisfy future representative concentration pathways of 

greenhouse gases. (2011) 
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Southcentral and Southeast Alaska (1960s-1970s baseline) 

 By 2020, compared to a 1960-1970s baseline, average annual temperatures in Alaska are 

projected to rise 2.0°F to 4.0°F (1.1-2.2°C) under both the low-emissions B1 scenarios and 

higher-emissions A2 scenario.100  

 By 2050, average annual temperatures in Alaska are projected to rise 3.5°F to 6°F (1.9-3.3°C) 

under the B1 scenario, and 4°F to 7°F (2.2-3.9°C) under the A2 scenario (1960-1970s 

baseline).101 Later in the century, increases of 5°F to 8°F (2.8-4.4°C) are projected under the B1 

scenario, and increases of 8°F to 13°F (4.4-7.2°C) are projected under the A2 scenario (1960-

1970s baseline).102  

 On a seasonal basis, Alaska is projected to experience far more warming in winter than summer, 

whereas most of the United States is projected to experience greater warming in summer than in 

winter.103  

 No data were found for mean temperatures associated with the ranges reported here. 

Western British Columbia (1961-1990 baseline) 

 Along the North Coast by the 2050s, annual air temperature is projected to increase 2.5ęF (1.4ęC) 

compared to a 1961-1990 baseline (multi-model average; scenarios not provided).104 Along the 

South Coast, annual air temperature is projected to increase 2.7ęF (1.5ęC) compared to a 1961-

                                                      

100
 Karl, Melillo and Peterson. (2009, p. 139). See the figure titled Observed and Projected Temperature Rise 

(section on Regional Impacts: Alaska). 
101

 Karl, Melillo and Peterson. (2009, p. 139) 
102

 Karl, Melillo and Peterson. (2009, p. 139) 
103

 *Karl, Melillo and Peterson. (2009) 
104

 Pike et al. Compendium of forest hydrology and geomorphology in British Columbia: Climate Change Effects on 

Watershed Processes in British Columbia. (2010, Table 19.3, p. 711). 

Figure 6. Solid lines are multi-model 

global averages of surface warming 

(relative to 1980ï1999) for the scenarios 

A2, A1B and B1, shown as continuations 

of the 20th century simulations. Shading 

denotes the ±1 standard deviation range 

of individual model annual averages. The 

orange line is for the experiment where 

concentrations were held constant at year 

2000 values. The grey bars at right 

indicate the best estimate (solid line 

within each bar) and the likely range 

assessed for the six SRES marker 

scenarios. The assessment of the best 

estimate and likely ranges in the grey 

bars includes the AOGCMs in the left 

part of the figure, as well as results from 

a hierarchy of independent models and 

observational constraints. {Figures 10.4 

and10.29} Source: IPCC. (2007f, Fig. 

SPM.5, p. 14) 
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1990 baseline (multi-model average; scenarios not provided).105 The North Coast extends from 

the border with Alaska to just north of Vancouver Island; the South Coast extends to the 

Washington border.106 

 Along the North Coast by 2050, seasonal projections are as follows compared to a 1961-1990 

baseline (multi-model average; scenarios not provided): 

o In winter, temperatures are projected to increase 0°F to 6.3ęF (0-3.5ºC), and 

o In summer, temperatures are projected to increase 2.7°F to 5.4ęF (1.5-3ęC).107  

 Along the South Coast by 2050, seasonal projections are as follows compared to a 1961-1990 

baseline (multi-model average; scenarios not provided): 

o In winter, temperatures are projected to increase 0°F to 5.4ęF (0-3ęC), and  

o In summer, temperatures are projected to increase 2.7°F to 9.0ęF (1.5-5ęC).108 

Pacific Northwest (1970-1999 baseline) 

 Average annual temperature could increase beyond the range of year-to-year variability observed 

during the 20
th
 century as early as the 2020s.109 Annual temperatures, averaged across all climate 

models under the A1B and B1 scenarios, are projected to increase as follows (1970-1999 

baseline): 

o By the 2020s: 2.0ęF (1.1ÁC), with a range of 1.1ęF to 3.4ęF (0.61-1.9°C),  

o By the 2040s: 3.2ęF (1.8ÁC), with a range of 1.6ęF to 5.2ęF (0.89-2.89°C), and  

o By the 2080s: 5.3ęF (~3.0ÁC), with a range of 2.8ęF to 9.7ęF (1.56-5.4°C).110  

 Seasonal temperatures, averaged across all models under the B1 and A1B scenarios, are projected 

to increase as described in Table 4 (compared to a 1970-1999 baseline). 

Table 4. Projected multi-model average temperature increases, relative to the 1970-1999 mean. 

 (°F with °C in parentheses) Source: Modified from Mote and Salathé, Jr. (2010, Fig. 9, p. 42) by 

authors of this report. Please see Figure 9 in the cited report for the range of each average shown below. 

 2020s 2040s 2080s 

 B1 A1B B1 A1B B1 A1B 

Winter (Dec-Feb) 2.0 (1.1) 2.2 (1.2) 2.9 (1.6) 3.4 (1.9) 4.9 (2.7) 5.9 (3.3) 

Spring (March-May) 1.8 (1.0) 1.8 (1.0) 2.5 (1.4) 3.1 (1.7) 3.8 (2.1) 5.0 (2.8) 

Summer (June-Aug) 2.3 (1.3) 3.1 (1.7) 3.4 (1.9) 4.9 (2.7) 5.4 (3.0) 8.1 (4.5) 

Fall (Sept-Nov) 1.8 (1.0) 2.0 (1.1) 2.7 (1.5) 3.6 (2.0) 4.3 (2.4) 6.1 (3.4) 

 

                                                      

105
 Pike et al. (2010, Table 19.3, p. 711) 

106
 Please see the map available at http://pacificclimate.org/resources/publications/mapview (accessed 3.16.2011). 

107
 B.C. Ministry of Environment. Alive and Inseparable: British Columbia's Coastal Environment: 2006. (2006, 

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.ca) study of model results from eight global climate modelling centres. A total 

of 25 model runs using the eight models were used to determine the range of values under different IPCC emission 

scenarios (Nakicenovic and Swart 2000). 
108

 B.C. Ministry of Environment. (2006, 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.ca) study of model results from eight 

global climate modelling centres. A total of 25 model runs using the eight models were used to determine the range 

of values under different IPCC emission scenarios (Nakicenovic and Swart 2000). 
109

 *CIG. Climate Change Scenarios: Future Northwest Climate (website). (2008)  
110

 CIG. Climate Change: Future Climate Change in the Pacific Northwest (website). (2008, Table 3)  

http://pacificclimate.org/resources/publications/mapview
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 In another look at the Pacific Northwest by the 2080s, temperatures are projected to increase 2.7 

to 10.4 °F (1.5-5.8 °C), with a multi-model average increase of 4.5ęF (2.5ÁC) under the B1 

scenario and 6.1ęF (3.4ÁC) under the A1B scenario (1970-1999 baseline).111 

Northwest California (1961-1990 and 1971-2000 baselines) 

 Compared to a 1961-1990 baseline under the B1 and A2 scenarios, California-wide annual 

average temperatures are projected to increase as follows:  

o By 2050: 1.8 to 5.4 ęF (1-3 °C), and  

o By 2100: 3.6 to 9 ęF (2-5 °C).112  

 In northwestern California, regional climate models project mean annual temperature increases of 

3.1 to 3.4°F (1.7-1.9°C) by 2070 (no baseline provided).113 In contrast, Ackerly et al. (2010) 

project a mean annual temperature increase of more than 3.6ęF (2°C) but less than 5.4ęF (3°C) by 

2070-2099 (Figure 7; 1971-2000 baseline).114 

o By 2070, mean diurnal (i.e., daily) temperature range is projected to increase by 0.18 to 

0.36ęF (0.1-0.2°C) based on two regional climate models.115 No baseline was provided. 

 In northern California, Cayan et al. (2008) project average annual temperature increases of 2.7°F 

(1.5°C) or 4.9°F (2.7°C) under the B1 scenario (PCM and GFDL models, respectively) and 4.7°F 

(2.6°C) or 8.1°F (4.5°C) (PCM and GFDL models, respectively) under the A2 scenario by 2070-

2099 (1961-1990 baseline).116 

 Seasonally, the projected impacts of climate change on thermal conditions in northwestern 

California will be warmer winter temperatures, earlier warming in the spring, and increased 

summer temperatures.117 Average seasonal temperature projections in northern California are as 

follows (1961-1990 baseline):118 

o Winter projections: 

Á 2005-2034: at least ~0.18°F (0.1°C; A2, PCM model) and up to 2.5°F (1.4°C; 

A2, GFDL model). 

Á 2035-2064: at least 1.6°F (0.9°C; A2, PCM model) and up to 4.3°F (2.4°C; B1, 

PCM model). 

Á 2070-2099: at least 3.1°F (1.7°C; B1, PCM model) and up to 6.1°F (3.4°C; A2, 

GFDL model). 

                                                      

111
 Mote, Gavin and Huyer. Climate change in Oregonôs land and marine environment. (2010, p. 21)  

112
 California Natural Resources Agency. 2009 California Climate Adaptation Strategy: A Report to the Governor of 

the State of California in Response to Executive Order S-13-2008. (2009, p. 16-17). Figure 5 (p. 17) indicates 

projections are compared to a 1961-1990 baseline. 
113

 *Port Reyes Bird Observatory. Projected effects of climate change in California: Ecoregional summaries 

emphasizing consequences for wildlife. Version 1.0 (pdf). (2011, p. 8) 
114

 Ackerly et al. (2010, Fig. S2, p. 9). Ackerly et al. use bias-corrected and spatially downscaled future climate 

projections from the CMIP-3 multi-model dataset. Data are downscaled to 1/8
th
 degree spatial resolution (see p. 2). 

115
 *Port Reyes Bird Observatory. Projected effects of climate change in California: Ecoregional summaries 

emphasizing consequences for wildlife. Version 1.0 (pdf). (2011, p. 8). This data was based on two regional climate 

models presented in Stralberg et al. (2009).  
116

 Cayan et al. Climate change scenarios for the California region. (2008, Table 1, p. S25) 
117

 *Port Reyes Bird Observatory. (2011, p. 8) 
118

 Cayan et al. (2008, Table 1, p. S25) 
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o Summer projections: 

Á 2005-2034: at least ~1°F (0.6°C; B1, PCM model) and up to 3.8°F (2.1°C; A2, 

GFDL model). 

Á 2035-2064: at least ~2.0°F (1.1°C; B1, PCM model) and up to 6.1°F (3.4°C; A2, 

GFDL model). 

Á 2070-2099: at least 2.9°F (1.6°C; B1, PCM model) and up to ~12°F (6.4°C; A1, 

GFDL model). 

 Coastal regions are likely to experience less pronounced warming than inland regions.119  

  

                                                      

119
 *California Natural Resources Agency. 2009 California Climate Adaptation Strategy: A Report to the Governor 

of the State of California in Response to Executive Order S-13-2008. (2009, p. 17) 

Figure 7. Changes in (A) mean annual temperature and (B) temperature seasonality, averaged over 16 GCMs, A1B 

scenario, for 2070-2099 (1971-2000 baseline).  

Source: Reproduced from Ackerly et al. (2010, Fig. S2, p. 9) by authors of this report. 

Note: Temperature seasonality is the standard deviation of monthly means. Lower values indicate temperature 

varies less throughout the year, i.e. temperature is more constant throughout the year in blue areas than in yellow 

and red areas. 
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3. PRECIPITATION  ï global and regional observed trends and future projections 

Observed Trends 

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

Global (see also: projections below) 

 Atmospheric moisture amounts are generally observed to be increasing after about 1973 (prior to 

which reliable atmospheric moisture measurements, i.e. moisture soundings, are mostly not 

available).120  

 Most of the increase is related to temperature and hence to atmospheric water-holding capacity,121 

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).122 The maximum annual precipitation over this period was 219 inches (5577 mm) at 

the Little Port Walter station on the southeast side of Baranof Island about 110 miles (177 km) 

south of Juneau.123  

 In southcentral Alaska from 1949 to 1998, mean total annual precipitation was at least 32 inches 

(800 mm) and up to 39 inches (1000 mm).124 

 A comparison of official data from the National Climatic Data Center (NCDC) for 1971-2000 and 

unofficial National Weather Service (NWS) data for 1981-2010 for Juneau, Alaska indicates 

annual, warm season, and cold season precipitation increased.125 The official NCDC record 

indicates average snowfall increased from 1971-2000 to 1981-2010, but the local NWS database 

indicates average snowfall decreased over the same time periods (Table 5, see notes).126  In 

addition:  

o The date of first freeze occurred, on average, one day earlier over 1981 to 2010 than over 

1971 to 2000, on October 3 instead of October 4.127   

o The date of last freeze occurred two days earlier, on average, over 1981 to 2010 than over 

1971 to 2000, on May 6 instead of May 8.128 

                                                      

120
 *Trenberth et al. The changing character of precipitation. (2003, p. 1211). The authors cite Ross and Elliott 

(2001) for this information. 
121

 *Trenberth et al. (2003, p. 1211) 
122

 Stafford, Wendler and Curtis. Temperature and precipitation of Alaska: 50 year trend analysis. (2000, Fig. 7, p. 

41).  
123

 Stafford, Wendler and Curtis. (2000, Fig. 7, p. 41) 
124

 Stafford, Wendler and Curtis. (2000, Fig. 7, p. 41) 
125

 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 
126

 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 
127

 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 
128

 This information was obtained from and approved by Tom Ainsworth and Rick Fritsch (Meteorologists, 

NOAA/National Weather Service, Juneau) on June 10, 2011. 
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Table 5. Annual and seasonal precipitation and date of freeze trends for Juneau, AK over two thirty-year 

time periods. 

 
1971-2000* 
inches (cm) 

1981-2010* 
inches (cm) 

Absolute 

Change 
inches (cm) 

Percent 

Change
À
 

Annual and date 

of freeze trends 

Total annual precipitation 

(including melted snow) 

58.33 

(148.2) 

62.17 

(157.9) 

+3.84 

(+9.75) 
+6.58 

Average snowfall  

(Jan-Dec, NWS/Juneau) 

93.0
#  

(236) 

86.8  

(220) 

-6.2  

(-16) 
-6.7 

Average snowfall  

(Jan-Dec, NCDC/Asheville)
 
 

84.1
#
  

(214) 
N/A*  N/A N/A 

Date of first freeze, on average October 4 October 3 
One day 

earlier 
N/A 

Date of last freeze, on average May 8 May 6 
Two days 

earlier 
N/A 

Warm season 

(April ï Sept)  

Average seasonal precipitation 

(mostly rain) 

26.85 

(68.20) 

28.52 

(72.44) 

+1.67 

(+4.24) 
+6.22 

Average snowfall 

(NWS/Juneau) 

1.0 

(2.5) 

1.1 

(2.8) 

+0.1 

(+0.3) 
+10 

Average snowfall 

(NCDC/Asheville) 

1.0 

(2.5) 
N/A*  N/A N/A 

Cold season  

(Oct ï March)  

Average seasonal precipitation 
31.48 

(79.96) 

33.65 

(85.47) 

+2.17 

(+5.51) 
+6.89 

Average snowfall  

(NWS/Juneau) 

92.0
#  

(234) 

85.7  

(218) 

-6.3 

(-16) 
-6.8 

Average snowfall  

(NCDC/Asheville)
 
 

83.1
#
  

(211) 
N/A*  N/A N/A 

*Data for 1971-2000 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 (Meteorologists, 

NOAA/National Weather Service, Juneau) on May 12, 2011. The official data for 1981-2010 are 

scheduled for release by NCDC in July 2011. The table was created by the authors of this report and 

approved by Tom Ainsworth and Rick Fritsch on June 10, 2011. 

ÀPercent change reflects the relative increase or decrease from 1971-2000 to 1981-2010. 

#Two values for average snowfall for 1971-2000 are reported due to differences between the locally held 

National Weather Service (NWS) database in Juneau and the official NWS database in Asheville, North 

Carolina. Differences represent the quality assurance processing and filtering that occurs at the National 

Climatic Data Center (NCDC) in Asheville (the source of official U.S. climate data) as well as missing 

data in the NCDC record. The Juneau office of the NWS is investigating the discrepancy. 

 

Western British Columbia 

 Annual and seasonal precipitation trends over thirty, fifty, and 100-year time periods in the 

Georgia Basin and remaining coastal regions of B.C. within the NPLCC region are summarized 

in Table 6.129 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.130 

                                                      

129
 Pike et al. (2010, Table 19.1, p. 701) 

130
 Pike et al. (2010, Fig. 19.1, p. 702) 
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Table 6. Historical trends precipitation in 30-, 50-, and 100-year periods, calculated from mean 

daily values as seasonal and annual averages.  
(inches per month per decade, with millimeters per month per decade in parentheses)    

Source: Modified from Pike et al. (2010, Table 19.1, p. 701) by authors of this report. 

 Time period Coastal B.C. Georgia Basin 

Annual 

30-year: 1971-2004 0.064 (1.63) -0.017 (-0.42) 

50-year: 1951-2004 0.040 (1.01) -0.017 (-0.43) 

100-year: 1901-2004 0.089 (2.25) 0.047 (1.20) 

Winter (Dec-Feb) 

30-year: 1971-2004 -0.24 (-6.08) -0.32 (-8.06) 

50-year: 1951-2004 -0.12 (-3.06) -0.21 (-5.35) 

100-year: 1901-2004 0.13 (3.39) 0.070 (1.78) 

Summer (June-Aug) 

30-year: 1971-2004 0.14 (3.50) -0.071 (-1.80) 

50-year: 1951-2004 0.083 (2.11) -0.011 (-0.27) 

100-year: 1901-2004 0.036 (0.91) 0.034 (0.93) 

Pacific Northwest 

 Annual precipitation increased 12.9% (6.99ò; 17.76 cm) from 1920 to 2000.131 

 Observed relative increases were largest in the spring (+37%; +2.87ò; 7.29 cm), followed by 

winter (+12.4%; 2.47ò; 6.27 cm), summer (+8.9%; +0.39ò; 0.99 cm), and autumn (+5.8%; 

+1.27ò; 3.22 cm) from 1920 to 2000.132 The spring trend (April-June) is significant at the p < 

0.05 level.133 

 Note: For the reader interested in trends in  mean temperature, maximum temperature, 

minimum temperature, and precipitation annually, seasonally, and monthly, an online 

mapping tool produced by the Office of the Washington State Climatologist is available at 

http://www.climate.washington.edu/trendanalysis/ (accessed 6.8.2011).  

  

                                                      

131
 Mote. Trends in temperature and precipitation in the Pacific Northwest during the Twentieth Century. (2003, p. 

279) 
132

 Mote. (2003, p. 279) 
133

 Mote. (2003, p. 279) 

http://www.climate.washington.edu/trendanalysis/
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Northwest California 

  A preliminary study found annual precipitation 

increased 2 to 6 inches (~5-15cm) from 1925 to 

2008.140 There also appears to be a shift in 

seasonality of precipitation: an increase in winter 

and early spring precipitation and a decrease in 

fall precipitation from 1925 to 2008.141 

 From 1925 to 2008, the daily rainfall totals show 

a shift from light rains to more moderate and 

heavy rains that is especially evident in northern 

regions.142 The increase in precipitation intensity 

over this time period is similar to results from 

other regions of the United States.143 

Future Projections 

Note: The studies presented here differ in the baseline 

used for projections. Baselines include 1961-1990 (BC, 

CA) and 1970-1999 (WA, OR).  

Note: Please see Box 4 for information on extreme 

precipitation in the NPLCC region. 

Global 

 Global precipitation patterns are projected to 

follow observed recent trends, increasing in high 

latitudes and decreasing in most subtropical land 

regions.144 Overall, precipitation may be more 

intense, but less frequent, and is more likely to fall 

as rain than snow.145 

                                                      

134
 Mote et al. (2010, p. 17) 

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

136
 Madsen and Figdor. (2007, App. A & B, p. 35-37) 

137
 Vincent and Mekis. (2006, Fig. 5, p. 186) 

138
 Capalbo et al. (2010, p. 374) 

139
 Cayan et al. (2008, Table 4, p. S30). For the 99 percentile, the occurrence of extreme precipitation is projected to 

increase from 111 (1961-1990) to 161 (45%) or 127 (~14%) occurrences by 2070-2099 under A2 simulations in the 

PCM and GFDL models, respectively. 
140

 Killam et al. California rainfall is becoming greater, with heavier storms. (2010, p. 2) 
141

 *Killam et al. (2010, p. 4) 
142

 *Killam et al. (2010, p. 3) 
143

 *Killam et al. (2010, p. 3) 
144

 *IPCC. (2007f, p. 8) 
145

 *Karl, Melillo and Peterson. (2009). 

Box 4. Trends and projections for 
extreme precipitation in the NPLCC 
region. 

Trends.  In the Pacific Northwest, trends in 
extreme precipitation are ambiguous.134 
Groisman et al. (2004) find no statistical 
significance in any season in the Pacific 
Northwest (1908-2000).135 Madsen and 
Figdor (2007) find a statistically significant 
increase of 18% (13-23%) in the Pacific 
states (WA, OR, CA), a statistically 
significant increase of 30% (19-41%) in 
Washington, and a statistically significant 
decrease of 14% (-4 to ð 24%) in Oregon 
(1948-2006).136 In southern British Columbia 
and along the North Coast, Vincent and 
Mekis (2006) report some stations showed 
significant increases in very wet days (the 
number of days with precipitation greater 
than the 95th percentile) and heavy 
precipitation days (Ó0.39ó, 1.0cm).137 A 
limited number of stations also showed 
significant decreases. 

Projections.  Precipitation patterns in the 
Northwest are expected to become more 
variable, resulting in increased risk of 
extreme precipitation events, including 
droughts.138 In northern California, daily 
extreme precipitation occurrences (99.9 
percentile) are projected to increase from 12 
occurrences (1961-1990) to 25 (+108%) or 
30 (+150%) occurrences by 2070-2099 under 
A2 simulations in the PCM and GFDL 
models, respectively.139  
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 Note: There is greater confidence overall in projected temperature changes than projected 

changes in precipitation given the difficulties in modeling precipitation146 and the relatively large 

variability in precipitation (both historically and between climate model scenarios) compared 

with temperature. 

Southcentral and Southeast Alaska (1961-1990 and 2000 baseline) 

 Climate models project increases in precipitation over Alaska.147 Simultaneous increases in 

evaporation due to higher air temperatures, however, are expected to lead to drier conditions 

overall, with reduced soil moisture.148  

o Using a composite of five Global Circulation Models (GCMs) under the A1B scenario,149 

one study projects an average increase of 0.59 inches (15 mm) by 2090-2099 (1961-1990 

baseline), from a mean of 3.1 inches (78 mm) in the 1961-1990 period to a mean of 3.7 

inches (93 mm) in the 2090-2099 period, an approximately 19% increase from the 1961-

1990 mean at the rate of approximately 0.059 inches per decade (+1.5 mm/decade).150 

 In the coastal rainforests of southcentral and southeast Alaska, precipitation during the growing 

season (time period between last spring freeze and first fall frost) is projected to increase 

approximately four inches (~100 mm, or 5.7%) from 2000 to 2099, from approximately 69 inches 

(~1750 mm) in 2000 to approximately 73 inches (1850 mm) in 2099 using a GCM composite 

(scenario not provided).151  

 The University of Alaska ï Fairbanks Scenarios 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 2000-2009, 2030-2039, 2060-2069, and 2090-2099 decades (baseline not 

provided). Tools are available at http://www.snap.uaf.edu/web-based-maps (accessed 

3.16.2011).152 

Western British Columbia (1961-1990 baseline) 

 By the 2050s, annual precipitation is projected to increase 6% (range not provided) along the B.C. 

coast compared to a 1961-1990 baseline (multi-model average; scenarios not provided).153  

 Along the North Coast by the 2050s, seasonal projections are as follows compared to a 1961-

1990 baseline (multi-model average; scenarios not provided): 

o In winter, precipitation is projected to increase 6%154 (0 to +25%).155 

                                                      

146
 CIG. Climate Change: Future Climate Change in the Pacific Northwest (website). (2008) The authors cite the 

IPCC AR4, Chapter 8 of the Working Group I report, for this information. 
147

 Karl, Melillo and Peterson. (2009, p. 139) 
148

 *Karl, Melillo and Peterson. (2009, p. 139). The authors cite Meehl et al. (2007) for this information. 
149

 Alaska Center for Climate Assessment and Policy. Climate Change Impacts on Water Availability in Alaska 

(presentation). (2009, p. 10-11) 
150

 Alaska Center for Climate Assessment and Policy. (2009, p. 13) 
151

 Alaska Center for Climate Assessment and Policy. (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 same as those described for precipitation. 
153

 Pike et al. (2010, Table 19.3, p. 711) 
154

 Pike et al. (2010, Table 19.3, p. 711) 
155

 B.C. Ministry of Environment. (2006, Table 10, p. 113). B.C. Ministry of Environment makes the following note: 

ñFrom data in the Canadian Institute for Climate Studies, University of Victoria (www.cics.uvic.ca) study of model 

http://www.snap.uaf.edu/web-based-maps
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o In spring, precipitation is projected to increase 7% (range not provided).156 

o In summer, precipitation is projected to decrease 8%157 (-25 to +5%).158  

o In fall, precipitation is projected to increase 11% (range not provided).159  

 Along the South Coast by the 2050s, seasonal projections are as follows compared to a 1961-

1990 baseline (multi-model average; scenarios not provided): 

o In winter, precipitation is projected to increase 6%160 (-10 to +25%).161 

o In spring, precipitation is projected to increase 7% (range not provided).162 

o In summer, precipitation is projected to decrease 13%163 (-50 to 0%).164  

o In fall, precipitation is projected to increase 9% (range not provided).165 

Pacific Northwest (1970-1999 baseline) 

 Annual average precipitation is projected to increase as follows (1970-1999 baseline): 

o By 2010-2039, precipitation is projected to increase 1% (-9 to +12%),  

o By 2030-2059, precipitation is projected to increase increase 2% (-11 to +12%), and 

o By 2070-2099, precipitation is projected to increase 4% (-10 to +20%).166 

 Winter projections are as follows (1970-1999 baseline):  

o In 2010-2039 and 2030-2059, 58 to 90% of models project increases in precipitation.167  

o In 2070-2099, an 8% increase in precipitation is projected (small decrease to +42%; 1.2 

inches; ~3cm).168 

 Summer precipitation is projected to decrease 14% by the 2080s, although some models project 

decreases of 20 to 40% (1.2-2.4 inches; 3-6cm) compared to a 1970-1999 baseline.169 

 These regionally averaged precipitation projections reflect all B1 and A1B simulations, along 

with the weighted reliability ensemble average (REA, an average that gives more weight to 

models that perform well in simulating 20
th
 century climate).170  

                                                                                                                                                                           

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).ò 
156

 Pike et al. (2010, Table 19.3, p. 711) 
157

 Pike et al. (2010, Table 19.3, p. 711) 
158

 B.C. Ministry of Environment. (2006, Table 10, p. 113) 
159

 Pike et al. (2010, Table 19.3, p. 711) 
160

 Pike et al. (2010, Table 19.3, p. 711) 
161

 B.C. Ministry of Environment. (2006, Table 10, p. 113) 
162

 Pike et al. (2010, Table 19.3, p. 711) 
163

 Pike et al. (2010, Table 19.3, p. 711) 
164

 B.C. Ministry of Environment. (2006, Table 10, p. 113). 
165

 Pike et al. (2010, Table 19.3, p. 711) 
166

 The range of precipitation reported here was obtained from the Climate Impacts Group. It can be found in a 

document titled Summary of Projected Changes in Major Drivers of Pacific Northwest Climate Change Impacts. A 

draft version is available online at 

http://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521_projecteddrivers.pdf (last accessed 1.5.2011). 
167

 Mote and Salathé Jr. Future climate in the Pacific Northwest. (2010, p. 43-44) 
168

 Mote and Salathé Jr. (2010, p. 43-44) 
169

 Mote and Salathé Jr. (2010, p. 42) 
170

 Mote and Salathé Jr. (2010, p. 39)  

http://www.ecy.wa.gov/climatechange/2010TAGdocs/20100521_projecteddrivers.pdf
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Northwest California (1961-1990 baseline) 

 Annual average precipitation is projected to decrease 12 to 35% by mid-century, with further 

decreases expected by 2070-2099 compared to a 1961-1990 baseline. 171 Over 2005-2034, small 

to moderate decreases are projected compared to a 1961-1990 baseline.172 These projections are 

based on six climate models using the A2 and B1 emissions scenarios.173 

Information Gaps 

 Information on seasonal temperature projections in California is needed. 

 One reviewer suggested updated regional runs could be made for Oregon and Washington.  

 Peterson and Schwing (2008) identify four categories of information needs for the California 

Current region (south of Vancouver, B.C.) ï climate data, monitoring, models, and climate 

products and forecasts:  
 

o Climate data are needed to provide the climate forcing and environmental context for 

climate impacts on the CCE, for developing science-based operational indicators, and to 

provide continuity of satellite data and products.
174

  

o Monitoring needs include large-scale monitoring to provide information on gyre-scale 

circulation, monitoring in the coastal region, and maintaining NDBC monitoring and data 

archives.
175

  

o Modeling of climate and atmospheric and oceanic physics needs to be linked with similar 

work being carried out by NOAA and its partners.
176

  

o Climate product and forecasting needs include indicators and indices of climate 

variability, seasonal and longer-term forecasts and projections, and additional research to 

understand the mechanisms linking equatorial ENSO processes and teleconnections with 

California Current conditions and their populations.
177

 

  

                                                      

171
 *California Natural Resources Agency. (2009, p. 17-18) 

172
 *California Natural Resources Agency. (2009, p. 17-18) 

173
 California Natural Resources Agency. (2009, p. 17-18) 

174
 *Peterson, W. & Schwing, F. (authors). Osgood (Ed.). (2008, p. 49) 

175
 *Peterson, W. & Schwing, F. (authors). Osgood (Ed.). (2008, p. 49) 

176
 *Peterson, W. & Schwing, F. (authors). Osgood (Ed.). (2008, p. 49) 

177
 *Peterson, W. & Schwing, F. (authors). Osgood (Ed.). (2008, p. 50) 
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III.  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 multiple ways.178 Coastal and near-shore ecosystems are vulnerable to 

a host of climate change-related effects, including increasing air and water temperatures, ocean 

acidification, altered terrestrial runoff patterns, altered currents, sea level rise, and altered human 

pressures due to these and other related changes (such as developing, shipping, pollution, and 

anthropogenic adaptation strategy implementation).179 Based on a search of the scientific and grey 

literature, including global and regional synthesis reports (see Preface),  the following major climate-

driven impacts on coastal and marine environments in the NPLCC region have been identified:  

1. Ocean acidification 

2. Increasing sea surface temperature  

3. Altered hydrology  

4. Altered ocean currents 

5. Increased frequency and severity of storms 

 

6. Sea level rise 

7. Coastal upwelling 

8. Coastal hypoxia and anoxia 

 

These eight impacts will be discussed in the order listed. The first three impacts ï ocean acidification, 

increasing sea surface temperature, and altered hydrology ï are primarily affected by changes in CO2 

concentrations, temperature, and precipitation, as discussed in the previous chapter (Chapter II). The 

remaining five impacts ï altered ocean currents, increased frequency and severity of storms, sea level rise, 

coastal upwelling, and coastal hypoxia and anoxia ï are primarily affected by other climate impacts 

(Figure 8). The following structure will be used to discuss all impacts, with the exception of altered 

hydrology, for which effects on the marine environment are discussed briefly and the reader is referred to 

a forthcoming report for further detail: 

 Section summary box ï summary of the sectionôs key points 

 Definition and causes of impact ï definition and description of physical, chemical, and/or 

biological dynamics and processes contributing to each impact 

 Observed trends ï observed changes, compared to the historical baseline, at the global level and 

for each jurisdiction (Alaska, British Columbia, Washington, Oregon, California) 

 Future projections ï projected direction and/or magnitude of future change at the global level 

and for each jurisdiction (Alaska, British Columbia, Washington, Oregon, California) 

 Information gaps ï information and research needs identified by reviewers and literature 

searches.  

 

                                                      

178
 *Janetos et al. The effects of climate change on agriculture, land resources, water resources, and biodiversity in 

the United States. (2008, p. 159) 
179

 *Janetos et al. The effects of climate change on agriculture, land resources, water resources, and biodiversity in 

the United States. (2008, p. 159) 
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Figure 8. A sample of the impacts and potential feedbacks in oceans and coastal systems from greenhouse gas 

emissions. Source: Kling and Sanchirico. An Adaptation Portfolio for the United States Coastal and Marine 

Environment. (2009, Fig. 3, p. 9). 
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1. OCEAN ACIDIFICATION  

                                                      

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

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

182
 *Sabine et al. (2004, p. 367) 

183
 *Feely et al. (2008, p. 1491) 

184
 Feely et al. (2009, p. 37) 

185
 Feely et al. (2009, Table 2, p. 46) 

186
 Cooley et al. (2009, p. 172-173) The authors cite Cooley and Doney (2009) for this information. This projection 

corresponds to CO2 concentrations reaching 467 to 555 ppm by 2050. 
187

 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.  

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

Observed Trends 

 By the early 21st century, global ocean pH had declined from 8.2 to 8.1 compared to pre-industrial times 
(~1765), increasing the oceanõs acidity by approximately 26%.180 pH declines in the NPLCC region are 
consistent with those observed globally.181  

 In the early 21st century, the fraction of total anthropogenic CO2 emissions stored in the ocean was 
approximately one-third of the long-term potential.182 

 In May and June 2007, ocean water detrimental to shell-making was observed in shallow waters off the 
Pacific coast (Queen Charlotte Sound in B.C. south to Baja California), a condition that was not 
predicted to occur in open ocean surface waters until 2050.183  

Future Projections 

 Surface water pH will drop to approximately 7.8 by 2100, increasing the oceanõs acidity by about 150% 
relative to the beginning of the industrial era (~1750; A2 scenario).184 For the NPLCC region, pH is 
projected to decline by 0.14 and 0.15 in the subpolar and North Pacific Ocean (>50°N), respectively 
(with doubling of atmospheric CO2 compared to ~1750, ~550ppm).185  

 In the NPLCC region, the concentration of carbonate ion, and saturation states of aragonite and calcite 
are projected to decrease 24.7% in the subpolar Pacific Ocean and 26.5% in the North Pacific Ocean 
north of 50°N (compared to a projected 25% decrease globally186).187 Specifically, with a doubling of 
atmospheric CO2 (~550 ppm)compared to pre-industrial levels (~280 ppm):188 

 
o The mean concentration of carbonate ion decreases 33.2 Ǫmol/kg, from 134.5 to 101.3 Ǫmol/kg in the 

subpolar Pacific Ocean and 4.5 Ǫmol/kg, from 92.3 to 67.8 Ǫmol/kg in the North Pacific Ocean. 
o The saturation state of aragonite decreases by 0.51, from 2.06 to 1.55, in the subpolar Pacific Ocean 

and 0.37, from 1.4 to 1.03 in the North Pacific Ocean. 
o The saturation state of calcite decreases by 0.80, from 3.24 to 2.44, in the subpolar Pacific Ocean and 

0.59, from 2.24 to 1.65 in the North Pacific Ocean. 

As a note to the reader, the oxidation of organic matter, which is mediated by microorganisms, also lowers 
seawater pH by adding CO2 into solution (i.e. seawater).189 However, these biological processes take place 
naturally and we focus in this report on changes to ocean chemistry as a result of anthropogenic emissions of 
carbon dioxide, otherwise known as ocean acidification.  

Note to the reader: In Summaries, we summarize the published literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published sources.  Please see the Preface: 
Production and Methodology for further information on this approach. 
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Definition and Causes of Ocean Acidification 

Ocean acidification (Figure 9) is a process that occurs when anthropogenic 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 aragonite:190   

 Reduced seawater pH: pH is a measure of the 

concentration of hydrogen ions in a solution;191 the more 

acidic a solution, the higher the concentration of 

hydrogen ions. The reaction of dissolved carbon dioxide 

and seawater forms carbonic acid, which dissociates to 

form hydrogen ions and bicarbonate.192 The increased 

concentration of hydrogen ions is reflected in reduced 

seawater pH. 

 Reduced carbonate ion concentration: Most of the 

hydrogen ions formed in the dissociation described above 

react with carbonate ions to produce additional 

bicarbonate, thereby decreasing carbonate ion 

concentrations.193  

 Reduced saturation state of biologically important 

calcium carbonate minerals, aragonite and calcite: 

The decrease in carbonate ions described above reduces the saturation state of calcium carbonate, 

which directly affects the ability of some organisms (e.g. mollusks, corals) to produce their shells 

or skeletons.194 It may also enhance dissolution of nutrients and carbonate minerals in 

sediments.195 Seawater is supersaturated with respect to aragonite and calcite when the saturation 

state (ɋ) is greater than 1 (ɋ > 1) and calcification (i.e., shell-building) is favored over 

dissolution (i.e., shell dissolution).196 For most open ocean surface waters, undersaturation (ɋ < 1) 

occurs when the concentration of aragonite and calcite falls below ~66  and ~42 micromoles per 

kilogram (ɛmol/kg), respectively.197 Further, calcium carbonate becomes more soluble (i.e., 

dissolves more easily) with decreasing temperature and increasing pressure, and hence with ocean 

                                                      

190
 *Feely et al. Ocean acidification: present conditions and future changes in a high CO2 world. (2009, p. 37) 

191
 More precisely, pH is calculated as the log10 of the concentration of hydrogen cations [H

+
] in solution: pH = 

log10[H
+
]. 

192
 *Feely et al. (2009, p. 38) 

193
 *Feely et al. (2009, p. 39) 

194
 *Feely et al.. (2009, p. 39) 

195
 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 Turley et al. (2006) for information on the consequences of decreased seawater pH and carbonate 

saturation. 
196

 *Feely et al. (2009, p. 39) 
197

 *Feely 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.  

Understanding pH  

pH is measured on a 0 to 14 scale. A 

pH less than 7 is acidic (e.g. lemon 

juice), a pH of 7 is neutral (e.g. pure 

water), and a pH greater than 7 is basic 

(e.g. ammonia). The scale itself is 

logarithmic, such that a solution with a 

pH of 6 is ten times more acidic than a 

solution with a pH of 7. Any decrease 

in pH makes the solution more acidic, 

while any increase in pH makes a 

solution more basic. Thus, a decline in 

pH from 9 to 8 makes the solution more 

acidic, even though it is still basic. 
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depth.198 As a result, a natural boundary develops in seawater.199 This is known as the ñsaturation 

horizonò (where ɋaragonite or ɋcalcite = 1) and it identifies a clear depth of seawater above which 

calcium carbonate can form, but below it calcium carbonate can dissolve.200 One reviewer noted 

that since many of these processes are often biologically mediated, the saturation state when 

dissolution actually begins can vary from species to species.201 

 

 

Figure 9. Ocean acidification.  

Source: Reproduced from http://news.bbc.co.uk/2/hi/science/nature/7933589.stm by authors of this report.
202

 

Observed Trends 

 Global  

At the end of the Pleistocene (~10,000 years ago), ocean pH was basically stable at 8.2 ï a value that 

persisted until the beginning of the Industrial Revolution.
203

 Since the Industrial Revolution, the oceans 

have absorbed about 540 billion metric tonnes of carbon dioxide from the atmosphere ï this is 22 million 

metric tonnes per day, or about 30% of anthropogenic carbon emissions.
204

 Global ocean pH has declined 

0.1 unit relative to its pre-industrial value.
205

 

                                                      

198
 *United Kingdom Royal Society. Ocean acidification due to increasing atmospheric carbon dioxide. (2005, p. 

10) 
199

 *U.K. Royal Society. (2005, p. 10) 
200

 *U.K. Royal Society. (2005, p. 10) 
201

 Comment from reviewer, April 2011. 
202

 BBC News. The key effects of climate change (website). (2009). 
203

 Fierstein. Scientists and decision-makers discuss the fate of the ocean (Illustration of the ecosystem effects of 

ocean acidification) (website). (2007) 
204

 The total uptake since the Industrial Revolution is cited in Sabine et al. (2004, p. 367). The conversion to units of 

billion metric tonnes of CO2 is provided by an expert reviewer, who refers the reader to Sabine et al. (2011). The 

http://news.bbc.co.uk/2/hi/science/nature/7933589.stm
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Because anthropogenic CO2 enters the ocean by gas exchange across the air-sea interface, the highest 

concentrations of anthropogenic CO2 are found in near-surface waters.206 About thirty percent of the 

anthropogenic CO2 is found at depths shallower than 656 feet (200 meters) and nearly fifty percent at 

depths above 1312 feet (400 meters).207 Waters at these depths are commonly upwelled into nearshore 

zones, where relatively CO2  rich waters may inhibit shell formation and maintenance, as described in 

Section 7 of this Chapter, Chapter VI Section 2, and Chapter VII Section 4. One reviewer noted that 

upwelling originates from a depth range of 492 to 656 feet (150-250 meters) on the West Coast.208 

North Pacific Ocean209 

Between 1991 and 2006 in the North Pacific Ocean between Oahu, Hawaii and Kodiak, Alaska (22 ï 56 

°N) along the 156 °W meridian, Byrne et al. (2010) observed significant upper ocean acidification, 

roughly keeping pace with rising atmospheric carbon dioxide.
210

 Estimation of how much of the observed 

pH change was attributable to naturally-created as opposed to human-generated CO2 inputs indicates the 

human ñsignalò extends to depths of approximately 492 feet (150 m) and up to 1,640 feet (500 m) 

throughout the study region.
211

 In the surface mixed layer (depths to ~328 feet or 100 m), the extent of pH 

change is consistent with that expected under conditions of seawater-atmosphere equilibration, with an 

average rate of change of -0.0017/yr.212 

Southern British Columbia, Washington, Oregon, and northwest California 

In the California Current System (CCS) off the west coast of North America, high variability in ocean 

carbonate chemistry, largely driven by seasonal upwelling of waters with low pH and saturation states, 

and subsequent interactions of transport and biological production has been found:
213

  

 Model simulations confirm that the pH of CCS waters has decreased by about 0.1 pH unit and by 

0.5 in saturation state since pre-industrial times.214  

                                                                                                                                                                           

global ocean carbon cycle. In State of the Climate in 2010. 3. Global Oceans. Bulletin of Am. Meteor. Soc. 

[Submitted].; The daily uptake is cited in Feely et al. (2008, p. 1490). 
205

 *Orr et al. Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying 

organisms. (2005).  
206

 *Sabine et al. The oceanic sink for anthropogenic CO2. (2004, p. 368) 
207

 *Sabine et al. (2004, p. 368) 
208

 Comment from reviewer, April 2011. 
209

 The North Pacific is defined here as the Pacific Ocean, north of the equator.  
210

 *Byrne et al. Direct observations of basin-wide acidification of the North Pacific Ocean. (2010, p. 4),  
211

 *Byrne et al. (2010, p. 2-3). The anthropogenic influence is observed to more than 500 m between the 22
nd

 and 

38
th
 parallels. The 38

th
 parallel intersects the Port Reyes National Seashore (CA), just south of the southern extent of 

the NPLCC. The northern extent of the NPLCC falls at approximately the 61
st
 parallel, near Anchorage, AK. 

212
 *Byrne et al. (2010, p. 1) 

213
 *Hauri et al. Ocean acidification in the California Current System. (2009, p. 61) 

214
 *Hauri et al. (2009, p. 61) 
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 Water masses acidic enough to be detrimental to shell-making have risen 164 to 328 feet (50-100 

m) since pre-industrial times.215 These water masses are now within the density layers that are 

currently being upwelled along the west coast of 

North America.216 For example:  

o In May and June 2007, Feely et al. (2008) 

observed the entire water column 

shoreward of the 164 foot (50 m) bottom 

contour was undersaturated with respect to 

aragonite, a condition that was not 

predicted to occur in open ocean surface 

waters until 2050.
217

  

o Feely et al. (2008) also estimated the 

contribution of anthropogenic CO2 to 

these upwelled waters, concluding without 

the anthropogenic signal, the equilibrium 

aragonite saturation level (ɋaragonite = 1) 

would be deeper by about 164 feet (50 m) 

across the shelf, and no undersaturated 

waters would reach the surface.218  

Further, in May and June 2007, Feely et al. (2008) gathered information on the location and depth of 

corrosive waters (ɋaragonite < 1; pH < 7.75) in the California Current System, which extends from southern 

British Columbia south to the Baja Peninsula in Mexico.219 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 reaching shallower depths in a few areas  (~394 feet; 120 m).220 

 Corrosive waters reached mid-shelf depths (~131-394 ft; ~40-120 m) off the coast of central 

Vancouver Island south to the central Oregon coast.221 Corrosive waters were, in general, found in 

the top 262 feet (80 m) of the water column along the coastline, with shallower depths observed 

off the coast of northern Oregon (<197 feet; < 60 m).222  

 Corrosive waters were found in the top 131 feet (40m) of the water column along the coast from 

central Oregon to the southern boundary of the NPLCC region, and reached the surface near 

Crescent City (CA).223  

In Puget Sound (a large estuary complex in the Pacific Northwest), observed values for pH and aragonite 

saturation state in surface and subsurface waters were substantially lower in parts of Puget Sound than 

                                                      

215
 *Feely et al. Evidence for upwelling of corrosive "acidified" water onto the continental shelf. (2008) 

216
 *Feely et al. (2008, p. 1491) 

217
 *Feely et al. (2008, p. 1491) 

218
 *Feely et al. (2008, p. 1492) 

219
 Feely et al. (2008)  

220
 Feely et al. (2008, Fig. 1, p. 1490) The authors of this report extrapolated this information from Figure 1. 

221
 Feely et al. (2008, p. 1491) The authors refer to Figure 1, p. 1490. 

222
 Feely et al. (2008, p. 1491) The authors refer to Figure 1, p. 1490. 

223
 Feely et al. (2008, p. 1491). The authors refer to Figure 1, p. 1490. 

Upwelling is the replacement of surface ocean 

water by colder, saltier, nutrient and CO2-rich 

but oxygen-poor, intermediate-depth ocean 

water. Upwelling occurs when alongshore winds 

blow toward the equator along the western 

margin of continents, pushing surface water 

offshore. The surface water is replaced by 

intermediate-depth water moving up the 

continental shelf toward shore. For more 

information on coastal upwelling and climate 

change interactions in the NPLCC region, 

please see the section òAltered patterns of 

coastal upwelling.ó Source: Hauri et al. 

(2009); Feely et al. (2008). 
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would be expected from anthropogenic carbon dioxide uptake alone.224 For example, in the deep waters of 

the Hood Canal sub-basin (> ~66 feet, 20 m):  

 pH decreased from an estimated pre-industrial winter value of 7.60 to 7.56 ± 0.06 in February 

2008, and aragonite saturation decreased from 0.66 to 0.61 ± 0.06.225 

 pH declined from an estimated pre-industrial summer value of 7.41 to 7.39 ± 0.05 in August 

2008, and aragonite saturation decreased from 1.73 to 1.50 ± 0.66.226 

 Feely et al. (2010) estimate that ocean acidification can account for twenty-four to forty-nine 

percent of the observed decline in pH.227 The remaining change in pH between when seawater 

enters the sound and when it reaches Hood Canal results from remineralization of organic matter 

due to natural or anthropogenically stimulated respiration processes within Puget Sound.228 

Researchers at Tatoosh Island on the northwestern tip of Washington State (near Neah Bay) observed that 

pH declined with increasing atmospheric CO2 levels and varied substantially in response to biological 

processes and physical conditions that fluctuate over multiple time scales.
229

 Examination of 24,519 

measurements of coastal ocean pH spanning eight years (2000-2007) revealed several patterns:
230

 

 pH exhibited a pronounced 24-hour cycle, spanning 0.24 units during a typical day.
231

 This 

diurnal oscillation is readily explained by daily variation in photosynthesis and background 

respiration: water pH increases as CO2 is taken up, via photosynthesis, over the course of the day, 

and then declines as respiration and diffusion from the atmosphere replenish CO2 overnight.
232

 

 pH fluctuated substantially among days and years, ranging across a unit or more within any given 

year and 1.5 units over the study period.
233

 

 When the entire temporal span of the data was considered, a general declining trend in pH 

became apparent.
234

 The decline is significant (P<0.05).
235

 

A model of mechanistic drivers underlying changes in pH captured 70.7% of the variance in the data.
236

 

All parameters differed significantly from zero.
237

 The generalized R
2
 value (the reduction in explained 

variance when a given variable is removed from the full model
238

) for the change in pH with atmospheric 

                                                      

224
 *Feely et al. The combined effects of ocean acidification, mixing, and respiration on pH and carbonate 

saturation in an urbanized estuary. (2010, p. 442). 
225

 Feely et al. (2010, Table 1, p. 446). 
226

 Feely et al. (2010, Table 1, p. 446). 
227

 *Feely et al. (2010, p. 442) 
228

 *Feely et al. (2010, p. 442) 
229

 *  Wootton, Pfister and Forester.. Dynamic patterns and ecological impacts of declining ocean pH in a high-

resolution multi-year dataset. (2008, p. 18848) 
230

 *  Wootton, Pfister and Forester. (2008, p. 18848). The authors refer the reader to Fig. 1 in the cited report. 
231

 *  Wootton, Pfister and Forester.. (2008, p. 18848). The authors refer the reader to Fig. 1A in the cited report. 
232

 *  Wootton, Pfister and Forester.. (2008, p. 18848). The authors cite Bensoussan and Gattuso (2007) for this 

information. 
233

 *  Wootton, Pfister and Forester. (2008, p. 18848) 
234

 *  Wootton, Pfister and Forester.. (2008, p. 18848). The authors refer the reader to Fig. 1B in the cited report. 
235

 *  Wootton, Pfister and Forester. (2008, Fig. 1, p. 18849)  
236

 *  Wootton, Pfister and Forester. (2008, p. 18848) 
237

 *  Wootton, Pfister and Forester. (2008, p. 18848) 
238

 *  Wootton, Pfister and Forester. (2008, p. 18852)  
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CO2 (pH/ppm CO2) was the largest of all model parameters: 29.8.
239

 Comparison of Wootton et al.ôs 

empirical results to previous model predictions emphasizing rates of change over time (completed by 

fitting Wootton et alôs pH data to a model with a linear temporal trend) revealed the linear decline 

explained 23.9% of the variation in the data and generated an estimated annual trend of -0.045 (95% 

Confidence Interval: -0.039 to -0.054 after accounting for temporal autocorrelation).
240

 This rate of 

decline is more than an order of magnitude higher than predicted by simulation models (-0.0019), 

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

ocean areas.
241

 

In conclusion, Wootton et al. state their model includes all variables that are currently suggested to have a 

large impact on ocean pH.
242

 Of these, only atmospheric CO2 exhibits a consistent change that can 

explain the persistent decline in pH.
243

 Thus, their results agree qualitatively with predictions that ocean 

pH will decline with increases in atmospheric CO2, but the rate of decline observed is substantially 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 CO2 in seawater should steadily increase as atmospheric levels continue to rise.245 Under 

the A2 scenario, biogeochemical models for the ocean indicate that surface water pH will drop from a 

pre-industrial value of about 8.2 to about 7.8 by the end of this century, increasing the oceanôs acidity by 

about 150% relative to the beginning of the industrial era (see Figure 10 for projections under a range of 

scenarios).246 The total volume of water in the ocean that is undersaturated with regard to calcite or 

aragonite increases substantially as atmospheric CO2 concentrations continue to rise.247 For example:  

 If atmospheric CO2 concentrations reach 467-555 ppm by 2050 (a condition likely to occur given 

current emissions), global mean surface saturation of aragonite and calcite is projected to 

decrease by about twenty-five percent relative to current values.248  

 Southern Ocean surface water is projected to become undersaturated with respect to aragonite at a 

CO2 concentration of approximately 600 ppm.249 This concentration threshold is largely 

independent of emission scenarios.250  

                                                      

239
 *  Wootton, Pfister and Forester. (2008, Table 1, p. 18849)  

240
 *  Wootton, Pfister and Forester. (2008, p. 18849). The authors cite Orr et al. (2005) for information on previous 

model predictions. 
241

 *  Wootton, Pfister and Forester. (2008, p. 18849). The authors cite Orr et al. (2005) for the value of -0.0019. 
242

 *  Wootton, Pfister and Forester. (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, Pfister and Forester. (2008, p. 18851) 
244

 *  Wootton, Pfister and Forester. (2008, p. 18851). The authors cite Solomon et al. (2007) and Santana-Casiano et 

al. (2007) for this information. 
245

 *Byrne et al. Direct observations of basin-wide acidification of the North Pacific Ocean. (2010, p. 3) 
246

 *Feely et al. Ocean acidification: present conditions and future changes in a high CO2 world. (2009, p. 37) 
247

 *Meehl et al. Climate Change 2007: The Physical Science Basis: Global Climate Projections. (2007, p. 793) 
248

 *Cooley et al. Ocean acidification's potential to alter global marine ecosystem services. (2009, p. 172-173). The 

authors cite Cooley and Doney (2009) for this information.  
249

 *Meehl et al. (2007, p. 793) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
37 

 

By the end of the 21
st
 century, distinctions between total pH change and pH change attributable to 

anthropogenic CO2 will become increasingly subtle.
251

 On multidecadal timescales, pH changes 

attributable to anthropogenic CO2 can be expected to eventually dominate the overall signal.252 

North Pacific (> 50°N) and Subpolar Pacific Ocean 

Projected changes in pH, carbonate ion, and aragonite and calcite saturation states in the North Pacific 

and subpolar Pacific Ocean are summarized in Table 7.253 This data is based on National Center for 

Atmospheric Research Community Climate System Model 3.1 results.254 For visual depictions of 

projected changes by 2050 and 2095 compared to 1875 and 1995, please see Figures 3, 4, 5, and 7 in 

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

and are therefore not summarized here. 

 

  

                                                                                                                                                                           

250
 *Meehl et al. (2007, p. 793) 

251
 *Byrne et al. (2010, p. 3) 

252
 *Byrne et al. (2010, p. 3) 

253
 Feely et al. (2009, Table 2, p. 46) 

254
 Feely et al. (2009, Table 2, p. 46) 

Figure 10. Changes in global average 

surface pH and saturation state with 

respect to aragonite in the Southern 

Ocean under various SRES scenarios. 

Time series of (a) atmospheric CO2 for 

the six illustrative SRES scenarios, (b) 

projected global average surface pH 

and (c) projected average saturation 

state in the Southern Ocean from the 

BERN2.5D EMIC (Plattner et al., 

2001). The results for the SRES 

scenarios A1T and A2 are similar to 

those for the non-SRES scenarios S650 

and IS92a, respectively. Modified 

from Orr et al. (2005).  

Source: Meehl et al. (2007, Fig. 10.24, 

p. 195) 
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Table 7. Absolute and relative changes in pH, carbonate ion, and aragonite(ɋarag) and calcite (ɋcalc) 

saturation states for three CO2 levels (2005, and 2X and 3X pre-industrial* levels) in the North Pacific and 

Subpolar Pacific  Oceans.  

*  One reviewer suggested using ppm for CO2 values. Feely, Doney and Cooley do not provide ppm values for CO2. 

However, using the IPCC value of 278 ppm for pre-industrial CO2, 2X would be 2*278=556 ppm CO2 and 3X would 

be 3*278=834 ppm CO2. 

Ocean CO2 pH ȹpH 

Carbonate 

ion 

(ɛmol/kg) 

ȹCarbonate ɋarag ȹ ɋarag ɋcalc ȹ ɋcalc 

North 

Pacific 

(>50°N) 

2005 8.1  92.3  1.4  2.24  

2X 7.885 -0.15 67.8 
-24.5  

(-26.5%) 
1.03 

-0.37  

(-26.5%) 
1.65 

-0.59  

(-26.5%) 

3X 7.719 -0.31 47.5 
-44.8  

(-48.5%) 
0.72 

-0.68  

(-48.5%) 
1.15 

-1.09  

(-48.5%) 

Subpolar 

Pacific 

2005 8.0  134.5  2.06  3.24  

2X 7.913 -0.14 101.3 
-33.2  

(-24.7%) 
1.55 

-0.51  

(-24.7%) 
2.44 

-0.80  

(-24.7%) 

3X 7.756 -0.30 72.5 
-62.0  

(-46.1%) 
1.11 

-0.95  

(-46.1%) 
1.75 

-1.49  

(-46.1%) 

Source: Modified from Feely, Doney and Cooley (2009, Table 2, p. 46) by authors of this report. 

Information Gaps  

Information is needed on regional trends in ocean pH and other indicators of ocean acidification for 

British Columbia. More specific projections throughout the geographic extent of the NPLCC are also 

needed. For the Gulf of Alaska, Sigler et al. (2008) state surface 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 needed.
255

 

 

 

  

                                                      

255
 *Sigler, M.; Napp, J.; Hollowed, A. (authors). Osgood (Ed.). (2008, p. 69, 73).  
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2. INCREASING SEA SURFACE TEMPERATURE (SST) 

 

Box 6. Summary of observed trends and future projections for sea surface temperature 

Observed Trends 

 By the early 21st century, global mean sea surface temperatures were approximately 1.1°F (0.6°C) 
higher than the value in 1950.256 Since 1961, the ocean has taken up over 80% of the heat being 
added to the climate system and the average temperature of the global ocean increased to depths of 
at least 9842 feet (3000 m).257  

 Approximately 98 miles (~160 km) west of Newport, Oregon from 1997 to 2005, SST increased 
approximately 1.8°F (1°C; range 0-2.6°F or 0-2°C) compared to 1961 to 1971.258  

 Off the British Columbia coast, statistically significant increases in SST of 0.52 to 1.7°F (0.29-0.94 
°C) were observed from 1915 to 2003.259  

Future Projections  

 Global sea surface temperatures are projected to rise by 1.8-5.4°F (1.0-3.0°C) in the 21st century 
compared to a 1980-1999 baseline, e.g. 4.7°F (2.6°C) under the A2 scenario.260  

 In the northern Pacific Ocean, increases in winter SST of 1.8 to 2.9°F (1.0-1.6°C) are projected by 
2040-2049 (1980-1999 baseline; A1B).261 These increases in SST will be accompanied by warmer 
maximum and minimum temperatures overall.262  

 SST is projected to increase approximately 2.2°F (1.2°C) in the nearshore and offshore waters of 
Washington and northern Oregon by 2030-2059 (1970-1999 baseline).263 These projections are 
compatible with the projected change for the northern Pacific Ocean.  

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

 

Definition and Causes of Increasing Sea Surface Temperature 

The worldôs oceans are the main storage reservoir for excess solar and heat energy initially retained 

within Earthôs atmosphere.
264

 The rate of flow of surface heat (i.e. surface heat fluxes) in the oceans is 

reported with two primary units of measurement: Watts per meter squared (W/m
2
) and Joules per year 

(J/yr). 

                                                      

256
 Nicholls et al. (2007, p. 320). The authors cite Bindoff et al. (2007) for this information. 

257
 Intergovernmental Panel on Climate Change. Climate Change 2007: Synthesis Report. (2007c, p. 30) 

258
 Mote et al. (2010, p. 32).  

259
 B.C. Ministry of Environment. Environmental Trends in British Columbia: 2007: Climate Change. (2007, Table 

3, p. 14).  
260

 IPCC. Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the 

Fourth Assessment Report of the Intergovernmental Panel on Climate Change. (2007e); Nicholls et al. (2007, 

Table 6.3, p. 323) 
261

 Overland and Wang. Future climate of the North Pacific Ocean. (2007, Fig. 2b, p. 7)  
262

 Overland and Wang. (2007) 
263

 Mote and Salathé, Jr. (2010, p. 44). See also OCCRI. (2010, p. 32-33). 
264

 *Hansen et al. Earthôs energy imbalance: confirmation and implications. (2005) 
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As global air temperatures continue to rise, ocean water temperatures are also expected to rise.
265

 

Increases in SST as a result of global climate change occur simultaneously with natural cycles in ocean 

temperature, such as the El Niño Southern Oscillation 

(ENSO) and the Pacific Decadal Oscillation (PDO) (see 

Box 7). For example, the PDO naturally shifts heat across 

regions of the Pacific Ocean over periods of twenty to 

seventy years.266 Research studies therefore attempt to 

distinguish the precise contributions of natural variation and 

climate change.
267

 

Increases in the heat content of the ocean have driven other 

changes in the physical marine environment:268  

 Thermal expansion of the oceans as well as 

increased meltwater and discharged ice from terrestrial 

glaciers and ice sheets have increased ocean volume and 

hence sea level (see Section 6 in this Chapter).269 

 Warmer oceans drive more intense storm systems 

and other changes to the hydrological cycle.270 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 

availability and primary production (see Sections 3 (altered 

hydrology) and 4 (altered ocean currents) in this Chapter; 

see also, Chapter IV  Sections 1 and 2 (altered nutrient 

cycling and altered ocean productivity, respectively).271  

Changes in sea (and land) temperature may contribute to changing wind patterns, which can alter 

upwelling and nutrient cycling in coastal waters (see Sections 7 (altered patterns of coastal upwelling) and 

8 (altered patterns of coastal hypoxia and anoxia) in this Chapter).
272

  

There is also an inverse relationship between oxygen content and water temperature: warmer water holds 

less dissolved oxygen than cooler water.
273

 Further, water temperature regulates oxygen and carbonate 

solubility, viral pestilence, pH and conductivity, and photosynthesis and respiration rates of estuarine 

                                                      

265
 *California Natural Resources Agency. California Climate Adaptation Strategy. (2009) 

266
 *National Aeronautics and Space Administration. Moody Pacific Unleashes Another Climate Mystery (website). 

(2004); See also Dawe and Thompson. PDO-related heat and temperature changes in a model of the North Pacific. 

(2007) and Mantua and Hare. The Pacific Decadal Oscillation. (2002). 
267

 Snover et al. Uncertain Future: Climate change and its effects on Puget Sound. (2005) 
268

 *Hoegh-Guldberg and Bruno. The impact of climate change on the world's marine ecosystems. (2010, p. 1524) 
269

 *Hoegh-Guldberg and Bruno. (2010, p. 1524). The authors cite Rahmstorf et al. (2007) for this information. 
270

 *Hoegh-Guldberg and Bruno. (2010, 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. 
271

 *Hoegh-Guldberg and Bruno. (2010, p. 1524) 
272

 *California Natural Resources Agency. California Climate Adaptation Strategy. (2009) 
273

 *California Natural Resources Agency. California Climate Adaptation Strategy. (2009)  

What are Watts per meter squared 

(W/ m2) and Joules per year (J/yr) ? 

ü A Joule is a measure of energy, 

work, or quantity of heat. 

ü A Watt  is a measure of power (the 

rate at which work is performed or 

energy is converted) or radiant flux 

(the rate of flow of electromagnetic 

waves). 

ü One Watt is equivalent to one Joule 

per send (W = J/s). 

ü Thus, W/m 2 is a measure of power 

over a given surface area (an area 

measuring one meter by one meter) 

while J/yr is a measure of energy, 

work, or heat quantity over a given 

time period (one year). 

Source: National Institute for Standards and 

Technology (NIST)(website). 
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macrophytes (i.e., aquatic plants visible to the naked eye).274 While temperature is important in regulating 

physiological processes in estuaries, predicting the ecological outcome is complicated by the feedbacks 

and interactions among temperature change and independent physical and biogeochemical processes such 

as eutrophication.275 Nonetheless, there is high confidence, based on substantial new evidence, that 

observed changes in marine biological systems are associated with rising water temperatures, as well as 

related changes in ice cover, salinity, oxygen levels, and circulation.276 These include: 

 Shifts in ranges and changes in algal, plankton and fish abundance in high-latitude oceans, and 

 Range changes and earlier migrations of fish in rivers.277 

Increases in water temperature could also affect: 

 Algal production and the availability of light, oxygen and carbon for other estuarine species.278  

The propensity for harmful algal blooms is further enhanced by the fertilization effect of 

increasing dissolved CO2 levels.279   

 Microbial processes such as nitrogen fixation and denitrification in estuaries.280   

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 areas.281 Observations since 1961 show that the average temperature of 

the global ocean has increased to depths of at least 9842 feet (3000 m) and that the ocean has been taking 

up over eighty percent of the heat being added to the climate system.
282

 In an analysis of 93.4% of the 

ocean by Willis et al. (2004), the observed annual mean rate of ocean heat gain between 1993 and mid-

2003 was 0.86 ± 0.12 W/m
2
 per year.283 Most of the heat is stored in the upper reaches of the ocean:   

 On average across five simulations run from 1993 to mid-2003, eighty-five percent of the ocean 

heat storage occurred above 2460 feet (750 m), with the range from seventy-eight to ninety-one 

percent.284 

 From 1961 to 2003, the global oceans showed a linear increase in heat content of ~0.38 x 10
22

 

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 column.
285

  

                                                      

274
 Nicholls et al. (2007, p. 328) 

275
 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. 
276

 IPCC. Climate Change 2007: Impacts, Adaptation and Vulnerability: Summary for Policymakers. (2007e, p. 8) 
277

 IPCC. Climate Change 2007: Impacts, Adaptation and Vulnerability: Summary for Policymakers. (2007e, p. 8) 
278

 Nicholls et al. (2007, p. 328). The authors cite Short and Neckles (1999) for this information. 
279

 Nicholls et al. (2007, p. 328) 
280

 Nicholls et al. (2007, p. 328). The authors cite Lomas et al. (2002) for this information. 
281

 *Nicholls et al. (2007, p. 320). The authors cite Bindoff et al. (2007) for this information. 
282

 *IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 30) 
283

 *Hansen et al. Earth's energy imbalance: confirmation and implications. (2005, p. 1432) 
284

 *Hansen et al. (2005, p. 1432) 
285

 *Domingues et al. Improved estimates of upper-ocean warming and multi-decadal sea level rise. (2008)  
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 From 1969 to 2008, a linear average increase in heat content of 4.0 x 10
21

 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 1957-1990; based on yearly mean heat content values determined as the average of the 

four seasons).286 Globally from 1969 to 2008, eighty-fi ve percent of the variance in yearly ocean 

heat content is accounted for by the linear trend (reference period 1955-2006).287  

Decadal trends also show an increase in SST from 1850 to 2005, 1901 to 2005, and 1979 to 2005, as 

shown in Table 8. 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 variability of winds that modify ocean 

temperatures.
288

 For example: 

 From 1950 to 1960, trends in globally averaged ocean heat content and sea surface temperature 

(SST) show a slight increase, followed by a 15-year period to the mid-1970s of zero or slightly 

negative trend and, after the 1976-1977 climate shift (a rapid change in relatively stable physical 

ocean properties that affects biota and ecosystems), a steady rise to 2003.
289

 

Finally, since the IPCCôs Fourth Assessment Report, the discovery of a time-varying bias in a device for 

measuring temperature at various depths (XBT, or expendable bathythermograph) has prompted re-

evaluations of the rate of upper ocean warming.
290

 Research on this topic is still relatively new, but at 

least one study has been conducted. Consistent with the other studies reported here, a statistically 

significant increase in ocean heat content of 0.64 W/m
2
 was reported by Lyman et al. (2010) from 1993 to 

2008, even after correcting for the XBT bias (calculated for the Earthôs entire surface area; the 90-percent 

confidence interval is 0.53ï0.75 W/m
2
).

291
  

Regional 

In the North Pacific from 1969 to 2008, sixty-nine percent of the variance in yearly ocean heat content is 

accounted for by the linear trend (reference period 1955-2006).292  

Southeast and Southcentral Alaska   

Information needed. 

  

                                                      

286
 Levitus et al. Global ocean heat content 1955-2008 in light of recently revealed instrumentation problems. (2009, 

Fig. 1, p. 2, 20)  
287

 Levitus et al. (2009, Fig. S11, p. 4, 15)  
288

 Living Oceans Society. Climate and Oceans Think Tank ï Proceedings, Day 1. (2009)  
289

 *Domingues et al. (2008, p. 1090) 
290

 *Lyman et al. Robust warming of the global upper ocean. (2010, p. 337) 
291

 Lyman et al. (2010, p. 334) 
292

 *Levitus et al. (2009, Fig. S11, p. 4, 15).  
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British Columbia 

Increasing SST, ranging from 0.52 to 1.7ęF (0.29-0.94 °C), has been observed at nine stations along the 

coast from 1915 to 2003 (Table 9).
293

 The largest and most significant increase was a warming of 1.7°F 

(0.94°C; fifty -year trend) for Langara Island at the northwest tip of the Queen Charlotte Islands from 

1941 to 2003 (annual mean ± standard deviation: 15.8 ± 0.94°F or 8.8 ± 0.52°C).
294

  

A more detailed analysis reported by the B.C. Ministry of Environment (MoE) (2006) showed three of the 

nine stations had statistically significant increases (Ŭ < 5%) in either the annual maximum or annual 

minimum temperature:
295

  

 The most statistically significant trend was an increase in mean annual maximum temperature at 

Entrance Island, 3.1°F (1.7°C) from 1936 to 2004.
296

 This may reflect increased summer 

warming in the Strait of Georgia.
297

 

 A statistically significant increase in mean annual maximum temperature was also observed at 

Nootka Point, (1.1°C) from 1938 to 2004.
298

 

 It is unclear whether the final station with statistically significant data is Pine Island or Langara 

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 Island, 3.1°F (1.7°C) 

from 1937 to 2004, but this is only weakly significant.
299

 In Table 8 of the cited report, however, 

                                                      

293
 B.C. Ministry of Environment (MoE). Environmental Trends in British Columbia: 2007: Climate Change. (2007, 

Table 3, p. 14)  
294

 *B.C. MoE. (2007, p. 14) 
295

 *B.C. MoE. (2007, p. 14). The authors cite British Columbia Coastal Environment for this information. 
296

 *B.C. MoE. (2006, p. 91)  
297

 *B.C. MoE. (2007, p. 14) 
298

 B.C. MoE. (2006, Table 7, p. 92)  
299

 *B.C. MoE. (2006, p. 91-92)  

Table 8. Linear decadal trends in SST in the Northern Hemisphere and Globally. 
 (°F with °C in parentheses; *significant at the < 1% level, 

À
significant at the 1-5% level) 

 Temperature Trend Per Decade 

1850-2005 1901-2005 1979-2005 

Northern Hemisphere 
0.076 ± 0.029* 

(0.042 ± 0.016) 

0.13 ± 0.052* 

(0.071 ± 0.029) 

0.342 ± 0.241
À
 

(0.190 ± 0.134) 

Globe 
0.068 ± 0.020* 

(0.038 ± 0.011) 

0.12 ± 0.027* 

(0.067 ± 0.015) 

0.239 ± 0.085* 

(0.133 ± 0.047) 

Source: Modified from Trenberth et al. (2007, Table 3.2, p. 243) by authors of this report. 

Notes: SST are those produced by the United Kingdom Meteorological Office (UKMO) under the HadSST2 

(Rayner et al. 2006). Annual averages, with estimates of uncertainties for HadSST2, were used to estimate trends. 

Trends with 5 to 95% confidence intervals and levels of significance (bold: <1%;  italic, 1-5%) were estimated by 

Restricted Maximum Likelihood (REML), which allows for serial correlation (first order autoregression AR1) in 

the residuals of the data about the linear trend. The Durbin Watson D-statistic (not shown) for the residuals, after 

allowing for first-order serial correlation, never indicates significant positive correlation. 
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only data from Pine Island are indicated as statistically significant, +1.2°F (+ 0.68°C) from 1939 

to 2004.
300

 

A warming trend in the ocean along the southern B.C. coast is also evident in the deeper waters of five 

inlets on the mainland coast and two on Vancouver Island.
301

 Consistent with the temperature trends 

shown in the sea surface indicator, all seven inlets showed a warming of 0.9 to 1.8°F (0.5 to 1.0°C) over a 

fifty -year period of record.
302

 A more specific period of record is not provided; however, the graph in the 

cited report has a time axis from 1950 to 2000.
303

 

Washington 

Information needed. 

                                                      

300
 B.C. MoE. (2006, Table 8, p. 94)  

301
 *B.C. MoE. (2007, p. 14) 

302
 B.C. MoE. (2007, Fig. 7, p. 15). The same figure is also available in B.C. MoE. (2006, Fig. 5, p. 95) 

303
 *B.C. MoE. (2007, p. 14) 

Table 9. Mean annual sea surface temperature at nine stations on the B.C. coast. 
 (°F with °C in parentheses) 

Station Period of record Annual Mean ± Standard Deviation Trend: °F/50yrs (°C/50yrs) 

Langara Island 

(NC) 
1941-2003 

15.8 ± 0.94  

(8.8 ± 0.52) 
1.69 (0.94)* 

McInnes Island 

(CC) 
1955-2003 

17.3 ± 0.86  

(9.6 ± 0.48) 
1.2 (0.65) 

Pine Island (CC) 1937-2003 
15.7 ± 0.92   

(8.7 ± 0.51) 
1.3 (0.71)* 

Kains Island  

(west VI) 
1935-2003 

18.4 ± 0.99  

(10.2 ± 0.55) 
0.77 (0.43) 

Nootka Point  

(west VI) 
1935-2003 

19.6 ± 0.92  

(10.9 ± 0.51) 
0.99 (0.55) 

Amphitrite Point 

(west VI) 
1935-2003 

18.7 ± 0.94  

(10.4 ± 0.52) 
0.9 (0.50)* 

Departure Bay  

(east VI) 
1915-2003 

20.0 ± 0.9  

(11.1 ± 0.50) 
0.52 (0.29) 

Entrance Island 

(SoG) 
1937-2002 

20.2 ± 0.92  

(11.2 ± 0.51) 
1.5 (0.82)* 

Race Rocks (JFS) 1922-2003 
16.4 ± 0.79 

(9.1 ± 0.44) 
0.54 (0.30)* 

NC = North Coast; CC = Central Coast; VI = Vancouver Island; SoG = Strait of Georgia; JFS = Juan de 

Fuca Strait; *statistically significant, probability or chance that there is no trend (Ŭ): < 5% 

Source: Modified from B.C. Ministry of Environment (MoE). Environmental Trends in British Columbia: 

2007: Climate Change. (2007, Table 3, p. 14) by authors of this report. BC MoE cites Fisheries and 

Oceans Canada, www-sci.pac.dfo-mpo.gc.ca/osap/data as their source. 
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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 described as a 

long-lived, El Niño-like pattern of climate variability in the Pacific. Two main characteristics distinguish the 

Pacific Decadal Oscillations (PDO) from El Niño/Southern Oscillation (ENSO). First, 20th century PDO 

"events" persisted for 20-to-30 years, while typical ENSO events persisted for 6 to 18 months. Second, the 

climatic fingerprints of the PDO are most visible in the North Pacific/North American sector, while secondary 

signatures exist in the tropics - the opposite is true for ENSO. The potential for precipitation and temperature 

extremes is higher when ENSO and PDO are in the same phase.  

 A warm ENSO (i.e. El Niño) is characterized by December-January-February sea surface temperatures 

>0.5 standard deviations above the mean and has been associated with: 

o Warmer than average sea surface temperatures in the central and eastern equatorial Pacific 

Ocean   

o Reduced strength of easterly trade winds in the Tropical Pacific 

o Increased chance for  lower quality coastal and near-shore marine habitat in Pacific Northwest 

 A neutral ENSO is neither warm nor cool. There are no statistically significant deviations from average 

conditions at the equator. 

 A cool ENSO (i.e., La Niña) is characterized by December-January-February mean sea surface 

temperatures <-0.5 standard deviations and has been associated with: 

o Cooler than average sea surface temperatures in the central and eastern equatorial Pacific Ocean   

o Stronger than normal easterly trade winds in the Tropical Pacific  

o Increased chance for  higher quality coastal and near-shore marine habitat in Pacific Northwest 

 A warm PDO is characterized by sea surface temperatures >0.5 standard deviations above the mean for 

the October-November-December-January-February-March mean and has been associated with:  

o Negative upwelling in winter-spring  

o Warm and fresh continental shelf water  

o Enhanced coastal ocean biological productivity in Alaska and inhibited productivity off the west 

coast of the contiguous United States 

 A neutral PDO is neither warm nor cool. 

 A cool PDO is characterized by sea surface temperatures <-0.5 standard deviations for the October-

November-December-January-February-March mean and has been associated with:  

o Positive upwelling in winter-spring  

o Cold and salty continental shelf water  

o Enhanced coastal ocean productivity off the west coast of the contiguous United States and 

inhibited productivity in Alaska 

Source:  CIG. http://cses.washington.edu/cig/pnwc/ci.shtml#anchor2 (accessed 8.14.2011); Hamlet & Lettenmaier. (2007, Table 1, 

p. 6); Independent Scientific Advisory Board. (2007, Table 4, p. 61); Mantua. (2000). http://www.jisao.washington.edu/pdo/ (accessed 

8.14.2011). 

http://cses.washington.edu/cig/pnwc/ci.shtml#anchor2
http://www.jisao.washington.edu/pdo/
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Oregon  

Limited information on SST trends in Oregon was available. Figure 11 below, reproduced from OCAR, 

shows an increase in SST at one location off the coast of Newport (1997-2005 compared to 1961-

1971).304 

 

Figure 11. Differences between average temperature, salinity (part per thousand), density, and dissolved oxygen 

profiles at NH-85 (85 nm, 157 km, off Newport) for two periods: 1997-2005 (~38 samples) minus 1961-1971 (~75 

samples), with 95% confidence limits. Source: Mote, Gavin and Huyer. (2010, p. 32) 

Northwest California 

Information needed. 

Future Projections 

Global 

Global sea surface temperatures are projected to rise 2.7°F (1.5°C) under the B1 scenario, approximately 

4.0°F  (2.2°C) under the A1B scenario, and 4.7°F (2.6°C) under the A2 scenario by 2100 (relative to 

1980-1999).305 Similarly, global average air temperatures are projected to increase at least 3.2°F to 7.2°F 

(1.8-4.0°C) by 2090-2099 compared to a 1980-1999 baseline (the full range for projected air temperature 

increases is 2.0-11.5°F or 1.1-6.4°C306).307  

Regional 

Projected mid-century (2040-2049) winter SST for the northern Pacific Ocean compared to a 1980-1999 

baseline under the A1B scenario generally lies between 1.8 and 2.9°F (1.0-1.6°C).
308

 These increases in 

                                                      

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

305
 Nicholls et al. (2007, Table 6.3, p. 323) 

306
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, Table SPM.3, p. 

13).  
307

 IPCC. Climate Change 2007: Synthesis Report: Summary for Policymakers. (2007, Fig. SPM.1, p. 8) 
308

 Overland and Wang. Future climate of the North Pacific Ocean. (2007, 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 20
th
 century is projected to continue nearly the same into the 21

st
 century.

309
  

Southeast and Southcentral Alaska   

Information needed. 

British Columbia 

At the present rate of increase, temperatures at Langara Island, at the extreme northwest point on the B.C. 

coast, would resemble current conditions at Amphitrite Point, on the southwest coast of Vancouver 

Island, in less than a hundred years.
310

 The water around Langara Island is about 2.7°F (1.5°C) colder 

than that around Amphitrite Point, for both annual mean and average annual extremes.
311

 In other words, 

at the present rate of increase, Langara Island will be 2.7°F (1.5°C) warmer in less than a hundred years. 

This includes minimum, mean, and maximum temperatures. 

Washington and Northern Oregon 

For coastal grid points between 46°N (west of Seaside, OR) and 49°N (west of Vancouver, B.C.) latitude 

for the mid-century (2030-2059; compared to 1970-1999), the modeled increase in SST is about +2.2°F 

(1.2° C), somewhat less than for the land areas (+3.6°F, 2.0°C), but a significant change compared to the 

typical interannual variability of the coastal ocean.312 The forecast increase of about 2.2°F (1.2°C) is also 

likely to apply to offshore waters.313 This modeled increase is less than the summertime increase observed 

in recent decades.314 However, the ocean model is still too coarse to represent the complex oceanic 

processes over the continental margin.315  

Northwest California  

Information needed. 

Information Gaps  

Information is needed on regional trends for Washington, Oregon, and northern California. Information is 

needed on regional projections throughout the NPLCC region. For the Gulf of Alaska, Sigler et al. (2008) 

state fine-scale (both time and space) surface and vertical temperature, salinity, oxygen, and nitrate and 

chlorophyll fluorescence data are needed.
316

 A significant source of uncertainty in SST may be the 

uncertainty in trends and projections of vertical ocean currents (including those associated with 

upwelling). Information is needed on this topic. Sections 4 (altered ocean currents) and 7 (altered patterns 

of coastal upwelling) in this Chapter list additional information gaps on these topics.  

  

                                                      

309
 Overland and Wang. (2007) 

310
 *B.C. Ministry of Environment. (2007, p. 14)  

311
 *B.C. Ministry of Environment. (2007, p. 14)  

312
 *Mote and Salathé, Jr. (2010, p. 44). See also OCCRI. (2010, p. 32). 

313
 *Mote, Gavin and Huyer. (2010, p. 33)  

314
 *Mote, Gavin and Huyer. (2010, p. 33) 
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 *Mote, Gavin and Huyer. (2010, p. 32) 
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 *Sigler, M.; Napp, J.; Hollowed, A. (authors). Osgood (Ed.). (2008, p. 69, 73).  
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3. ALTERED  HYDROLOGY  

ñHydrologyò refers to the science encompassing the behavior of water as it occurs in the atmosphere, on 

the surface of the ground, and underground.317 The hydrologic cycle, or water cycle, describes the 

existence and movement of water on, in, and above the Earth.318 While hydrologic changes such as 

alterations in spring snowpack and snowmelt, seasonal flows, glacier melt patterns, water temperature, 

and water quality deal primarily with freshwater, they affect the marine and coastal environment, as 

described below.   

Some of the greatest potential impacts of climate change on estuaries may result from changes in physical 

mixing characteristics caused by changes in freshwater runoff.319 Freshwater inflows into estuaries 

influence water residence time, nutrient delivery, vertical stratification, salinity and control of 

phytoplankton growth rates.320 Decreased freshwater inflows increase water residence time and decrease 

vertical stratification, and vice versa.321 Observed trends and future projections in streamflow amount in 

the NPLCC region include: 

 Observed trends in streamflow amount: In British Columbiaôs coastal watersheds, regimes are 

shifting towards increased winter rainfall, declining snow accumulation, and decreased summer 

precipitation,322 with subsequent increases in winter flow and decreases in summer flow being 

observed.323  Snover et al. (2005) cite that freshwater inflow to Puget Sound from 1948 to 2003 

has changed in the following ways:324  
 

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

o An 18% decline in the portion of annual river flow entering Puget Sound during the 

summer 

o An increase in the likelihood of both low and unusually high daily flow events 

 Future projections in streamflow amount: As precipitation in southeastern Alaska shifts 

toward increased rain and less snow, more water will run off the landscape rather than being 

stored.325 Mean and mean minimum flows are projected to increase on the Fraser River near Hope 

in British Columbia (+1.8-5.1% and +14-44%, respectively), while mean peak flows are 

projected to decrease 18% over the 21
st
 century.

326
 The annual average low flow magnitude is 

                                                      

317
 *U.S. Geological Survey. Science 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. 
318

 *U.S. Geological Survey. Summary of the Water Cycle (website). (2010)  
319

 Nicholls et al. (2007, p. 328). The authors cite Scavia et al. (2002) for this information. 
320

 *Nicholls et al. (2007, p. 328) 
321

 *Nicholls et al. (2007, p. 328). The authors cite Moore et al. (1997) for this information. 
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 *Pike et al. (2010, p. 706) 
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 *Pike et al. (2010, p. 706, 717) 
324

 *Snover et al. (2005) 
325

 *Kelly et al. Climate Change: Predicted impacts on Juneau. (2007, p. 53) 
326

 *Morrison et al. Climate change in the Fraser River watershed: flow and temperature projections. (2002, Table 

2, p. 237).  
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projected to decline up to 50% by the 2080s (A1B & B1 multi-model averages) in the river basins 

of southwest Washington, the Olympic Peninsula, and Puget Sound.327 

Changes in the timing of freshwater delivery to estuaries could lead to a decoupling of the juvenile phases 

of many estuarine and marine fishery species from the available nursery habitat.328 Observed trends and 

future projections in freshwater runoff timing in the NPLCC region include: 

 Observed trends in freshwater runoff timing:  Widespread and regionally coherent trends 

toward earlier onsets of springtime snowmelt and streamflow have taken place across most of 

western North America.329 In southcentral and southeast Alaska from 1948 to 2002, the timing of 

the center of mass of annual flow has shifted at least ten days earlier, while the timing of the 

spring pulse onset has shifted five to fifteen days earlier in some locations and up to five days 

later in others.330 Over the last fifteen years (more specific date not provided), the Fraser River 

(snow-glacial system near Vancouver, B.C.) shows increased peak flows and lower recessional 

flows, illustrating changes in the associated watersheds, perhaps away from a glacier-dominated 

regime towards a snow-dominated regime with an earlier freshet and faster recessional period.331 

A twelve day shift toward earlier onset of snowmelt was observed in the Puget Sound (WA) from 

1948 to 2003.332 

 Future projections for freshwater runoff timing:  If mean winter minimum temperatures rise, 

the snow-to-precipitation fraction across the western United States will likely decrease further.333 

An immediate consequence of warmer temperatures and reduced snowfalls would be a regional 

scale reduction of snowpack.334 Assuming that the response to increased warming remains linear, 

the projections indicate that stream flow timing might shift by 30ï40 days by the end of the 

century.335 

In a study of glacier runoff in freshwater discharge, Neal et al. (2010) suggest changes in timing and 

magnitude of freshwater delivery to the Gulf of Alaska could impact coastal circulation as well as 

biogeochemical fluxes in nearshore marine ecosystems and the eastern North Pacific Ocean.336 Observed 

trends and future projections in glacial coverage and runoff to coastal systems in the NPLCC region 

include: 

 Observed trends in glacial coverage and runoff: In the Gulf of Alaska, discharge from glaciers 

and icefields accounts for 47% of total annual freshwater discharge, with 10% coming from 

glacier volume loss associated with rapid thinning and retreat of glaciers along the Gulf of 

                                                      

327
 *Mantua et al. Climate change in the Fraser River watershed: flow and temperature projections. (2010, p. 204-

205) 
328

 Nicholls et al. (2007, p. 328) 
329

 *Stewart, Cayan and Dettinger. Changes toward earlier streamflow timing across western North America. (2005, 

p. 1136) 
330

 Stewart, Cayan and Dettinger. (2005, Fig. 2, p. 1141) 
331

 *Pike et al. Climate Change Effects on Watershed Processes in British Columbia. (2010, p. 706) 
332

 Snover et al. Uncertain Future: Climate Change and its Effects on Puget Sound. (2005) 
333

 *Stewart. Changes in snowpack and snowmelt runoff for key mountain regions. (2009, p. 90) 
334

 *Stewart. (2009, p. 90) 
335

 *Stewart. (2009, p. 90) 
336

 *Neal, Hood and Smikrud. Contribution of glacier runoff to freshwater discharge into the Gulf of Alaska. (2010, 

p. 1) 
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Alaska.337 Glaciers in British Columbia are out of equilibrium with the current climate, with 

widespread glacial volume loss and retreat in most regions.338 Negative trends have been 

documented for summer streamflow in glacier-fed catchments in British Columbia, with the 

exception of the northwest, where streamflow has been increasing in glacier-fed catchments.339  

 Future projections in glacial coverage and runoff: In British Columbiaôs glacier-augmented 

regimes, peak flows would decrease and occur earlier in the year.340 In southeast Alaska, glacial 

melt is already occurring, and is likely to continue.341 Neal et al.ôs (2010) results indicate the 

region of the Gulf of Alaska from Prince William Sound to the east, where glacier runoff 

contributes 371 km
3
 per year, is vulnerable to future changes in freshwater discharge as a result of 

glacier thinning and recession.342 

A fuller discussion of hydrologic changes in the geographic extent of the NPLCC can be found in Climate 

Change Effects and Adaptation Approaches in Freshwater Aquatic and Riparian Ecosystems in the North 

Pacific Landscape Conservation Cooperative: A Compilation of Scientific Literature (Phase 1 Draft 

Final Report), a forthcoming document by the authors of this report.  

Information Gaps 

Peterson and Schwing (2008) state data and models specific to quantifying and forecasting regional 

precipitation and streamflow patterns are needed.
343

 In addition, climate information and predictions for 

watershed and ocean habitats are needed, including observations and predictions of weather patterns, 

streamflows, snowpack, and ocean properties.
344

 It is important to note that forecasts and predictions can 

not be made more than a decade or two into the future. Further, forecasts and predictions are distinct 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. Please see Box 2  for information on the IPCCôs SRES scenarios. 

  

                                                      

337
 *Neal, Hood, and Smikrud. (2010, p. 1) 

338
 *Pike et al. (2010, p. 703) 

339
 *Pike et al. (2010, p. 717) 

340
 *Pike et al. (2010, p. 719).  

341
 *AK Department of Environmental Conservation. Climate Change in Alaska: Adaptation Advisory Group of the 

Governor's Sub-Cabinet on Climate Change (website). (2010, p. 2-3) 
342

 *Neal, Hood, and Smikrud. (2010, p. 1) 
343

 *Peterson, W. & Schwing, F. (authors). Osgood (Ed.). (2008, p. 52) 
344

 *Peterson, W. & Schwing, F. (authors). Osgood (Ed.). (2008, p. 52) 
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4. ALTERED OCEAN CURRENTS 

Definition and Causes of Altered Ocean Currents 

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 response.351 Changes in fluxes of heat and freshwater at the oceanôs surface, along with surface 

wind forcing, play key roles in forming ocean currents, which in turn have a major effect on climate.352  

                                                      

345
 Whitney, Freeland, and Robert. (2007, Fig. 1, p. 180). 

346
 Palacios et al. Long-term and seasonal trends in stratification in the California Current, 1950-1993. (2004, p. 1) 

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

348
 Whitney, Freeland, and Robert. (2007, Fig. 1, p. 180). 

349
 Whitney, Freeland, and Robert. (2007, p. 179) 

350
 Peterson and Schwing (2008) and Sigler, Napp, and Hollowed (2008). In Climate Impacts on U.S. Living Marine 

Resources: National Marine Fisheries Service Concerns, Activities and Needs. Osgood (Ed.). (2008) 
351

 *Hickey and Banas. Oceanography of the U.S. Pacific Northwest Coastal Ocean and Estuaries with Application 

to Coastal Ecology. (2003, p. 1014) 
352

 *Rahmstorf. The current climate. (2003, p. 699) 

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

Observed Trends 

 The California Current System (CCS) is the dominant current system in the NPLCC region south of 
northern Vancouver Island (50°N).345  

o Off the California coast from 1950 to 1993, the mean level of the coastal thermocline (i.e., a 
depth of water separating two layers of different temperature) strengthened and deepened, 
while the offshore thermocline weakened and decreased in depth in the upper 656 feet (200 
m).346 

o Off the Oregon coast, alongshore currents are much stronger than the onshore/offshore 
currents of the upwelling/downwelling circulation.347 

 North of Vancouver Island, the Alaska Current (AC) and Alaska Coastal Current (ACC) are the 
dominant current systems in the NPLCC region.348  

o Sixty percent of the oxygen in the subsurface waters of the Alaskan Gyre was supplied by 
subarctic waters; the remaining 40% was supplied by subtropical waters.349 

Future Projections 

 Projections of future ocean current patterns, both globally and in the NPLCC region, were not found 
in the scientific and agency literature.  

 Some researchers speculate future ocean currents may be similar to or exceed extremes in natural 
variability observed historically (e.g. of ENSO, PDO).350 

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

 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
52 

There are two basic types of ocean circulation: 

 Thermohaline circulation is defined as currents 

driven by changes to the rate of flow of heat and 

freshwater across the sea surface and subsequent 

interior mixing of heat and salt.353  

 Wind-driven circulation is relegated to the upper 

ocean due to stratification ï in unstratified water, 

wind-driven currents would extend to the 

bottom.354  

The major currents of the subarctic Pacific (north of the 

equator) are shown in Figure 12.
355

 Ocean currents 

transport nutrients across large distances, at varying ocean 

depths, and circulate nutrients in gyres (a spiral oceanic 

surface current moving in a clockwise direction).
356

 For example, waters in the North Pacific Current 

(NPC) acquire heat and salt from the subtropics as they cross the ocean.
357

 They also contain more 

oxygen than waters within the Alaska Gyre (AG), and are the oxygen source for the interior waters of the 

eastern subarctic Pacific.
358

   

Figure 12. Map of the North Pacific Ocean showing major currents.  

Source: Whitney, Freeland, & Robert. (2007, Fig. 1, p. 180) 

  

                                                      

353
 *Rahmstorf. (2003, p. 699) 

354
 *Rahmstorf. (2003, p. 699) 

355
 Whitney, Freeland, and Robert. Persistently declining oxygen levels in the interior waters of the eastern subarctic 

Pacific. (2007, Fig. 1, p. 180)  
356

 *Whitney, Freeland, and Robert. (2007) 
357

 *Whitney, Freeland, and Robert. (2007, p. 182). The authors cite Mecking et al. (2006) for this data. 
358

 *Whitney, Freeland, and Robert. (2007, p. 182) 

Flux refers to the amount of a substance 

flowing through an area over a certain period of 

time. Flux can be used to measure ocean 

currents by measuring the volume of water that 

passes a certain point over a certain period of 

time. For example, if a net were placed in the 

water, flux would increase as the strength of the 

current increases (more water passes at once), as 

the size of the net increases (more water passes 

at once), and when the net is facing exactly the 

direction of the current (minimal resistance to 

the flow of water). 
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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 wind strength can lead to 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 sediments.359 One reviewer noted a 

greater flux of organic material may increase primary 

productivity as well.360 Changes to wind and ocean currents 

driven by anthropogenic climate change are consequently 

likely to interact with overfishing and eutrophication, further 

increasing the incidence of hypoxic and anoxic events.361 

 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 ocean.362 

 Natural variability within the ocean climate system 

also occurs at various time scales (seasonal to decadal), 

producing climatic phenomena such as ENSO, the North 

Atlantic Oscillation (NAO), and the PDO.363 Although how 

this variability will change over the coming decades is 

uncertain, the steady increases in heat content of the ocean 

and atmosphere are likely to have profound influences on the 

strength, direction, and behavior of the worldôs major current 

systems.364 

 Changes in the behavior of ocean currents have the 

potential to strongly influence the distribution and abundance of marine ecosystems, as 

demonstrated by recent impacts of ENSO variability on kelp forests and coral reefs.365  

These interactions are discussed further in their respective sections of this report: in this Chapter, see 

Section 7 for upwelling and Section 8 for coastal hypoxia and anoxia, Box 7 for an explanation of ENSO 

and PDO, and Chapters IV through VII for ecosystem, habitat, and species effects. Climate patterns are 

discussed in Appendix 3.  

                                                      

359
 *Hoegh-Guldberg and Bruno. (2010, p. 1524). The authors cite Bakun and Weeks (2004) for this information. 

360
 Comment from reviewer, April 2011. 

361
 *Hoegh-Guldberg and Bruno. (2010, p. 1524) 

362
 *Hoegh-Guldberg and Bruno. (2010, p. 1524). The authors cite Alheit and Bakun (2010) for information on the 

effect of ocean heating on ocean currents. 
363

 *Hoegh-Guldberg and Bruno. (2010, p. 1524). The authors cite Alheit and Bakun (2010) for this information. 
364

 *Hoegh-Guldberg and Bruno. (2010, p. 1524). The authors cite Bindoff et al. (2007) for this information. 
365

 *Hoegh-Guldberg and Bruno. (2010, p. 1524). The authors cite Ling (2008) for information on kelp forests and 

Hoegh-Guldberg et al. (2007) for information on coral reefs. 

Thermal stratification refers to the layering 

of water due to differences in temperature and 

density.  As water warms, its density decreases 

and it rises to the surface. In the oceans, the 

mixed layer is the layer between the ocean 

surface and a depth usually ranging between 82 

and 656 feet (25-200m), where density is 

almost uniform due to the competition between 

stratifying and destratifying processes. Stratifying 

processes include surface heating and freshwater 

influx, while destratifying forces include wind 

forcing, surface cooling, evaporation and 

turbulent mixing. With the exception of polar 

and sub-polar oceans, the thermocline 

separates the mixed layer from the deep ocean. 

Its depth ranges from 164 to 3280 feet (50-

1000m), and the rate of decrease of temperature 

with increase of depth is the largest in the ocean. 

In mid-latitude regions, thermocline depth varies 

seasonally, where a secondary and much 

shallower thermocline (<164 ft; <50m) occurs 

in summer. In high latitudes, a thermocline may 

only appear seasonally.  

Sources: Earth & Space Research (website) 

(2004); Sarkar, Royer and Grosch. (2005). 
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Observed Trends 

Southcentral and Southeast Alaska, and British Columbia   

Surveys by Whitney, Freeland, and Robert (2007) found that oxygen in the subsurface waters of the 

Alaskan Gyre was supplied about 60% by subarctic and 40% by subtropical waters.
366

 At an ocean station 

off the coast of British Columbia and southeast Alaska (station P in Figure 12), evidence of low nitric 

oxide waters flowing north from California was observed.367 Cycles of variability off the British 

Columbia coast were also discerned 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 size.368 

Washington 

Information needed. 

Oregon 

In the Oregon Climate Assessment Report, Mote, Gavin, and Huyer (2010) report information on ocean 

currents for Oregon. After sustained summer upwelling, the resulting density gradients cause a southward 

current whose speed is greatest at the surface and decreases with depth.369 After sustained winter 

downwelling, the coastal current is northward; its speed tends to decrease with depth.370 In both seasons, 

alongshore currents are much stronger than the onshore/offshore currents of the upwelling/downwelling 

circulation.371 Some interannual variability in shelf currents and temperature can also be explained by 

local alongshore wind stress: for example, unusually strong northward winds in the El Niño winters of 

1983 and 1998 enhanced the northward coastal current; unusually late arrival of northerly winds in the 

spring of 2005 delayed the onset of upwelling by more than a month.372 

Northwest California  

In a study by Palacios et al. (2004) of thermal stratification in the upper 656 feet (200 m) of the California 

Current System (CCS) off the California coast from 1950 to 1993, the mean level of the coastal 

thermocline strengthened and deepened, while the offshore thermocline weakened and shoaled (i.e. 

decreased in depth).373 These tendencies are likely the result of a natural oceanic process adjusting to 

changes in ocean basin-scale circulation (i.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 level), as well as to a long-term increase in upper ocean heat content of two to nine percent 
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367
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throughout the study area.374 Substantial decadal variability superimposed on these linear tendencies may 

play a role in determining the response of the upper ocean to interannual events such as El Niño.375 

Further, it is possible that the net impact of an El Niño event on the CCS will depend greatly on the 

ambient conditions present at the time of the impact.376 The seasonal component of thermocline depth and 

strength exhibited a high degree of nonstationarity (i.e. varying with time), with alternating periods of 

weakened and enhanced annual cycles lasting three to five years, along with changes in phase.377  

Future Projections    

Information needed. Some researchers speculated that ocean currents 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 phases ï for example, large reductions in fish populations, 

harmful algal blooms, hypoxia, and anoxia ï could occur more frequently, or become the norm.378 

Information Gaps  

Information is needed on global trends and future projections in ocean currents. Information is also 

needed on regional trends, as results from single studies are presented here. Further, information is needed 

on regional projections for ocean currents. Sigler et al. (2008) identify climate information needs for 

understanding changes in ocean circulation in the Gulf of Alaska: 

 Downscaled IPCC climate scenarios resolved to drive kilometer and hourly-scale Regional Ocean 

Circulation Models (ROMS) with ice; and  

 Archived runs of ROMS from 1900s to present.379 

Peterson and Schwing (2008) identify two additional climate information needs for understanding 

changes in ocean circulation in the California Current region, which will also inform the impacts of 

altered ocean circulation on species distribution and community structure in pelagic (open-ocean) 

habitats:  

 Water mass climatology and anomaly fields (using water mass characteristics to distinguish water 

type and sources in near real-time), and satellite and blended satellite-model reanalysis products 

to provide the details of water sources and transport patterns in near real-time.380  

 Basin-scale ocean circulation observations and models to determine changes in gyre circulation 

and source and advection of water mass types.381 
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5. ALTERED  FREQUENCY AND SEVERITY OF STORMS 

 

Definition and Causes of Altered Frequency and Severity of Storms 

Storms develop when a center of low pressure develops with a system of high pressure surrounding it. 

Cyclones, for example, are a weather system characterized by relatively low surface pressure compared 

with the surrounding air; this is associated with convergence, and therefore rising motion, cloudiness, and 

                                                      

382
 Nicholls et al. (2007, p. 317).  

383
 Hoffman. Designing reserves to sustain temperate marine ecosystems in the face of global climate change. 

(2003, p. 135) 
384

 Meehl et al. (2007, p. 789) 
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 Field et al. Climate Change 2007: Impacts, Adaptation, and Vulnerability: North America. (2007, p. 627). The 

authors cite Meehl et al., 2007: Section 10.3.6.4 in the IPCC AR4, for this information. 
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 Meehl et al. (2007, p. 789) 
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 Hoffman. (2003, p. 135) 
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 Nicholls et al. (2007, p. 324). The authors cite Ahrendt (2001) and Leontôyev (2003) for this information. 
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 Personal communication with reviewer (January 2011). 
390

 Nicholls et al. (2007, p. 324). 

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

Observed Trends 

 Coasts are highly vulnerable to extreme events, such as storms.382 The coasts of the NPLCC region, 
particularly Oregon and Washington, are well-known for the severity of their winter storms.  

 Wave heights have increased globally since the 1970s.383   

Future Projections 

 Under scenarios of future climate change in the 21st century, a poleward shift of storm tracks by 
several degrees latitude and greater storm activity at high latitudes is projected (baseline not 
provided).384  

 Over the 21st century in the mid-latitudes, extratropical storms are likely to become more intense, but 
perhaps less frequent, likely leading to increased extreme wave heights (baseline not provided).385 
Increased wind speed is associated with mid-latitude storms, resulting in higher waves produced by 
these storms.386 Higher sea levels will also increase the height of storm waves and surges, increasing 
the frequency of extreme events.387 

 In determining future beach erosion rates, several recent studies indicate that beach protection 
strategies and changes in the behavior or frequency of storms can be more important than the 
projected acceleration of sea level rise.388 One reviewer noted this is especially true of the outer coast, 
and less important for large estuaries like the Puget Sound.389  

 The combined effects of beach erosion and storms can lead to the erosion or inundation of other 
coastal systems.390 

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 
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precipitation.391 One way in which climate change may affect the frequency and severity of storms is via 

changes to mean sea level pressure: the IPCC AR4 considers projections of the mean sea level pressure 

for the medium scenario A1B.392 Sea level pressure differences show decreases at high latitudes in both 

seasons in both hemispheres.393 The compensating increases are predominantly over the mid-latitude and 

subtropical ocean regions.394 Many of these increases are consistent across the models.395 This pattern of 

change has been linked to an expansion of the Hadley Circulation and a poleward shift of the mid-latitude 

storm tracks.396 

Observed Trends 

Global 

Information needed. 

Alaska   

Information needed. 

British Columbia 

Extreme sea level events, related to intense storms, can result in sea levels reaching 3.28 feet (1 meter) 

above the predicted high tide level.397   

Washington and Oregon   

Along the Oregon coast, data show that both the frequency and intensity of storms have increased in 

recent years, and individual storms are producing higher waves and storm surges (no baseline or range 

provided).398 Along the Oregon and Washington coasts, increased vulnerability to storm surge, high tides, 

and accelerated coastal erosion are all listed as impacts due to climate change.399 This vulnerability would 

be compounded by an increase in average wave heights, a physical effect associated with more intense 

storms.400 The heights of storm waves measured at buoys hundreds of miles off the Oregon and 

Washington coasts have increased as much as eight feet since the mid-1980s (end-date not provided), and 

such waves deliver sixty-five percent more force when they come ashore.401 

Northwest California 

Information needed. 

                                                      

391
 *Tokay. Chapter 13: Mid-latitude cyclones (website). (Tokay 2009)  

392
 Meehl et al. (2007, p. 770) 

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

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

395
 *Meehl et al. (2007, p. 770) 

396
 *Meehl et al. (2007, p. 770). The authors cite Yin (2005) for information on the Hadley Circulation and poleward 

shifts in mid-latitude storm tracks. The authors refer the reader to Section 10.3.5.3 in the cited report for further 

discussion of patterns in sea level pressure differences. 
397

 *Bornhold. Projected sea level changes for British Columbia in the 21st century. (2008, p. 9) 
398

 *Oregon Coastal Management Program (OCMP). Climate Ready Communities: A Strategy for Adapting to 

Impacts of Climate Change on the Oregon Coast (pdf). (2009, p. 12) 
399

 *OCMP. (2009, p. 66) 
400

 *OCMP. (2009, p. 66) 
401

 *OCMP. (2009, p. 66) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
58 

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 deep-water significant wave heights (SWHs, the average height from trough to crest of the top 

third highest waves) greater than 32.8 feet (10 m) (approximately one event of this magnitude per year), 

with the strongest storms in the region having generated SWHs in the range of 46 to 49 feet (14-15 m).402 

In recent decades increases in wave heights generated by the most intense storms have occurred in the 

Northeast Pacific Ocean.403 Specifically, progressive multi-decadal increases in winter (October through 

April , the dominant season of strongest storms) SWHs have been observed:404 the overall range of 

measured SWHs has shifted toward higher values between the 1976 to 1990 and 1998 to 2007 decades.405 

Observed changes in the rate of SWHs include: 

 The annual averages of the deep-water SWHs have increased at a rate of approximately 0.049 

feet/year (ft/yr; 0.015 meters/yr), while averages for the winter season (October ï March) 

increased at the higher rate of 0.075 ft/yr (0.023 m/yr).406  

 Averages of the five highest SWHs measured each year have increased at the appreciably greater 

rate of 0.23 ft/yr (0.071 m/yr), with the rate for the annual maximum SWHs having been 0.31 

ft/yr (0.095 m/yr).407  

 The highest rate of increase in wave heights was identified offshore from the Washington coast, 

with slightly lower rates of increase offshore from Oregon.408 Northern to central California is a 

zone of transition having still lower rates of SWH increases.409  

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 by extratropical storms.410 While these increases are most likely due to Earth's 

changing climate, uncertainty remains as to whether they are the product of human-induced greenhouse 

warming or represent variations related to natural multi-decadal climate cycles.411 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 general terms: a gradual change in the 

mean climate of an environmental variable can result in significant increases in the frequency of extreme 

events.412 
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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 poleward shift of storm tracks in both hemispheres by several 

degrees of latitude.
413

 Greater storm activity at higher latitudes is also projected.
414

 In the mid-latitudes, 

extratropical storms are likely to become more intense, but perhaps less frequent, likely leading to 

increased extreme wave heights.415 This is related to increased wind speed associated with mid-latitude 

storms, resulting in higher waves produced by these storms, and is consistent with studies described in the 

IPCC AR4 that showed decreased numbers of mid-latitude storms but more intense storms.
416

 

Alaska 

Over this century, an increase of sea surface temperatures and a reduction of ice cover are likely to lead to 

northward shifts in the Pacific storm track and increased impacts on coastal Alaska.417 

British Columbia  

Information needed. 

Washington  

Information needed. 

Oregon  

In Oregon, projected changes suggest that future winter storms may be similar to recent strong El Niño-

influenced storms that accelerated coastal erosion (no baseline or range provided).418  

Northwest California  

Information needed. 

Information Gaps  

Information is needed on global trends in the frequency and intensity of storms. In addition, regionally-

specific information is needed to expand on the trends and projections for storms throughout the 

geographic extent of the NPLCC, as the information presented above pertains more closely to wave 

heights than storms.  

  

                                                      

413
 *Meehl et al. (2007, p. 789) 

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

415
 *Field et al. (2007, p. 627). The authors cite Meehl et al., 2007: Section 10.3.6.4 in the IPCC AR4, for this 

information. 
416

 *Meehl et al. (2007, p. 789) 
417

 *Karl, Melillo and Peterson. Global Climate Change Impacts in the United States (pdf). (2011, p. 143). The 

authors cite Yin (2005) and Salathé (2006) for this information. 
418

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

                                                      

419
 Bindoff et al. Climate Change 2007: The Physical Science Basis: FAQ 5.1 (website). (2007) 

420
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 7) 

421
 IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 2). The 90% uncertainty 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.  
422

 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007); 

Abeysirigunawardena and Walker. Sea level responses to climatic variability and change in northern British 

Columbia. (2008); B.C. MoE. In-depth report: Climate Change. (2007, p. 25); NOAA. Tides and Currents: Sea 

level Trends (website). (2010).; Mote et al. Sea level rise in the coastal waters of Washington State.  (2008 , p. 7).  
423

 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 
424

 Abeysirigunawardena and Walker. Sea level responses to climatic variability and change in northern British 

Columbia. (2008); B.C. MoE. In-depth report: Climate Change. (2007, p. 25); NOAA. Tides and Currents: Sea 

level Trends (website). (2010). 
425

 Mote et al. Sea level rise in the coastal waters of Washington State.  (2008 , p. 7). NOAA. Tides and Currents: 

Sea level Trends (website). (2010). 
426

 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 
427

 Mote et al. Sea level rise in the coastal waters of Washington State.  (2008 , p. 7). NOAA. Tides and Currents: 

Sea level Trends (website). (2010). 
428

 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 
429

 Ruggiero, Brown and Komar. Impacts of climate change on Oregon's coasts and estuaries. (2010, p. 216). The 

authors cite Burgette et al. (2009) for this information. 

Box 10. Summary of observed trends and future projections for sea level rise 

Observed Trends 

 Global sea level rose by about 394 feet (120 m) during the several millennia that followed the end of 
the last ice age (approximately 21,000 years ago), and stabilized between 3,000 and 2,000 years ago.419  

 Sea levels rose approximately 0.56 feet (0.40-0.72 ft; 0.17m ± 0.05) in the 20th century.420  

 The IPCC AR4 reports that from 1961 to 2003, sea levels rose 0.071 inches per year (0.051-0.091 
inches/yr; 1.8 ± 0.5 mm/yr), while from 1993 to 2003, sea levels rose 0.12 inches per year (0.094-
0.15 inches/yr; 3.1 ± 0.7 mm/yr).421 

 In the NPLCC region, sea level rise is less than the 1961-2003 global average at most stations.422 
o In fact, a relative decline in sea level has been observed at most stations in southcentral and 

southeast AK (typically <0.5 inches/yr, 12.7 mm/yr),423 at Tofino, BC (- 0.0661 inches/yr or 
-1.68 mm/yr),424 and at Neah Bay, WA (- 0.064 ± 0.014 inches/yr or -1.63 ± 0.36 mm/yr).425  

o On the other hand, three stations recorded sea level rise exceeding the 1961-2003 global 
average: Cordova, AK (0.2268 inches/yr, 5.76 mm/yr),426 Toke Point, WA according to 
some measurements,427 and South Beach, OR (0.107 inches/yr, 2.72 mm/yr).428 The regional 
rate of SLR in the Pacific Northwest has been estimated at ~0.091 inches/yr (~2.3 
mm/yr).429 

o Measurements from CA are inconclusive due to debate about the accuracy of the vertical 
reference system (see Box 12). 

Future projections are on the next page. 

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 
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Definition and Causes of Sea Level Rise 

Sea level relative to the land is mediated by four primary mechanisms: 

 Changes in global ocean volume due to melting of ice caps, continental ice sheets and mountain 

glaciers (known as eustatic sea level rise);  

                                                      

430
 IPCC. Climate Change 2007: Synthesis Report. (2007c, Table 3.1, p. 45). Compared to a 1980-1999 baseline. 

431
 IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 45). In a footnote, the authors state ñFor discussion of 

the longer term see Sections 3.2.3 and 5.2.ò 
432

 Bornhold. (2008). This study uses IPCC SRES scenarios, which use a 1980-1999 baseline. 
433

 Bornhold. (2008). This study uses IPCC SRES scenarios, which use a 1980-1999 baseline. 
434

 Mote et al. Sea level rise in the coastal waters of Washington State. (2008, Table 3, p. 10). The researchers use a 

ñmediumò estimate of SLR: the average of the six central values from the six IPCC scenarios (13ò or 34cm). 
435

 Mote et al. (2008, Table 3, p. 10). The researchers use a ñmediumò estimate of SLR: the average of the six central 

values from the six IPCC scenarios (13 inches or 34 cm). 
436 Ruggiero et al. (2010, p. 218). The researchers use a low-probability high-impact estimate of local SLR for the 

areas of the coast experiencing little vertical land motions (50 inches or 128 cm). 

 

Box 12. ð continued  

Future Projections 

 Global SLR is projected to increase 5.1-70 inches (13-179 cm) by the end of the 21st century across 
all models and scenarios presented in this report (compared to the end of the 20th century). The wide 
range is due, in part, to the inclusion or exclusion of projected changes to ice sheet flow. For 
example, all values reported in the IPCC AR4 (which range from 7.1-23 inches or 18-59 cm by 
2100)430 would increase by 3.6 to 8.4 inches (10-20 cm) if the contribution from increased ice flow 
from Greenland and Antarctica were to grow linearly with global average temperature change.431 

 In the NPLCC region, increases in sea level are projected for BC, parts of WA, OR, and CA by 2100: 
o +0.36 to 1.6 feet (0.11 ð 0.5 m) on Vancouver Island and near Vancouver, BC (B1, A1B, 

A1F1 scenarios; see footnote for baseline information)432  
o +0.82 to 1.5 feet (0.25 ð 0.46 m ) at Prince Rupert, BC (B1, A1B, A1F1 scenarios; see 

footnote for baseline information)433 
o +13 inches (34 cm; no range provided) in Puget Sound, WA (1980-1999 baseline; see 

footnote for scenario)434  
o +11 inches (29 cm; no range provided) on the central and southern WA coast (1980-1999 

baseline; see footnote for scenario)435 
o +50 inches (128 cm) for the areas of the OR coast experiencing little vertical land motions 

(1980-1999 baseline; no range provided; see footnote for scenario)436 
o Up to +55 inches (1.4 meters) in CA (A2 scenario; no range provided; see footnote for 

baseline)437 

 Decreases or very little relative change are projected elsewhere in the NPLCC region:  
o -2.1 to -3.4 feet (-0.64 to -1.0 m)438 in southcentral and southeast Alaska by 2100 (no baseline 

provided). 
o Very little relative change on the northwest Olympic Peninsula (WA) will be apparent due to 

rates of local tectonic uplift that currently exceed projected rates of global SLR.439 
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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 

steric sea level rise); 

 Regional volume changes due to dynamic atmospheric and ocean processes, such as shifting 

major wind systems and ocean currents; and, 

 Local changes due to vertical land motions, associated with recovery from the weight of glaciers 

during the last Ice Age (isostactic rebounding), subsidence (sinking) in river deltas, and tectonic 

processes in the earthôs crustal plates (e.g. oceanic plates move beneath continental plates, 

resulting in uplift of land in some areas and sinking of land in others).
440

 If the rate of land uplift 

is greater than the rate at which sea level is rising, a net decrease in relative SLR would be 

observed. 

Observed Trends  

Note: Observed trends in sea level are organized into several tables in this section. The time periods 

provided in these tables differ for two reasons: the available data record varies by location, and the 

published literature varies by the time period studied. Please refer to the notes and footnotes associated 

with each table for more information. 

Global  

Global sea level rose by about 394 feet (120 m) during the several millennia that followed the end of the 

last ice age (approximately 21,000 years ago), and stabilized between 3,000 and 2,000 years ago.441 Sea 

level indicators suggest that global sea level did not change significantly from then until the late 19th 

century.442
  The total 20

th
 century rise is estimated to be 0.56 feet (0.40-0.72 ft; 0.17 m with a range of 

0.12-0.22 m).443 Several researchers have measured SLR and investigated the contribution to SLR from 

thermal expansion (steric effects) and melting glaciers and ice caps (eustatic effects) (Table 10).  

From 1961 to 2003: 

 According to the IPCCôs AR4, global average sea level rose at an average rate of 0.071 inches per 

year (0.051-0.091 inches/yr; 1.8 mm/yr with a range of 1.3-2.3 mm/yr), with contributions from 

thermal expansion, melting glaciers and ice caps, and the polar ice sheets.444  

                                                                                                                                                                           

437
 CA Natural Resources Agency. (2009, p. 18) Under the A2 emissions scenario, baseline is likely 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 detail on the study by Rahmstorf (2007).  
438

 AK Department of Environmental Conservation. (2010, p. 2-4). The authors cite Larsen et al. (2004), Kelly et al. 

(2007), and Pyare (2009) for this information. No baseline is provided. 
439

 Mote et al. Sea level rise in the coastal waters of Washington State. (2008, p. 3) 
440

 *Bornhold. (2008, p. 3). Most sea level measurements are relative to the land, though the advent of new 

technologies such as satellite altimetry is expanding the record for measurements of absolute sea level. 
441

 *Bindoff et al. (2007)  
442

 *Bindoff et al. (2007) 
443

 *IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 7) 
444

 * IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 2). The 90% uncertainty 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.  
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 Domingues et al. (2008) found steric and eustatic effects contributed approximately fifty percent 

each to SLR, resulting in a total SLR of approximately 0.059 inches/yr (1.5 mm/yr).445  

From 1993 to 2003: 

 According to the IPCCôs AR4, global average sea level rose at an average rate of 0.12 inches/yr 

(0.094-0.15 inches/yr; 3.1 mm/yr with a range of 2.4-3.8 mm/yr).446 Thermal expansion of the 

oceans (eustatic effects) contributed approximately fifty -seven percent of the sum of the 

estimated individual contributions to sea level rise, with decreases in glaciers and ice caps 

contributing approximately twenty-eight percent and losses from the polar ice sheets contributing 

the remainder.447 Whether the faster rate for 1993 to 2003 (compared to 1961-2003) reflects 

decadal variation or an increase in the longer-term trend is unclear.448 

 Domingues et al. (2008) report SLR of approximately 0.094 inches/yr (2.4 mm/yr) as well as an 

increase in the eustatic contribution of approximately sixty percent (compared to 1961-2003).449  

 Hansen et al. (2005) find that steric and eustatic effects contributed approximately fifty percent 

each to SLR: given a 0.12 inches/yr (3.1 mm/yr) SLR, Hansen et al. (2005) run five simulations 

to conclude that full ocean temperature changes yield a mean steric sea level rise of 0.63 inches 

(0.063 inches/yr; 1.6 cm overall and 1.6 mm/yr), with the remaining ~ 0.59 inches (0.059 

inches/yr; 1.5 cm overall and 1.5 mm/yr) of SLR due to eustatic effects.450  

From 2003 to 2008: 

 Cazenave et al. (2009) find eustatic contributions from land ice plus land waters has contributed 

seventy-five to eighty-five percent of recent SLR (~0.087 inches/yr; ~ 2.2 mm/yr), i.e., 

significantly more than during the decade 1993 to 2003.451 Of this, the melting of polar ice sheets 

and mountain glaciers are roughly equally responsible.452 Steric contributions are an additional ~ 

0.012 inches/yr (0.3 mm/yr), and total SLR is ~0.098 inches/yr (2.5 mm/yr).453 
 

  

                                                      

445
 *Domingues et al. (2008, p. 1090-1092) 

446
 *IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 30). The 90% uncertainty 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.  
447

 *IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 30). The 90% uncertainty 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.  
448

 *IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 30) 
449

 Domingues et al. (2008, p. 1090-1092) 
450

 *Hansen et al. (2005, p. 1433) 
451

 Cazenave et al. Sea level budget over 2003-2008: a reevaluation from GRACE space gravimetry, satellite 

altimetry and Argo. (2009, p. 86). The authors cite Bindoff et al. (2007) for information on the 1993-2003 decade. 
452

 Cazenave et al. (2009, Table 1, p. 84) 
453

 Cazenave et al. (2009, Table 1, p. 84) 
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Table 10. Contribution to sea level rise by thermal expansion (steric effects) and melting glaciers and ice 

caps (eustatic effects) over several time periods.  (inches per year, with millimeters per year in parentheses) 

Study Time period(s) Steric SLR Eustatic SLR Total SLR 

Domingues et al. 

(2008) 

1961-2003 0.030 (~0.75) 0.030 (~0.75) 0.059 (1.5) 

1993-2003 -- +60% from 1961-2003 0.094 (2.4) 

Hansen et al. (2005) 1993-2003 0.063 (1.6) 0.059 (1.5) 0.12 (3.1) 

IPCC Working 

Group I (AR4; 2007) 

1961-2003 -- -- 
0.071 ± 0.02 

(1.8 ± 0.5) 

1993-2003 
0.063 ± 0.0098 

(1.6 ± 0.25) 

0.047 ± 0.0079 

(1.2 ± 0.2)* 

0.12 ± 0.028 

(3.1 ± 0.7) 

Cazenave et al. 

(2009) 
2003-2008 

0.012 ± 0.0059 

(0.31 ± 0.15) 

0.087 ± 0.011 

(2.2 ± 0.28) 

0.098 ± 0.016 

(2.5 ± 0.4) 

-- Data not provided.; * land ice contribution only                                            Table created by authors of this report. 

Southcentral and Southeast Alaska 

For much of southcentral and southeast Alaska, the available information indicates the rate of SLR is less 

than the global average reported in the IPCCôs AR4 (Table 8).454
  Values range from a decline in mean sea 

level of 0.674 inches per year (17.12 mm/yr) from 1944 to 2007 at Skagway to an increase in mean sea 

level of 0.2268 inches per year (5.76 mm/yr) from 1964 to 2007 at Cordova.455 

British Columbia   

With the exception of data reported for Prince Rupert by Abeysirigunawardena and Walker (2008), SLR 

from 1909 to 2006 in British Columbia is reported as less than the global average (Table 9). Regional 

changes in ocean volume, tectonic activity, and isostactic rebounding affect SLR in B.C. in the following 

ways: 

 Regional changes in ocean volume due to thermal expansion, salinity effects, and dynamic 

atmospheric and ocean processes:  

o Thermal expansion and salinity effects: In the 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).456 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 about sixty-three percent of the observed sea level change and 

temperature accounts for about thirty-seven percent, as a result of coastal run-off.457  

o Dynamic atmospheric and ocean processes: Prevailing northwesterly (equatorward) 

alongshore winds in summer, combined with high atmospheric pressure and equatorward 

coastal currents, normally lower sea levels by about 0.3 feet (0.1 m).458 Conversely, 

southeasterly winds in winter combined with low atmospheric pressure and strong poleward 

                                                      

454
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

455
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

456
 *Bornhold. (2008, p. 8)  

457
 *Bornhold. (2008, p. 8) 

458
 *Bornhold. (2008, p. 7) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
65 

coastal currents can increase sea levels by over 1.6 feet (0.5 m).459 Further, fluctuations in sea 

level may also be attributed to an ENSO event and demonstrate that short-term changes may 

exceed long-term trends.460 In other words, while these changes are regionally specific (i.e., 

of limited time duration and spatial extent), and even though they are not the primary 

contributors to climate change-induced sea level rise, they may nonetheless exacerbate or 

mitigate the longer-term effects of global climate change-induced sea level rise.461  

 Vertical land motions due to tectonic activity: The continued stress 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 in sea level) of about 0.08 to 0.1 inches per year (2-3 mm/yr).
462

 For 

example, this rate has been measured on Haida Gwaii (Queen Charlotte Islands).
463

 Rates of 

crustal uplift are estimated to be as high as 0.16 inches per year (4 mm/yr) along the southwest 

coast of Vancouver Island near Tofino.464 This effect diminishes across Vancouver Island and the 

Strait of Georgia to near zero on bedrock areas near Vancouver.
465

 However, 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 Washington State) to rise, and 

other coastal areas to sink below sea level.466  

 Vertical land uplift due to isostactic rebound: the rate of rebound along the coast is estimated 

to be 0 to 0.16 inches per year (0-4 mm/yr);
467

 a narrower range of 0.0079 to 0.0098 inches per 

year (0.20-0.25 mm/yr) has also been reported.
468

 

  

                                                      

459
 *Bornhold. (2008, p. 7) 

460
 *B.C. MoE. (2007, p. 26). For example, Abeysirigunawardena and Walker (2008, p. 284) state that at Prince 

Rupert, there is evidence that the annual maximum sea level over 1945-2003 (1.3 inches/yr; 3.4 mm/yr) increased at 

twice the rate of the relative sea level trend, likely due to enhanced storm conditions and the influence of major 

ENSO events (e.g. 1982-1983 and 1997-1998) during this period. 
461

 Comments from reviewers, April & July 2011. 
462

 *Bornhold. (2008, p. 6) 
463

 *Bornhold. (2008, p. 6) 
464

 *B.C. Ministry of Environment. (2007, p. 26). The report cites Peltier (1996) for this information. 
465

 *Bornhold. (2008, p. 6) 
466

 *WA Department of Ecology. Offshore Fault (website). (2011)  
467

 *B.C. Ministry of Environment. (2007, p. 26) 
468

 Bornhold. (2008, p. 6) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
66 

 

  

                                                      

469
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

470
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

471
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 5) 

Table 11. SLR Trends in Southeast Alaska, 1919-2008. 
(inches per year with mm/yr in parentheses. Table created by authors of this report.) 

*indicates previously published trends; 
À
90% CI; CI = Confidence Interval; MSL = Mean Sea level 

Location Time Period MSL trend469 95% CI470 MSL trend* 95% CI* 

Ketchikan 1919-2007 
- 0.0075 

(-0.19) 

0.011 

(0.27) 

- 0.0043 

(-0.11) 

0.012 

(0.31) 

Sitka 1924-2007 
- 0.0807 

(-2.05) 

0.013 

(0.32) 

- 0.0854 

(-2.17) 

0.016 

(0.41) 

Juneau 1936-2007 
- 0.5087 

(-12.92) 

0.017 

(0.43) 

- 0.4996 

(-12.69) 

0.020 

(0.50) 

Skagway 1944-2007 
- 0.6740 

(-17.12) 

0.026 

(0.65) 

- 0.6567 

(-16.68) 

0.032 

(0.82) 

Yakutat 1979-2007 
- 0.4543 

(-11.54) 

0.0547 

(1.39) 

- 0.226 

(-5.75) 

0.020 

(0.52) 

Cordova 1964-2007 
0.2268 

(5.76) 

0.034 

(0.87) 

0.274 

(6.97) 

0.0465 

(1.18) 

Valdez 1973-2007 
- 0.0992 

(-2.52) 

0.0535 

(1.36) 

- 0.013 

(-0.34) 

0.0776 

(1.97) 

Seward 1964-2007 
- 0.0685 

(-1.74) 

0.036 

(0.91) 

- 0.0575 

(-1.46) 

0.0472 

(1.20) 

Seldovia 1964-2007 
- 0.372 

(-9.45) 

0.043 

(1.10) 

- 0.391 

(-9.93) 

0.0602 

(1.53) 

Nikiski 1973-2007 
- 0.386 

(-9.80) 

0.059 

(1.50) 

- 0.4217 

(-10.71) 

0.091 

(2.30) 

Anchorage 1972-2007 
0.035 

(0.88) 

0.0606 

(1.54) 

0.109 

(2.76) 

0.0894 

(2.27) 

Global average471 

1961-2003   
0.071  

(1.8) 

0.051 ï 

0.091À 

(1.3 ï 2.3) 

1993-2003   
0.12 

(3.1) 

0.094 ï 0.15À 

(2.4 ï 3.8) 
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472
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 5) 

Table 12. SLR Trends in British Columbia, 1909-2006. 
(CI = Confidence Interval. Table created by authors of this report.) 

Location Time period(s)* 
Mean ± 95% CI 

(measured in inches per year) 

Mean ± 95% CI 

(measured in millimeters per year) 

Prince Rupert 

1909-2006 - 0.0429 ± 0.011     - 1.09 ± 0.27 

1909-2003 0.04 ± 0.02    1 ± 0.4 

1939-2003 0.055 ± 0.02  1.4 ± 0.6 

1913-2004 0.039**  0.98**  

Tofino 
1909-2006 - 0.0626 ± 0.013  - 1.59 ± 0.32 

1910-2004 - 0.0661**  -1.68**  

Vancouver 
1910-1999 0.015 ± 0.011  0.37 ± 0.28 

1911-2004 0.02**  0.4**  

Victoria 
1909-1999 0.031 ± 0.0098  0.80 ± 0.25 

1910-2003 0.024**  0.62**  

Global 

average472 

1961-2003 0.071 ± 0.02
À  

 1.8 ± 0.5
À
 

1993-2003 0.12 ± 0.03
À 
   3.1 ± 0.7

À
 

*All values for 1909-2006 are NOAA (2010) values, as are values for Vancouver (1910-1999) and Victoria (1909-

1999). Values for 1913-2004 in Prince Rupert, 1910-2004 in Tofino, 1911-2004 in Vancouver, and 1910-2003 in 

Victoria are reported by the B.C. Ministry of Environment  (2007, p. 25).  Values for 1909-2003 and 1939-2003 are 

reported by Abeysirigunawardena and Walker. (2008). 

**With the exception of Vancouver (chance of no trend >0.1), all stations have a chance of no trend less than 0.05: 

Prince Rupert (<0.05), Tofino (<0.001), and Victoria (<0.01).  

ÀGlobal averages are reported as 90% CI. 

Box 11. Synergistic impacts of SLR, erosion, and flooding increase vulnerability to extreme events in 
the Fraser River Delta and Queen Charlotte Islands, British Columbia. 

Two areas are particularly vulnerable to SLR in B.C.: the Fraser River Delta and the Naikoon area of the 

Queen Charlotte Islands. The Fraser River Delta is subsiding due to altered patterns of sediment loading at 

the rate of 0.04 to 0.08 inches per year (1 ð 2 mm/yr). Under natural conditions, sediment loading 

compensates for subsidence, but in the case of developed deltas such as the Fraser River Delta, human 

intervention (e.g. dredging, construction of training walls and dikes) diverts these sediments into deeper 

waters away from the delta, thereby adding to the natural subsidence rate. Due to heavy construction, some 

areas are subsiding further ð more than 0.1 inches per year (3 mm/year), though this trend is expected to 

slow to 0.04 to 0.08 inches per year (1 ð 2 mm/yr) over time. The Naikoon area is currently eroding, a trend 

that is expected to continue. In these two areas, the combination of SLR and changing weather makes them 

particularly susceptible to erosion and flooding during extreme events.   

Source:  Bornhold. (2008, p. 7); B.C. MoE. (2007, p. 27) 
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Washington    

Measurements of SLR in Washington are comparable to the global average reported in the IPCCôs AR4, 

though variability around the mean is greater (Table 13).  

Table 13. SLR Trends in Washington. 
(CI = Confidence Interval. Table created by authors of this report.) 

Location Time Periods* 
Mean ± 95% CI**  

(measured in inches per year) 

Mean ± 95% CI**  

(measured in millimeters per year) 

Cherry Point 
1973-2000 0.055 ± 0.037 1.39 ± 0.94 

1973-2007 0.032 ± 0.047 0.82 ± 1.20 

Friday Harbor 1934-2007 0.044 ± 0.013 1.13 ± 0.33 

Neah Bay 1934-2007 - 0.064 ± 0.014 -1.63 ± 0.36 

Port Angeles 1975-2007 0.0075 ± 0.055 0.19 ± 1.39 

Port Townsend 1972-2007 0.078 ± 0.045 1.98 ± 1.15 

Seattle 
1898-2000 0.04 ï 0.11 1.04 ï 2.80 

1898-2007 0.081 ± 0.0067 2.06 ± 0.17 

Toke Point 
1973-2000 0.11 ± 0.041 2.82 ±  1.05 

1973-2007 0.063 ± 0.054 1.60 ± 1.38 

Global average
473

 
1961-2003 0.071 ± 0.02

À
 1.8 ± 0.5 

1993-2003 0.12 ± 0.03
À
 3.1 ± 0.7 

* Data for Cherry Point (1973-2000), Seattle (1898-2000), and Toke Point (1973-2000) are reported in Mote et 

al.  (2008 , p. 7). Global data is reported in the IPCCôs AR4. All remaining data is reported by NOAA. Tides and 

Currents: Sea level Trends. (2010). 

**The 95% CI is not reported for Cherry Point (1973-2000), Seattle (1898-2000), and Toke Point (1973-2000), 

as well as global data.     

À Global averages are reported as 90% CI. 

Oregon  

Data from NOAA indicate, in general, a rise in sea level along the coast, with potential decreases in 

Astoria and Port Orford. However, the magnitude of change is difficult to discern due to wide variability 

around the mean (Table 14). In the Oregon Climate Assessment Report (OCAR), Ruggiero et al. state 

while global SLR during the 20
th
 century is estimated to have been approximately 0.067 inches per year 

(1.7 mm/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 (PNW).474 Figure 13 

presents results reproduced from OCAR. 

 

                                                      

473
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 5) 

474
 *Ruggiero, Brown and Komar. Impacts of climate change on Oregon's coasts and estuaries. (2010, p. 216) 
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Figure 13. Alongshore 

varying rates of relative sea 

level (RSL) as determined by 

three methods. 1) Tide-gauge 

records with trends based on 

averages of the summer only 

monthly-mean water levels 

(red circles with plusses, error 

bars represent the 95% 

confidence interval on the 

trends). 2) Subtracting the 

Burgette et al. (2009) 

benchmark survey estimates 

of uplift rates from the 

regional mean SLR rate (2.3 

mm/yr) (small gray dots). 3) 

Subtracting the uplift rates 

estimated from GPS sites 

along the coast from the 

regional mean sea level rate 

(small filled black circles) 

Source: Ruggiero et al. (2010, 

p. 219). See Figure 6.5. The 

authors cite Komar et al. (in 

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 trends; 
À 
90% CI; CI = Confidence Interval; MSL = Mean Sea level 

Location Time Period MSL trend475 95% CI476 MSL trend* 95% CI* 

Astoria 1925-2007 
-0.012  

(-0.31) 

0.02 

(0.40) 

-0.0063  

(-0.16) 

0.018  

(0.46) 

Charleston 1970-2007 
0.051  

(1.29) 

0.0452 

(1.15) 

0.0685  

(1.74) 

0.0673  

(1.71) 

Garibaldi 1970-2007 
0.0780 

(1.98) 

0.0717 

(1.82) 
  

Port Orford 1977-2007 
0.0071 

(0.18) 

0.0858 

(2.18) 
  

South Beach 1967-2007 
0.107  

(2.72) 

0.0406 

(1.03) 

0.138  

(3.51) 

0.0563  

(1.43) 

Global average
477

  

1961-2003   
0.071  

(1.8) 

0.051 ï 0.091
À
 

(1.3 ï 2.3) 

1993-2003   
0.12 

(3.1) 

0.094 ï 0.15
À
 

(2.4 ï 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; 
À 
90% CI;  

CI = Confidence Interval; MSL = Mean Sea level 

Location Time Period MSL trend478 95% CI479 
MSL 

trend* 
95% CI* 

Crescent City 1933-2007 
-0.026  

(-0.65) 

0.014  

(0.36) 

-0.019  

(-0.48) 

0.017 

(0.44) 

North Spit 1977-2007 
0.186  

(4.73) 

0.0622  

(1.58) 
-- -- 

Global average
480

  

1961-2003   
0.071  

(1.8) 

0.051 ï 0.091À 

(1.3 ï 2.3) 

1993-2003   
0.12 

(3.1) 

0.094 ï 0.15À 

(2.4 ï 3.8) 

                                                      

475
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

476
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

477
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 5) 

478
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

479
 NOAA. Linear mean sea level (MSL) trends and 95% confidence intervals in mm/yr (website). (2007) 

480
 IPCC. Climate Change 2007: The Physical Science Basis: Summary for Policymakers. (2007f, p. 5) 
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Northwest California 

Over the 20th century, sea level has risen approximately seven inches along the California coast.
481

 

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 Oregon (Table 15). Several reviewers noted the 

North Spit and Crescent City stations are the subject of intense scrutiny due to the large discrepancy 

between the mean sea level trends reported (Box 12).  

 

                                                      

481
 *CA Natural Resources Agency. (2009, p. 18) 

Box 12. The effects of tectonic activity on the vertical reference system and sea level rise 
measurements in Washington, Oregon, and California. 

In Washington, Oregon and particularly in northern California where three tectonic plates intersect, there is 

significant tectonic activity due to the proximity of the Cascadia Subduction Zone off of the Pacific Coast. In 

Washington and Oregon reference data points along the coast have been re-leveled to accurately reflect the 

elevation of land relative to sea level but this work has not yet been done for the southern portion of the 

Cascadia Subduction Zone between Shelter Cove, CA and the California-Oregon state boundary. Local 

scientists in California have estimated differences in the reference points since they were re-leveled in 1988 

(NAVD88) could be several millimeters per year off. For example, NOAA tide gauges show relative sea level 

rise on the North Spit of Humboldt Bay and relative sea level decline in Crescent City, suggesting significant 

vertical errors due to seismic activity. Previously unidentified benchmark instability biases portions of tidal 

records by up to 0.063 inches per year (1.6 mm/yr). This issue affects the ability to understand if rises in the 

land surface due to uplift will keep up with SLR and also to understand areas that will subside behind the 

uplift. Adversely disturbed vertical survey control datum affects every project using these benchmarks 

including sea level and circulation models, restoration projects, measuring sedimentation, and many others.  

The importance of this issue led Burgette and colleagues (2009) to quantify the spatial pattern of uplift rate in 

western Oregon and northernmost California using tidal and leveling records. Relative uplift rates from 

leveling are adjusted to the tidal cycles, accounting for uncertainties in both data types. Key sources of 

uncertainty include benchmark instability, tidal variations, seasonal cycles, river influences, and weather. The 

result of Burgette et al.õs analysis is adjusted measurements of relative sea level for the Pacific Coast between 

Crescent City, CA and Astoria, OR from 1925 to 2006:  

Adjusted relative sea level rates from 1925-2006 

(inches per year with millimeters per year in parentheses) 

Location Adjusted relative sea level rate  Adjusted standard error 

Crescent City, CA -0.021 (-0.54) 0.003 (0.08) 

Port Orford, OR 0.012 (-0.31) 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) 

 
Sources: Burgette, Weldon II, and Schmidt. Interseismic uplift rates for western Oregon and along-strike variation in locking on 
the Cascadia subduction zone. (2009, Table 1, p. 4); personal communication with reviewers. 
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Future Projections  

Global   

Sea level rise projections vary by the model, assumptions, and scenarios used (Table 13, Figure 14).482 By 

the end of the 21
st
 century, sea level is projected to rise: 

 5.1 inches (13 cm) to 70 inches (179 cm) by the end of the 21
st
 century (compared to the end of 

the 20
th
 century) across all models and scenarios presented in this report. 

 7.1 inches under the B1 scenario to 23 inches under the A1F1 scenario (18-59 cm) of SLR is 

projected by the end of the 21
st
 century (2090-2099) by the IPCC in the AR4, compared to a 

1980-1999 baseline.
483

 

 5.1 to 7.1 inches (13-18 cm) under the B1 scenario, 7.1 to 9.8 inches (18-25 cm) under the A1B 

scenario, and 7.5 to 12 inches (19-30 cm) under the A2 scenario of SLR is projected by 2100 by 

Meehl et al. (2005), compared to 1999 levels.
484

  

 20 to 55 inches (50-140 cm) of SLR by 2100, compared to 1990 levels, is projected by Rahmstorf 

(2007) using a semi-empirical approach that assumes a proportional relationship between global 

temperature and global SLR.485  

 41 inches (104 cm) under the B1 scenario to 56 inches (143 cm) under the A1F1 scenario (full 

range of 30-75 inches or 75-190 cm) of SLR is projected from 1990 to 2100 by Vermeer and 

Rahmstorf (2009) using a semi-empirical method, compared to 1990 levels.486  

 28 to 42 inches (72-107 cm) under the B1 scenario and 43 to 63 inches (110-160 cm) under the 

A1F1 scenario of SLR is projected by the end of the 21
st
 century (2090-2099; compared to 1980-

1999 baseline) by Grinsted et al. (2009) using a semi-empirical model linking SLR to temperature 

with more parameters than those used by Rahmstorf (2007) and Vermeer and Rahmstorf 

(2009).487 

 

 

                                                      

482
 Grinsted et al. (2009); IPCC. Climate Change 2007: Synthesis Report. (2007c); Meehl et al. (2005); Nicholls and 

Cazenave. (2010); Rahmstorf (2007); Vermeer and Rahmstorf (2009) 
483

 IPCC. Climate Change 2007: Synthesis Report. (2007c, Table 3.1, p. 45)  
484

 Meehl et al. How much more global warming and sea level rise? (2005, p. 1770-1771). Meehlôs CCSM3 results 

use a modeling approach similar to the IPCCôs. Please see Appendix 2 for an explanation of SRES and climate 

modeling. 
485

 Rahmstorf. A semi-empirical approach to projecting future sea level rise. (2007, p. 369). The corresponding 

correlation is highly significant (r = 0.88, P = 1.6 x 10
-8
), with a slope of 3.4 mm/year per °C. 

486
 Vermeer and Rahmstorf. Global sea level linked to global temperature. (2009, Table 1, p. 21530-21531) 

487
 Grinsted, Moore and Jevrejeva. Reconstructing sea level from paleo and projected temperatures 200 to 2100 AD. 

(2009, Table 2, p. 467 ) 
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Figure 14. Global mean sea 

level evolution over the 20th 

and 21st centuries. The red 

curve is based on tide gauge 

measurements (Church and 

White 2006). The black curve 

is the altimetry record 

(zoomed over the 1993ï2009 

time span) (Cazenave and 

Llovel 2010). Projections for 

the the 21st century are also 

shown. The shaded light blue 

zone represents IPCC AR4 

projections for the A1FI 

greenhouse gas emission 

scenario. Bars are semi-

empirical projections [red bar: 

(Rahmstorf 2007); dark blue 

bar: (Vermeer and Rahmstorf 

2009); green bar: (Grinsted et 

al. 2009)]. Source: Nicholls & 

Cazenave. (2010, Fig. 1, p. 

1517) 

Wide variation in projected SLR by the end of the 21
st
 century has been attributed to the observation that 

sea level changes cannot yet be predicted with confidence using models based on physical processes, 

because the dynamics of ice sheets and glaciers and to a lesser extent that of oceanic heat uptake is not 

sufficiently understood.488 For example, sea level projections presented in the IPCCôs AR4 do not include 

uncertainties in climate-carbon cycle feedbacks nor do they include the full effects of changes in ice sheet 

flow.
489

 Therefore the upper values of the IPCC ranges given are not to be considered upper bounds for 

sea level rise.
490

 If the contribution from increased ice flow from Greenland and Antarctica were to grow 

linearly with global average temperature change, the upper ranges of sea level rise reported in the AR4 

would increase by 0.3 to 0.7 feet (0.1 to 0.2m).
491

 Two lines of evidence support projections of sea level 

rise exceeding those reported in the AR4: 

 The record of past ice-sheet melting (130,000 to 127,000 years ago) indicates that the rate of 

future melting and related SLR could be faster than widely thought;492
 both the Greenland Ice 

Sheet and portions of the Antarctic Ice Sheet may be vulnerable.493 During this time, Otto-

Bliesner et al. (2006) report the Greenland Ice Sheet and other circum-Arctic ice fields likely 

contributed 7.2 to 11.2 feet (2.2-3.4 m) of SLR.494 Kopp et al. (2009) find the millennial average 

                                                      

488
 *Vermeer and Rahmstorf. (2009, p. 21527) 

489
 *IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 45) 

490
 *IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 45) 

491
 *IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 45) In a footnote, the authors state ñFor discussion of 

the longer term see Sections 3.2.3 and 5.2.ò 
492

 *Overpeck et al. Paleoclimatic evidence for future ice-sheet instability and rapid sea level rise. (2006, p. 1747) 
493

 *Overpeck et al. (2006, p. 1747) 
494

 *Otto-Bliesner et al. Simulating Arctic climate warmth and icefield retreat in the last interglaciation. (2006, p. 

1751) 
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rate of global SLR is very likely to have exceeded 18 feet per thousand years (5.6 m/kyr; 95% 

probability exceedance value) but is unlikely (33% exceedance value) to have exceeded 30 feet 

per thousand years (9.2 m/kyr).495  

 Recently identified accelerated decline of polar ice sheet mass (both Greenland and Antarctica) 

in the last few years:496 

o In Greenland: Rignot and Kanagaratnam (2006) reported accelerated ice discharge in 

the west and particularly in the east doubled the ice sheet mass deficit from 90 to 220 

cubic kilometers per year from 1996 to 2005.497 Chen et al. (2006) report similar findings 

during the period April 2002 to November 2005: the estimated total ice melting rate is 

239 ± 23 cubic kilometers per year, mostly from East Greenland.498 

o In Antarctica:  In a 23 square mile (60 km
2
) area in the Amundsen Sea region of West 

Antarctica, the glaciers are 60% out of balance, sufficient to raise sea level by 0.0094 

inches per year (0.24 mm/yr)
499

 and all surveyed glaciers in this specific region have 

thinned rapidly during the 1990s.
500

 Further, the catchment regions of the Amundsen Sea 

glaciers contain enough ice to raise sea level by 4.3 feet (1.3 m), or 0.0094 inches per 

year (0.24 mm/yr) for the next 5,416 years.
501

 While 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 glacier basins.
502

  

 

  

                                                      

495
 *Kopp et al. Probablistic assessment of sea level during the last interglacial stage. (2009, p. 863). 95% 

exceedance value indicates there is a 95% chance the listed value exceeds a given value. 
496

 *Nicholls and Cazenave. Sea level rise and its impact on coastal zones. (2010, p. 1517) 
497

 *Rignot and Kanagaratnam. Changes in the velocity structure of the Greenland Ice Sheet. (2006, p. 986). Rignot 

and Kanagaratnam used satellite radar interferometry in the study. 
498

 *Chen, Wilson and Tapley. Satellite gravity measurements confirm accelerated melting of Greenland Ice Sheet. 

(2006, p. 1958). This study used time-variable gravity measurements from the Gravity Recovery and Climate 

Experiment (GRACE) satellite mission. 
499

 *Thomas et al. Accelerated sea level rise from West Antarctica. (2004, p. 258). At the time of velocity 

measurements, glaciers 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). 
500

 *Thomas et al. (2004, p. 256) 
501

 *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 glaciers. 
502

 *Thomas et al. (2004, p. 258)  
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Southcentral and Southeast Alaska 

Recent glacier retreat in the Gulf of Alaska coastal area of southeast and southcentral Alaska has resulted 

in the land surface rising as it readjusts to the loss of glacial ice.503 This isostatic rebound, combined with 

active regional tectonic deformation, results in a rate of land uplift that is greater than the projected rate of 

global sea level rise.504  Thus, over the next century, the relative sea level in these areas is projected to 

decrease between 2.1 and 3.4 feet (0.64-1.0 m).505 

British Columbia 

Projections for relative SLR by 2100 (baseline is likely 1980-1999, see footnote) for Prince Rupert, 

Nanaimo, Victoria, Vancouver, and the Fraser River Delta are based on extreme low, mean, and extreme 

                                                      

503
 *AK Department of Environmental Conservation. (2010, p. 2-4)  

504
 *AK Department of Environmental Conservation. (2010, p. 2-4) 

505
 *AK Department of Environmental Conservation. (2010, p. 2-4) The authors cite Larsen et al. (2004), Kelly et al. 

(2007), and Pyare (2009) for this information. No baseline is provided. 

Table 16. Global Average Sea level Rise 1961-2100. 
(inches with cm in parentheses. Table created by authors of this report.) 

Scenario 

or Year(s) 

IPCC model-based 

range 

(2090-2099 relative 

to 1980-1999) 

Meehl et al. 

(2005) 

(2100 relative to 

1999 levels) 

Rahmstorf 

(2007) 

(2100 relative 

to 1990 

levels) 

Vermeer and 

Rahmstorf 

(2009) 

(2100 relative to 

1990 levels)*  

Grinsted et 

al. (2009) 

(2090-2099 

relative to 

1980-1999) 

1961-2003 

0.051 ï 0.091 

inches/yr 

(1.3 ï 2.3 mm/yr) 

 

1993-2003 

0.094 ï 0.15 

inches/yr 

(2.4 ï 3.8 mm/yr) 

2100 
 20 ï 55 

(50 ï 140) 
 

B1 
7.1 ï 15  

(18 ï 38) 

PCM: 5.1 (13) 

CCSM3: 7.1 (18) 
 

32 ï 52  

(81-131) 

28 ï 42  

(72-107) 

A1T 
7.8 ï 18  

(20 ï 45) 
 

38 ï 62  

(97-158) 

35 ï 51  

(89-130) 

B2 
7.8 ï 17  

(20 ï 43) 

35 ï 57  

(89-145) 

32 ï 47  

(82-120) 

A1B 
8.3 ï 19  

(21 ï 48) 

PCM: 7.1 (18) 

CCSM3: 9.8 (25) 
 

38 ï 61  

(97-156) 

36 ï 52  

(91-132) 

A2 
8.1 ï 20  

8.2 (23 ï 51) 

PCM: 7.5 (19) 

CCSM3:12 (30) 
 

39 ï 61  

(98-155) 

37 ï 54  

(93-136) 

A1F1 
10 ï 23  

(26 ï 59) 

 44 ï 70  

(113-179) 

43 ï 63 

(110-160) 

*The model average associated with each scenario is 41ò (104 cm) for the B1 scenario, 45ò (114 cm) for the B2 

scenario, 49ò (124 cm) for the A1T, A1B, and A2 scenarios, and 56ò (143 cm) for the A1F1 scenario. 
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high estimates of global SLR (Table 17).506 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 scenario, all locations 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 B.C. Locations. 

 (feet with meters in parentheses. Table modified from Bornhold (2008, Table 1, p. 8) by authors of this report.) 

Location 
SLR (extreme low 

estimate of global SLR) 

SLR (mean estimate of 

global SLR) 

SLR (extreme high 

estimate of global SLR) 

Prince Rupert 0.3 ï 1.0 (0.10 ï 0.31 ) 0.82 ï 1.5 (0.25 ï 0.46 ) 3.1 ï 3.81 (0.95 ï 1.16) 

Nanaimo - 0.1 (- 0.04) 0.36 (0.11) 2.6 (0.80) 

Victoria 0.06 ï 0.13 (0.02 ï 0.04) 0.56 ï 0.62 (0.17 ï 0.19) 2.9 ï 3.1 (0.89 ï 0.94) 

Vancouver 0.1 ï 0.59 (0.04 ï 0.18) 0.66 ï 1.1 (0.20 ï 0.33) 2.9 ï 3.4 (0.89 ï 1.03) 

Fraser River Delta 1.1 (0.35) 1.6 (0.50) 3.94 (1.20) 

Global average
507

 
0.59 ï 1.2 (SRES B1) 

(0.18 ï 0.38) 

0.69 ï 1.6 (SRES A1B) 

(0.21 ï 0.48) 

0.85 ï 1.9 (SRES A1F1) 

(0.26 ï 0.59) 

Washington 

In Puget Sound, a ñmediumò estimate of SLR by 2050 is six inches (15 cm) and by 2100 is thirteen inches 

(34 cm) relative to 1980-1999.
508

 On the northwest Olympic Peninsula, very little relative SLR will be 

apparent due to rates of local tectonic uplift that currently exceed projected rates of global SLR:509 the 

ñmediumò estimate projects no net SLR by 2050 and two inches (4 cm) of SLR by 2100.
510

 However, this 

tectonically driven uplift is periodically halted by strong subduction zone earthquakes, which cause the 

ocean floor to drop, some areas to rise, and other coastal areas to sink below sea level.511 Uplift may also 

be occurring along the central and southern Washington Coast at rates lower than that observed on the 

northwest Olympic Peninsula; however, there is a lack of available data for this region and it is difficult to 

predict SLR in the coming century.
512

 The ñmediumò estimate for the central and southern coast projects 

five inches (12.5 cm) SLR by 2050 and eleven inches (29 cm) SLR by 2100.
513

 

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 low-probability high-impact estimate of local SLR for the Puget Sound Basin is 22 inches (about 55 cm) 

by 2050 and 50 inches (128 cm) by 2100.
514

 Low-probability, high impact estimates are smaller for the 

central and southern Washington coast ï 18 inches (about 45 cm) by 2050 and 43 inches (108 cm by 

                                                      

506
 Bornhold. (2008). This study uses IPCC SRES scenarios, which use a 1980-1999 baseline. 

507
 IPCC. Climate Change 2007: Synthesis Report. (2007c, p. 45) 

508
 *Mote et al. (2008, Table 3, p. 10) 

509
 *Mote et al. (2008, p. 3) 

510
 *Mote et al. (2008, Table 3, p. 10) 

511
 *WA Department of Ecology. (2011)  

512
 *Mote et al. (2008, p. 3) (2008) 

513
 *Mote et al. (2008, Table 3, p. 10) 

514
 *Mote et al. (2008, p. 3) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
77 

2100) ï and even lower for the northwest Olympic Peninsula ï 14 inches (35 cm) by 2050 and 35 inches 

(88 cm) by 2100 due to tectonic uplift.
515

 These projections are relative to a 1980-1999 baseline.516 

Oregon  

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 low-probability high-impact estimate of local SLR for the areas of the coast experiencing little vertical 

land motions (e.g. Tillamook County) is 22 inches (55 cm) by 2050 and 50 inches (128 cm) by 2100.517  

Northwest California 

Estimates of up to 55 inches (1.4 meters) of sea level rise under the A2 emissions scenario by 2100 are 

projected (baseline is likely 1990 levels, see footnote).518 This projection accounts for the global growth 

of dams and reservoirs and how they can affect surface runoff into the oceans, but it does not account for 

the possibility of substantial ice melting from Greenland or the West Antarctic Ice Sheet, which would 

drive sea levels along the California coast even higher.519 Projections of sea level rise under the B1 

scenario are still several times the rate of historical sea level rise, and would barely differ under a 

stringent ñpolicy scenarioò in which global emissions would be drastically reduced.520 In short, even on a 

lower emissions trajectory and without the addition of meltwater from the major continental ice sheets, 

sea levels in the 21st century can be expected to be much higher than sea levels in the 20th century.521 

Information Gaps  

Information is needed on regional trends in Oregon and northern California, as the available records are 

limited or the available data varies widely around the mean. More specific projections for Oregon and 

northern California are also needed. For the Gulf of Alaska region, Sigler et al. (2008) state three 

additional climate information needs: sea level and 500 mb pressure maps, and output from the Fifth 

Generation National Center for Atmospheric Research/Penn State Mesoscale Model (MM5) (which 

simulates mesoscale and regional scale atmospheric circulation522) including winds.
523

 

 

                                                      

515
 Mote et al. (2008, p. 3) 

516
 Mote et al. (2008, p. 3) 

517
 *Ruggiero et al. (2010, p. 218)  

518
 CA Natural Resources Agency. (2009, p. 18). 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 detail on the study by Rahmstorf (2007). 
519

 *CA Natural Resources Agency. (2009, p. 18) 
520

 *CA Natural Resources Agency. (2009, p. 18) 
521

 *CA Natural Resources Agency. (2009, p. 18). 
522

 WorldWinds, Inc. About MM5 (website). (2011) 
523

 *Sigler, M.; Napp, J.; Hollowed, A. (2008, p. 69, 73).  
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7. ALTERED PATTERNS OF COASTAL UPWELLING  

                                                      

524
 Bakun. Global climate change and intensification of coastal ocean upwelling. (1990, p. 200) 

525
 Hermann et al. Quantifying cross-shelf and vertical nutrient flux in the Coastal Gulf of Alaska with a spatially 

nested, coupled biophysical model. (2009, p. 2474) 
526

 Feely et al. Evidence for upwelling of corrosive "acidified" water onto the continental shelf. (2008) 
527

 Mote, Gavin and Huyer. Climate change in Oregon's land and marine environments. (2010, p. 26-27)  
528

 Mote, Gavin and Huyer. (2010, p. 26-27) 
529

 Grantham et al. Upwelling-driven nearshore hypoxia signals ecosystem and oceanographic changes in the 

northeast Pacific. (2004) 
530

 Levin et al. Effects of natural and human-induced hypoxia on coastal benthos. (2009) 
531

 Merryfield, Pal and Foreman. (2009, p. 10) 
532

 Merryfield, Pal and Foreman. (2009, p. 10) 
533

 Wang, Overland and Bond. (2010, p. 265) 
534

 Wang, Overland and Bond. (2010, p. 265) 
535

 Snyder et al. Future climate change and upwelling in the California Current. (2003, p. 8.2, 8-3) 
536

 Snyder et al. (2003, p. 8-4) 

Box 13. Summary of observed trends and future projections for coastal upwelling 

Observed Trends 

 Available data suggests the equatorward alongshore wind stress that drives coastal upwelling 
increased during upwelling seasons from 1948 to 1988.524 

 Substantial upwelling of nutrients over major portions of the shelf in the Coastal Gulf of Alaska has 
been reported, despite the fact winds are generally downwelling-favorable most of the year.525 

 The coasts of British Columbia, Washington, Oregon, and California are strongly influenced by 
seasonal upwelling, which typically begins in early spring and ends in late summer or fall.526  

o The intensity of upwelling may have increased over the last half of the 20th century off the 
coasts of southern Oregon and northern California.527 The trends are not significant.528 

Future Projections 

 There is evidence that climate change could alter coastal upwelling patterns and boost the delivery of 
deep, hypoxic (i.e. low-oxygen) waters into productive nearshore zones.529,530 

 Along the B.C. coast, summer upwelling-favorable winds are projected to increase in speed by 5-10% 
and rotate clockwise by ~5% (statistically significant) by 2080-2099 (1976-1995 baseline; A1B).531 
Projected changes suggest a coherent pattern: between 2030-2049 and 2080-2099, they amplify by a 
factor of 2 or 3.532  

 Using data gathered off the northern Oregon coast, 17 models predict increases in July upwelling 
(two models project substantial decreases) for 2030-2039 (1980-89 baseline; A1B).533 However, given 
inherent limitations in properly modeling upwelling, the projections are highly uncertain.534 

 Snyder et al. (2003) have projected increased upwelling between San Francisco and the CA/OR 
border under scenarios of increased carbon dioxide concentrations (e.g. 580 ppm vs. 280 ppm 
baseline or using the A1 scenario (635-686 ppm) vs. 338-369 ppm baseline).535 The peak is projected 
to shift later in the year, while the onset of upwelling is projected to occur up to a month later.536  

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 
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Definition and Causes of Altered Patterns of 

Coastal Upwelling 

Upwelling refers to the replacement of shallow surface 

water by deeper, colder, saltier, nutrient-rich, and oxygen-

poor water in response to equatorward winds pushing 

surface waters offshore.537 Upwelling of deep water occurs 

along the western margin of continents when the wind 

blows towards the equator (Figure 15).538 As the wind blows 

the water towards the equator, the Coriolis force causes the 

water to turn west and away from the coast.539 Along the 

coast from Vancouver Island to Baja California (i.e. in the 

coastal waters of the California Current), alongshore winds 

blowing toward the equator push surface waters offshore 

from approximately April through October.540 These surface 

waters must be replaced by other waters, a process that 

occurs via the upwelling of cold, salty, nutrient-rich, CO2-

rich, and oxygen-poor intermediate depth (328 to 656 ft; 

100 to 200 m) offshore waters onto the continental shelf.541 

Air -sea fluxes during coastal upwelling result in net uptake 

of atmospheric O2 and a concomitant release of marine CO2 

(upwelled waters have more CO2 and less O2 than the 

marine air, so marine CO2 is released to the air and 

atmospheric O2 is absorbed into the ocean to restore the 

balance at the air-sea interface).542  

The central and southern coastal region off western North America is strongly influenced by seasonal 

upwelling, which typically begins in early spring when the Aleutian low-pressure system moves to the 

northwest and the Pacific High moves northward, resulting in a strengthening of the northwesterly 

winds.543 The upwelling typically lasts until late summer or fall, when winter storms return544 and winds 

blow from the equator toward the poles, forcing surface waters onshore instead of offshore (known as 

downwelling).  

 

                                                      

537
 Feely et al. (2008) 

538
 *Monterey Bay Aquarium Research Institute. Upwelling (website). (2010)  

539
 *Monterey Bay Aquarium Research Institute. (2010)  

540
 *Hauri et al. Ocean acidification in the California Current System. (2009, p. 63) 

541
 *Feely et al. (2008, p. 1491)  

542
 *Lueker. Coastal upwelling fluxes of O2, N20, and CO2 assessed from continuous atmospheric observations at 

Trinidad, CA. (2004, p. 106) 
543

 *Feely et al. (2008, p. 1491) The authors cite Hickey in Volume 2 of The Sea (Robinson and Brink, Eds,1998) 

and Pennington and Chavez (2000) for this data. 
544

 *Feely et al. (2008, p. 1491) 

The California Current (CCS) is a 

~621-mile-wide (1000 km), sluggish current 

spanning the Pacific Coast from ~20°N (near 

Guadalajara, Mexico) to 50°N (northern 

Vancouver Island). It is the dominant current 

in the NPLCC region south of 50°N . 

Superimposed on the mean flow, alongshore 

winds blowing toward the equator result in the 

upward movement of deeper, nutrient-rich water 

(known as upwelling). Dynamics influencing 

the CCS at finer geographic scales include: 

coastline shape (straighter in the north), 

continental shelf shape and width (wider and 

flatter in the north), the presence of submarine 

canyons (most are in the north), and significant 

freshwater input from the Columbia River and 

Strait of Juan de Fuca. In general, salinity and 

temperature increase southward and salinity 

also increases with depth (see Figure 15).  

Source: Hickey & Banas. (2008); Hickey & 

Banas. (2003).  
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As described in Chapter II , recent decades have seen a substantial build-up of CO2 and other greenhouse 

gases in the earthôs atmosphere.545 Resulting inhibition of nighttime cooling and enhancement of daytime 

heating should lead to intensification of the continental thermal lows adjacent to upwelling regions.546 

This intensification would be reflected in increased onshore-offshore atmospheric pressure gradients, 

intensified alongshore winds, and accelerated coastal upwelling circulations.547 With intensified 

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 mixing and retention (i.e., of the organisms and the food sources in the 

same area) may also be decreased by increased seaward transport of surface water.548 Overall this could 

have a negative effect on the marine ecosystems, as the current balance of these three factors (enrichment, 

concentration, and retention) will change with changes in upwelling.549 

Observed Trends  

Global   

Data from widely separated areas around the world (e.g. California, Peru, Spain) suggest that the 

equatorward alongshore wind stress that drives coastal upwelling increased during the respective 

upwelling seasons from 1948 to 1988.550 

Alaska   

The winds off of Alaska are generally downwelling-favorable at the coast over most of the year.
551

 

However, Hermann et al.  (2009) report substantial upwelling of nutrients over major portions of the shelf 

in the Coastal Gulf of Alaska, driven by local wind-stress curl.
552

 These effects are large enough to 

overwhelm the smaller downwelling flux at the coast throughout the growing season.
553

 These results are 

derived from a nutrient transport budget informed by output from a spatially nested, coupled 

hydrodynamic and lower trophic model of the Coastal Gulf of Alaska.
554

 

Southern British Columbia, Washington, Oregon, and California (the California Current System)  

From northern California to southern Vancouver Island, the magnitude of along-shelf wind stress 

decreases by a factor of eight.
555

 Upwelling-favorable wind stress is weaker by as much as a factor of two 

off the coast of Washington than off the coast of Oregon.
556

 The Oregon Climate Assessment Report 

                                                      

545
 *Bakun. (1990, p. 198). The authors cite Ramanathan (1988) for this information.  

546
 *Bakun. (1990, p. 198) 

547
 *Bakun. (1990, p. 198). The authors refer to Figure 1 in the cited report. 

548
 *Snyder et al. (2003, p. 8-4) 

549
 *Snyder et al. (2003, p. 8-4) 

550
 *Bakun. (1990, p. 200) 

551
 *Hermann et al. (2009, p. 2474) 

552
 *Hermann et al. (2009, p. 2474) 

553
 *Hermann et al. (2009, p. 2474) 

554
 *Hermann et al. (2009, p. 2474) 

555
 *Hickey and Banas. Why is the northern end of the California Current System so productive? (2008, p. 92) 

556
 *Hickey and Banas. Oceanography of the U.S. Pacific Northwest Coastal Ocean and Estuaries with Application 

to Coastal Ecology. (2003, p. 1028) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
81 

(OCAR) reports on three estimates of the alongshore wind stress as indicators of the intensity of 

upwelling:
557

  

 Wind measurements at Buoy 46050 (about 20 nautical miles, or 37 km, west of Newport): 

Hourly measurements began in 1985, and data are available from NOAA.558 This time series is 

not yet long enough to determine a long-term trend, but data indicate that the average intensity of 

upwelling in each year from 2005 to 2008 was stronger than the 20-year average of 1985 to 

2005.559 

 Wind stress data (from the National Center for Environmental Prediction, NCEP, and Kalnay et 

al., 1996; data available since 1948): Daily wind stress values were used to determine the dates of 

onset and cessation of seasonal upwelling, and to calculate the average and variance of the 

alongshore wind stress during each upwelling season.560 The seasonal average has no significant 

trend, but the variance has increased significantly over the last fifty years, by about thirty-five 

percent off the southern Oregon coast (45ºN) and by about fifty percent off the northern 

California coast (41ºN).561 

 Monthly values of the Coastal Upwelling Index off the coast of southern Oregon (45ºN, 

125ºW) and northern California (42ºN, 125ºW) (provided by the Pacific Fisheries Environmental 

Laboratory, http://www.pfeg.noaa.gov): Averaging the June, July, August, and September (JJAS) 

values together yields an annual estimate of the intensity of upwelling.562 The average JJAS index 

at this location increased over the past fifty years, particularly off southern Oregon, though much 

of the trend is due to a recent decade of strong winds (1995 - 2005).563 Slow variations in the 

eleven-year running average do not seem to be correlated with the PDO.564 

Northwest California 

Observations show that wind-driven upwelling along the California coast has increased over the past 30 

years (specific time period not provided; however, the article was published in 2003).565
 During upwelling 

events off the coast of Trinidad Head in northern California, regional air-sea fluxes of O2, nitrogen (N2), 

nitrous oxide (N2O), and CO2 were monitored.566 As expected, periods of low Potential Oxygen of the 

Atmosphere (APO, a signal of marine oxygen) coincided with elevated levels of N2O, offshore flow, and 

reduced ocean temperatures.567 However, it was found that atmospheric APO and N2O are constraining 

two independent aspects of coastal biogeochemistry: N2O constrains the rate of ventilation of the 

                                                      

557
 *Mote, Gavin and Huyer. (2010, p. 26) 

558
 *Mote, Gavin and Huyer. (2010, p. 26) 

559
 *Mote, Gavin and Huyer. (2010, p. 26) 

560
 *Mote, Gavin and Huyer. (2010, p. 26) 

561
 *Mote, Gavin and Huyer. (2010, p. 26) 

562
 *Mote, Gavin and Huyer. (2010, p. 27) 

563
 *Mote, Gavin and Huyer. (2010, p. 27) 

564
 *Mote, Gavin and Huyer. (2010, p. 27). The authors cite Mantua et al. (1997) and suggest seeing Section 2.2 in 

OCAR. 
565

 *Snyder et al. Future climate change and upwelling in the California Current. (2003, p. 8-1) 
566

 Lueker. (2004, p. 103) 
567

 *Lueker. (2004, p. 103). It was also found that upwelling CO2 fluxes represented about 10% of export production 

(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). 

http://www.pfeg.noaa.gov/
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subsurface waters, while APO constrains a combination of subsurface ventilation and mixed-layer 

biological production.568 

Future Projections 

Global   

There is evidence that climate change could alter coastal upwelling patterns and boost the delivery of 

deep, hypoxic (i.e. low-oxygen) waters into productive nearshore zones.
569,570

 With increased global 

warming, the coastal surface waters in subtropical and tropical eastern ocean boundaries (e.g. the 

California Current) could cool relative to the surfaces of either the continental land mass on one side or 

the ocean interior on the other.571 Similarly, as atmospheric greenhouse gas content increases, the rate of 

heating over the land is further enhanced relative to that over the ocean, particularly as night-time 

radiative cooling is suppressed by an increasing degree of blockage of outgoing longwave radiation.572 

This causes intensification of the low pressure cells over the coastal interior.573 A feedback sequence is 

generated as the resulting pressure gradient increase is matched by a proportional wind increase, which 

correspondingly increases the intensity of the upwelling in a nonlinear manner (by a power of 2 or more 

under these strong wind conditions) which, in concert with ocean surface cooling produced by the 

intensified upwelling, further enhances the landïsea temperature contrast, the associated cross-shore 

pressure gradient, the upwelling-favorable wind, and so on.574 

Southcentral and Southeast Alaska  

Information needed. 

British Columbia  

Merryfield, Pal, and Foreman (2009) examine future trends in modeled winds in response to human-

induced climate change along the B.C. coast.575 Two intervals, 2030-2049 and 2080-2099, are compared 

to the 1976-1995 baseline period (A1B scenario).576  

In the winter season, when marine winds are generally southerly and downwelling favorable, the 

multimodel ensemble mean exhibits statistically insignificant changes consisting of an approximately five 

percent intensification and slight counterclockwise rotation.577 

In the summer upwelling season, when climatological winds are primarily northwesterly under the 

influence of the North Pacific High (NPH; a semi-permanent, subtropical area of high pressure in the 

                                                      

568
 *Lueker. (2004, p. 104) 

569
 Grantham et al. (2004) 

570
 Levin et al. (2009) 

571
 *Bakun. (1990, p. 200) 

572
 *Bakun and Weeks. Greenhouse gas buildup, sardines, submarine eruptions and the possibility of abrupt 

degradation of intense marine upwelling ecosystems. (2004, p. 1016) 
573

 *Bakun and Weeks. (2004, p. 1016) 
574

 *Bakun and Weeks. (2004, p. 1016-1017). The authors cite Trenberth et al. (1990) for information on the specific 

increase in intensity of upwelling ï by a power of 2. 
575

 *Merryfield, Pal and Foreman. Projected future changes in surface marine winds off the west coast of Canada. 

(2009, p. 6) 
576

 *Merryfield, Pal and Foreman. (2009, p. 6) 
577

 *Merryfield, Pal and Foreman. (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 more dominant), the projected changes implied by the multimodel ensemble mean 

consist of an increase in wind speed together with a clockwise rotation of the wind vector.578 The changes 

in 2080ï2099 relative to the 1976ï1995 base period are statistically significant and amount to five to ten 

percent increases in wind speed and approximately 5° clockwise rotations in wind direction.579 In addition 

the projected changes consistently amplify by a factor of two to three between 2030ï2049 and 2080ï

2099, suggesting a coherent pattern of change.580  

By comparison, Wang et al. (2008) found that most of the climate models they considered show an 

increase in alongshore, upwelling favorable wind stress at 45°N along the Oregon coast in summer 

between 1980ï1989 and 2030ï2039.581 These changes appear consistent with a gross northward shift in 

the pattern of upwelling favorable winds along the North American west coast.582 Such a shift in turn is 

consistent with modeled changes in June-July-August mean sea level pressure, which corresponds to a 

northward shift in the NPH.583 

Washington   

Information needed. 

Northern Oregon  

Wang, Overland, and Bond (2010) assessed the decadal averaged upwelling index for July off the coast of 

northern Oregon (45°N, 125°W) and projected changes from 1980-89 to 2030-39 using the A1B 

scenario.584 They state that for the California Current region, seventeen models predict increases in July 

upwelling with only two models (CSIRO-mk3.0 and PCM) indicating substantial decreases.585 Given the 

inherent limitations of the models to properly handle upwelling, the projections from Wang, Overland, 

and Bondôs analysis are highly uncertain, and further analysis is warranted.586 

Southern Oregon and Northwest California   

According to Diffenbaugh, Snyder and Sloan (2004), Snyder 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 CO2 concentrations, with radiative forcing resulting in an intensified peak season in 

the northern region (north of Point Conception).587 Using a regional climate model run under four cases 

(constant concentrations of 280 ppm and 580 ppm CO2; and comparing 1980-1999 to 2080-2099 under 

the A1 scenario), Snyder et al. (2003) show that increased CO2 forcing affects wind-stress curl by causing 

                                                      

578
 *Merryfield, Pal and Foreman. (2009, p. 10). The authors cite Bograd et al. (2002, Fig. 1b) for information on 

winds in the summer upwelling season under the influence of the North Pacific High. 
579

 *Merryfield, Pal and Foreman. (2009, p. 10) 
580

 *Merryfield, Pal and Foreman. (2009, p. 10) 
581

 *Merryfield, Pal and Foreman. (2009, p. 10) 
582

 *Merryfield, Pal and Foreman. (2009, p. 10). The authors cite J. Fyfe, personal communication (2008) for this 

information. 
583

 *Merryfield, Pal and Foreman. (2009, p. 10). The authors refer the reader to Fig. 8 (bottom) in the cited report. 
584

 *Wang, Overland and Bond. Climate projections for selected large marine ecosystems. (2010, p. 265) 
585

 *Wang, Overland and Bond. (2010, p. 265) 
586

 *Wang, Overland and Bond. (2010, p. 265) 
587

 *Diffenbaugh, Snyder and Sloan. Could CO2-induced land-cover feedbacks alter near-shore upwelling regimes? 

(2004, p. 27). The authors cite Snyder et al. (2003) 
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an increase in the land-ocean temperature gradient.588 This temperature gradient, which is substantial 

during the summer months, contributes to the alongshore winds that drive upwelling.589 For the Upper 

Northern region (San Francisco Bay to the California/Oregon border) the wind-stress curl increases are 

concentrated in the warmest months of June through September.590 Temporally, the peak of the upwelling 

season is projected to shift later in the year and the onset is projected to occur up to a month later.591 

In contrast to Snyder et al., Mote and Mantua (2002) find that the high-pressure cells associated with mid-

latitude coastal upwelling are robust features of the climate and are relatively unaffected by climate 

change under two global climate simulations (comparing the 2080s to the 1990s).592 However, the model 

underestimates interdecadal variability, which complicates detection of an anthropogenic influence on 

upwelling.
593

 Bakun and Weeks (2004) state that the inconclusive results produced by global-scale 

climate change models such as those used by Mote and Mantua (2002) necessarily confound the smaller-

scale near-coastal intensification response with an opposite larger basin-scale relaxation response.594 

Further, they state that Snyder et al.ôs (2003) simulations have clearly supported the intensification 

hypothesis because they use a regional climate model possessing sufficiently higher resolution to 

effectively differentiate between the two effects.595 

These studies illustrate 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, namely Section 8 of this Chapter (altered patterns of 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, and survival, respectively), and Chapter VII (implications for key fish, wildlife, 

plants, plankton, and shellfish). 

 

                                                      

588
 *Snyder et al. (2003, p. 8-4). In the 1980-1999 period, CO2 concentrations ranged from 338 to 369 ppm. In the 

2080-2099 period, CO2 concentrations ranged from 635 to 686 ppm. 
589

 *Snyder et al. (2003, p. 8-4) 
590

 *Snyder et al. (2003, p. 8-4) 
591

 *Snyder et al. (2003, p. 8-4) 
592

 *Mote and Mantua. Coastal upwelling in a warmer future. (2002, p. 1,2) 
593

 *Mote and Mantua. (2002, p. 3). If the simulations presented by Mote and Mantua are correct, then no long-term 

trend in upwelling would be expected, and the variability and trends in observed upwelling have no anthropogenic 

component. If, on the other hand, the modelsô underrepresentation of interdecadal variability is somehow connected 

with an inability to represent anthropogenic influence, for instance through unrealistic locking to geographic 

features, then these projections of a changeless upwelling regime are unlikely. Note: these sentences are from the 

cited report, page 3. 
594

 *Bakun and Weeks. (2004, p. 1017) 
595

 *Bakun and Weeks. (2004, p. 1017) 
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Figure 15. Primary physical processes in the California Current System (CCS) in summer. (Left) A map of the CCS 

with bottom topography and typical surface currents (blue arrows), showing the location of submarine canyons 

(red), regions with longer than average residence times (green, ñretention areasò), and primary sources of freshwater 

(yellow, the Strait of Juan de Fuca and the Columbia River). The Columbia River plume is depicted in the bi-

directional pattern frequently seen in the summer season. Regions where upwelling is primarily two dimensional 

(ñstraight coast upwellingò) are differentiated from those farther south that are more three dimensional (ñfilaments 

and jetsò). (Right) A cartoon showing typical circulation patterns for an arbitrary subregion of the CCS in plan view 

(upper) and cross section (lower). In the cross section, circles with dots indicate equatorward flow; circles with 

crosses indicate poleward flow. Retention areas over banks, behind capes, and within bays and estuaries are noted in 

green text. Upwelling water next to the coast is shown as darker blue. Note that river plumes are generally warmer 

than coastal waters in summer. Source: Hickey and Banas. (2008, Fig. 1, p. 92) 
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Information Gap s  

Information is needed on regional trends and projections of coastal upwelling, particularly for Alaska, 

British Columbia, and Washington. Since climate change is likely to affect upwelling in various (poorly 

understood) ways, Peterson and Schwing (2008) identify a number of information needs relative to 

climate change and upwelling response:596 

 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 approximate date of 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 index of biological 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 effectiveness of upwelling.  

 Better spatially-resolved coastal wind fields, from satellites or blended measured-modeled 

products.  

 Improved atmospheric models with high-resolution winds, ocean models with upper ocean 

and coastal circulation and density and nutrients  

 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 to biological models to determine phytoplankton 

production, biomass, subduction, and grazing.  

 Forecast models to give short-term and seasonal predictions of wind forcing and upwelling in 

coastal areas.  

 An El Niño/La Niña forecast to assist in determining the timing and strength of upwelling, as 

well as the quality of source water. 

                                                      

596
 *Peterson and Schwing. (2008, p. 55) 
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8. ALTERED PATTERNS OF COASTAL HYPOXIA AND ANOXIA  

Definition and Causes of Altered Patterns of Coastal Hypoxia and Anoxia 

 ñHypoxiaò describes the condition of a water column that is largely deficient of dissolved oxygen ï 

generally, a body of water is considered hypoxic when there is less than two milligrams of dissolved 

                                                      

597
 Chan et al. (2008); Connolly et al. (2010); Grantham et al. (2004); Partnership for Interdisciplinary Studies of 

Coastal Oceans (PISCO). (2009) 
598

 Connolly et al. (2010); Grantham et al. (2004); PISCO. (2009) 
599

 Grantham et al. (2004, p. 750) 
600

 Connolly et al. (2010, p. 1) 
601

 Connolly et al. (2010, p. 1, 8) 
602

 Whitney, Freeland and Robert. (2007, p. 179) 
603

 PISCO. Hypoxia off the Pacific Northwest Coast. (2009) 
604

 PISCO. (2009) 
605

 Whitney, Freeland and Robert. (2007, p. 196) 
606

 Whitney, Freeland and Robert. (2007, p. 197). The authors cite Feely et al. (2004) for the oxygen consumption 

rate.  

Box 14. Summary of observed trends and future projections for coastal hypoxia and anoxia 

Observed Trends 

 Seasonal hypoxia is a normal occurrence off the coasts of southern BC, WA, OR, and CA.597 
However, an increase in severe hypoxic events has been observed off the OR and WA coasts since 
2002:598  

o Severe hypoxia (0.21 - 1.57 mL/L DO) was detected 1.2-3.1 miles (2ð5 km) off the central 
OR coast in July-September 2002.599  

o Hypoxia covered an especially large area of WAõs continental shelf in 2006, and the lowest 
dissolved oxygen (DO) concentrations to-date (<0.5 mL/L) were recorded at the inner 
shelf.600 From 2003-2005, hypoxic events were within the range of WAõs historical record.601 

 In deeper waters off the coast of British Columbia, the hypoxic boundary rose from approximately 
1300 feet to about 980 feet (400 m to about 300 m) deep over fifty years (1956-2006).602   

Future Projections 

 Present-day anomalous hypoxic events are consistent with expectations of how these systems might 
be altered due to climate change.603 However, it has not been proven that climate change is the 
cause.604 

 As oxygen declines in the subarctic Pacific, the hypoxic threshold will rise.605 

 It would take a little more than 20 years to create hypoxia in waters off the BC coast, assuming no 
ventilation and an oxygen consumption rate of about 4 Ǫmol kg-1 yr-1.606 A more precise time period 
was not provided; however, the study was published in 2007. 

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 
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oxygen per liter of water (2.0 mg/L).
607

 ñAnoxiaò is used to describe a water body that is devoid of 

dissolved oxygen. For each °F (°C) that water warms, oxygen solubility (the capacity to dissolve oxygen) 

decreases by about 1% (about 2%).608 Several physical and biological processes interact to create hypoxic 

events (Figure 16): 

 Changing wind patterns and ocean currents: Changing wind patterns and ocean currents 

promote upwelling and advection of low-oxygen, nutrient rich (i.e. nitrogen-rich) deep ocean 

waters.
609

 These ñoxygen minimum zonesò can occur naturally in deep waters, where respiration 

removes oxygen that is not replenished by contact with the sea surface.
610

 Upwelling, however, 

can transport these oxygen-poor waters onto productive continental shelves, where respiration can 

further reduce water-column dissolved oxygen (DO) content and thus subject coastal ecosystems 

to the risk of hypoxia or anoxia.
611

 

 Oxygen demand exceeds oxygen supply: Biological oxygen demand exceeds the supply of 

oxygen from surface waters, typically as a result of increased microbial respiration, stimulated by 

accumulated carbon from enhanced primary production in surface waters.
612

 The enhanced 

production results from increased nitrogen (and sometimes phosphorus) availability.
613

 

 Stratification:  Oxygen depletion is exacerbated in situations where water masses are highly 

stratified or isolated from oxygenated water bodies.614 Stratification results from strong thermal or 

salinity gradients; for example, from excessive rain or runoff from land.615  

 Age, temperature, and salinity: Hypersaline waters and warm waters hold less dissolved 

oxygen than cold, fresher water. 616  Where warm, saline waters enter the ocean or where waters 

are very old, hypoxia is more likely.617 

 

 

 

 

 

 

 

                                                      

607
 Information as cited in Grantham et al. (2004), Upwelling-driven nearshore hypoxia signals ecosystem and 

oceanographic changes in the northeast Pacific. 
608

 *Najjar et al. The potential impacts of climate change on the mid-Atlantic coastal region. (2000, p. 226) 
609

 Grantham et al. (2004) 
610

 Grantham et al. (2004) 
611

 *Chan et al. Emergence of anoxia in the California Current large marine ecosystem. (2008, p. 1) 
612

 *Levin et al. (2009, p. 3566) 
613

 *Levin et al. (2009, p. 3566) 
614

 *Levin et al. (2009, p. 3567) 
615

 *Levin et al. (2009, p. 3567) 
616

 *Levin et al. (2009, p. 3568) 
617

 *Levin et al. (2009, p. 3568) 
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Global climate change could increase the likelihood of hypoxia in the oceans and coastal environments by 

altering the physical environment in at least five ways:  

 Increased water temperature: As a result of increasing SST, less oxygen will be able to 

dissolve into the warmer waters.
618 

  

 Increasing stratification: Most of the time, stratification is a natural process, but long-term 

warming trends in the ocean, climate-related precipitation changes, and altered riverine input can 

insert a human element.619 

 Altered wind and upwelling patterns: The wind patterns that cause upwelling are due in part 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 bring low-oxygen water closer to the shore 

and ocean surface.620  

 Ocean acidification: Reduced transport of organic matter to the deeper layers of the ocean 

(caused by impacts to calcifying organisms) leads to enhanced remineralization of organic matter 

in shallow waters. 621 This effect leads to higher oxygen demand in the upper ocean, resulting in a 

drop in the dissolved oxygen concentration there.622 Because these waters constitute the source of 

the upwelling waters in the California Current System (located off the coasts of California, 

Oregon, Washington, and southern British Columbia), such a decrease likely will cause more 

frequent low-oxygen events along the U.S. West coast in the future.623 However, Hauri et al. 

                                                      

618
 *California Natural Resources Agency California Climate Adaptation Strategy. (2009, p. 66) 

619
 *Levin et al. (2009, p. 3567) 

620
 *Bakun. (1990); Bakun and Weeks. (2004) 

621
 *Hauri et al. (2009, p. 69). The authors cited Balch and Utgoff (2009) for this information. 

622
 *Hauri et al. (2009, p. 69). The authors cited Hofmann and Schellnhuber (2009) for this information. 

623
 *Hauri et al. (2009, p. 69) 

Figure 16. Schematic diagram illustrating the mechanisms underlying the formation of hypoxia 

experienced by benthos along continental shelves. Source: Levin et al. (2009, Fig. 1, p. 3648)  
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(2009) note that such concomitant perturbations also complicate their detection and 

surveillance.624 

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 mL/L.
625

 These conditions 

occurred off the Oregon coast in 2002 and 2006, resulting in mass mortality of fish, Dungeness crab, and 

bottom-dwelling invertebrates.626 Please see Chapter VII Section 4 for further information on the impacts 

of these hypoxic events on shellfish. 

Observed Trends 

Regional 

Along the continental margins of the northeast Pacific Ocean, there is an extensive oxygen minimum zone 

(OMZ; ~66-4856 feet, or ~20-1480 m, deep), where dissolved oxygen falls below 0.5 mL/L.
627

 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 fluctuations (e.g. of 

82 feet, or 25 m, off Chile) and interannual shifts of up to 213 to 328 feet (65-100 m).628 

Southcentral and Southeast Alaska 

Information needed. 

British Columbia 

Off the coast of British Columbia, the hypoxic boundary has shoaled from about 1300 feet (400 m) to 

about 980 feet (300m) over fifty years (1956-2006).629 In the depth range ~410-980 feet (125-300 m), 

oxygen decreased between 17% and 30% (20-40 ɛmol kg
-1
) from 1956 to 2006.630 Concomitant with this 

change is an overall trend in warming and oxygen loss in the waters below the ocean mixed layers to 

depths of at least 3280 feet (1000 m).631 

Washington 

Along Washingtonôs outer coast, the historical record (1950-1986) shows hypoxia is more prevalent and 

severe than that observed off the coast of northern Oregon, likely due to small-scale differences in ocean 

topography.
632

  From 2003 to 2005, hypoxic events off the Washington coast occurred at levels 

                                                      

624
 *Hauri et al. (2009, p. 69) 

625
 *Connolly et al. (2010, p. 3) 

626
 *Grantham et al. (2004)  

627
 *Grantham et al. (2004, p. 751). The authors cite Kamykowski and Zentara (1990) for this data. Please see Helly 

and Levin (2004, Fig. 2, p. 1163) for the depth of the OMZ in the eastern Pacific. 
628

 *Helly and Levin. Global distribution of naturally occurring marine hypoxia on continental margins. (2004, p. 

1165) 
629

 *Whitney, Freeland and Robert. (2007, p. 179) 
630

 *Whitney, Freeland and Robert. (2007, p. 196) 
631

 *Whitney, Freeland and Robert. (2007, p. 179) 
632

 *Connolly et al. (2010, p. 1, 7) 
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previously observed in the historical data.
633

 The year 2006 was an exception, with hypoxia covering an 

especially 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 location.
634

  

In a study of hypoxia in central Puget Sound and Hood Canal by Brandenberger et al. (2008), data from 

sediment cores suggest hypoxia has occurred to a greater degree prior to significant human alterations 

beginning in the 1900s.
635

 However, the data do not resolve the timing of short-lived hypoxia events that 

led to fish kills in Hood Canal during the early 21
st
 century.

636
 The 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 coastal systems, in which the onset of 

low oxygen conditions came as a result of a rise in land use changes (i.e. agriculture and deforestation).
637

 

In fact, the paleoecological indicators suggest that climate oscillations, such as the Pacific Decadal 

Oscillation (PDO), may influence the ventilation of deep water in Puget Sound and particularly their least 

mixed regions such as the southern end of Hood Canal.
638

  

Oregon  

Between July and September 2002, severe (0.21 - 1.57 mL/L DO) inner-shelf hypoxia was detected in 

central Oregon, from Florence to Newport.639 Bottom dissolved-oxygen concentrations of 0.21ï1.57 

mL/L were found to extend from the shelf break to nearshore stations (1.2-3.1 miles; 2ï5 km offshore).640 

In shallow waters, researchers note the severe hypoxia is particularly surprising given the potential for air-

sea oxygen equilibration caused by turbulent conditions (e.g. significant wave height exceeding three 

meters).641 In addition, strong winds favoring upwelling were ineffective in eroding stratification on the 

inner shelf, and upwelling therefore resulted in the net shoreward transport of cold, saline, dissolved-

oxygen-depleted deep water onto the inner shelf.642 

In 2006, researchers documented anoxia on the inner shelf in central Oregon, 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 the shelf).
643

 Five decades of available 

records show little evidence of shelf hypoxia and no evidence of severe inner-shelf hypoxia before 

2000.
644

 More specifically, hypoxic water in depths less than 165 feet (50.3 m) in this region is 

considered unusual, and was not reported before 2002 although measurements were made along the 

Oregon coast for over fifty years.
645

  

                                                      

633
 *Connolly et al. (2010, p. 1, 8) 

634
 *Connolly et al. (2010, p. 1) 

635
 *Brandenberger et al. Reconstructing trends in hypoxia using multiple paleoecological indicators recorded in 

sediment cores from Puget Sound, WA. (2008, p. iii) 
636

 *Brandenberger et al. (2008, p. iii) 
637

 *Brandenberger et al. (2008, p. iv-v) 
638

 *Brandenberger et al. (2008, p. v) 
639

 *Grantham et al. (2004, p. 750) 
640

 *Grantham et al. (2004, p. 750) 
641

 *Grantham et al. (2004, p. 751) 
642

 *Grantham et al. (2004, p. 751) 
643

 Chan et al. Emergence of anoxia in the California Current large marine ecosystem. (2008)  
644

 *Chan et al. (2008, p. 1) 
645

 *PISCO. (2009, p. 2) 
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Northwest California  

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) provides an extensive review of the impacts of hypoxia on the structure 
and processes in pelagic (open ocean) communities. Discussion of impacts is organized by taxonomic group 
and includes gelatinous plankton, crustacea, mollusks/squid, and fish. Effects on physiology, reproduction, 
spatial distribution, growth, and other factors are also discussed. Figure 17 summarizes the behavioral and 
physiological responses of marine organisms to varying oxygen saturation levels. 

A literature review conducted by Vaquer-Sunyer and Duarte (2008) suggests hypoxia affects benthic (bottom-
dwelling) marine organisms above the commonly used hypoxic threshold of two milligrams of oxygen per 
liter (2 mg O2/L). 646 Based on their review, the researchers state fish and crustaceans are most vulnerable, 
while mollusks, cnidarians, and priapulids were most tolerant.647 Since some benthic marine organisms may be 
sensitive to exposure to higher oxygen levels than previously thought, the vulnerability of these organisms 
and the coastal ecosystem as a whole to hypoxia may be greater than currently recognized.648  

                                                      

646
 Vaquer-Sunyer and Duarte. Thresholds of hypoxia for marine biodiversity. (2008) 

647
 Vaquer-Sunyer and Duarte. (2008).  

648
 Vaquer-Sunyer and Duarte. (2008, p. 15456).  
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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 

Scientists have suggested hypoxic events in the northeast Pacific are due to anomalous upwelling driven 

by unusual changes in wind patterns.
649

 These wind patterns are what might be expected to result from 

increased differences between land and sea surface temperatures due to global climate change.650 

Specifically, temperature gradients across the shore support more intense alongshore winds, which drive 
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surface water off the coast and result in the upwelling of deeper waters.
651

 Further, as oxygen declines in 

the subarctic Pacific, the hypoxic threshold will rise.652 The changes in oceanic and atmospheric 

conditions that have produced the anomalous hypoxic events 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 cause.
653

  

Southcentral and Southeast Alaska 

Information needed. 

British Columbia 

Assuming no ventilation 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.654  

Washington 

Information needed. 

Oregon 

Information needed. 

Northwest California  

Information needed. 

Information Gaps  

Information is needed on trends in hypoxia and anoxia off the coasts of southcentral and southeast 

Alaska, as well as northern California. More specific information on future projections in hypoxia and 

anoxia throughout the NPLCC region is also needed. 

  

                                                      

651
 Bakun. (1990); Bakun and Weeks. (2004) 

652
 *Whitney, Freeland and Robert. (2007, p. 196) 
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 PISCO. (2009) 

654
 *Whitney, Freeland and Robert. (2007, p. 197). The authors cite Feely et al., (2004) for the oxygen consumption 

rate.  
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IV.  IMPLICATIONS FOR  MARINE &  COASTAL  ECOSYSTEMS 

Marine ecosystems are centrally important to the biology of the planet.655 Ecosystem production and 

structure respond to changes in ocean regimes.656  Although there is considerable uncertainty about the 

spatial and temporal details, climate change is clearly and fundamentally altering ocean ecosystems.657 

Based on a search of the scientific and grey literature, 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 found in the NPLCC region ï the Gulf of Alaska LME and the 

California Current Ecosystem (CCE).658 The Gulf of Alaska LME lies off the southern coast of Alaska 

and the western coast of Canada.659 The California Current is a ~621-mile-wide (1000 km), sluggish 

current spanning the North American Pacific Coast from ~20°N (near Guadalajara Mexico) to 50°N 

(northern Vancouver Island).660 The cold Subarctic Current, as it bifurcates towards the south, serves as 

the boundary between the Gulf of Alaska and the California Current LME.661 

Recent changes in Alaskaôs coastal waters include general warming of ocean surface waters, warming of 

the southeast Bering Sea bottom waters over the continental shelf, a more strongly stratified ocean, 

hypothesized decrease in ocean productivity, alteration of pelagic ocean habitat, and changes in the 

distribution of species.
662

 These changes have the potential to affect the structure, function, productivity, 

and composition of Alaskaôs marine ecosystems, which may negatively impact the protected marine 

species that live or migrate through these ecosystems (e.g. North Pacific right whale).
663

 In the Gulf of 

Alaska, Sigler, Napp, and Hollowed (2008) identify ocean acidification, as well as climate regimes and 

ecosystem productivity, as major climate-related concerns.
664

 

The northern end of the CCE is dominated by strong seasonal variability in winds, temperature, 

upwelling, plankton production, and the spawning times of many fishes, whereas the southern end of the 

CCE has much less seasonal variability in these parameters.665 For some groups of organisms, the 

                                                      

655
 *Hoegh-Guldberg and Bruno. (2010, p. 1523) 
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 *ISAB. Climate change impacts on Columbia River Basin Fish and Wildlife. (2007, p. 69) 
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 *Hoegh-Guldberg and Bruno. (2010, p. 1523) 
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 Osgood (ed.). Climate Impacts on U.S. Living Marine Resources: National Marine Fisheries Service Concerns, 

Activities and Needs. (2008, Fig. 1, p. 2); NOAA. Gulf of Alaska: LME #2 (website). (2009); NOAA. California 

Current: LME #3 (website). (2009) 
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 *NOAA. Gulf of Alaska: LME #2 (website). (2009) 
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 *Hickey and Banas. (2008, p. 93) 
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 *NOAA. Gulf of Alaska: LME #2 (website). (2009) 
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 *Sigler, M.; Napp, J.; Hollowed, A. Climate Impacts on U.S. Living Marine Resources: National Marine 

Fisheries Service Concerns, Activities and Needs: Alaskan Ecosystem Complex. (2008, p. 66). The authors refer the 

reader to Figure 2 in the cited report for Bering Sea information. 
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 *Sigler, M.; Napp, J.; Hollowed, A. (2008, p. 66).  
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 Sigler, M.; Napp, J.; Hollowed, A. (2008, p. 66).  
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 *Peterson, W. & Schwing, F. Climate Impacts on U.S. Living Marine Resources: National Marine Fisheries 

Service Concerns, Activities and Needs: California Current Ecosystem. (2008, p. 44) 
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northern end of the CCE is dominated by sub-arctic boreal fauna whereas the southern end is dominated 

by tropical and sub-tropical species.666 Higher trophic level organisms often take advantage of the strong 

seasonal cycles of production in the north by migrating to the region during the summer to feed.
667

 

Animals exhibiting this behavior include pelagic seabirds such as black-footed albatross and sooty 

shearwaters, fishes such as Pacific whiting and sardines, and humpback whales.
668

 Overall, the climate-

species linkages in the CCE are extremely complex.
669

 The 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 strength of the 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 structure.
670

 

The following structure will be used to present information on the implications of climate change for the 

NPLCC regionôs marine and coastal ecosystems: 

 Observed Trends ï observed changes at the global level, for the Gulf of Alaska LME, and for 

the California Current Ecosystem. Section 3 (altered food web dynamics) also describes region-

wide changes. 

 Future Projections ï projected direction and/or magnitude of change at the global level, for the 

Gulf of Alaska LME, and for the California Current Ecosystem. Section 3 (altered food web 

dynamics) also describes region-wide projections. 

 Information Gaps ï information and research needs identified by reviewers and literature 

searches.  

Note: Section 4 (Multiple stressors and thresholds: Discussion) is presented as a discussion because the 

available information could not be classified as observed trends or future projections.  
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667
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1. ALTERED NUTRIENT CYC LING  

Observed Trends 

Global 

Information needed. 

Gulf of Alaska LME 

Several recent studies have assessed nutrient cycling processes in the 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 biogeochemical fluxes in nearshore marine ecosystems and the 

eastern North Pacific Ocean.671 Hood and Scott (2008) find that different levels of glacial 

coverage can alter the timing and magnitude of freshwater, dissolved organic matter, and nutrient 

yields.672 Taken together, their results indicate that decreasing watershed glacial coverage leads to 

lower riverine yields of freshwater, inorganic phosphorus, and labile dissolved organic matter.673   

 Hood et al. (2009) find that direct runoff from Gulf of Alaska glaciers produces a conservative 

dissolved organic carbon flux of 0.13 ± 0.01 Teragrams per year (Tg/yr) to downstream 

ecosystems.674 Furthermore, the dissolved organic carbon bioavailability value from the most 

heavily glaciated catchment suggests that ~0.1 Tg of the annual dissolved organic carbon derived 

from Gulf of Alaska glaciers is readily bioavailable.675 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 substantial portion of this labile dissolved organic carbon is probably delivered 

to marine heteotrophic communities without biological or photochemical alteration.676 Thus, 

changes in riverine yields of dissolved organic matter and nutrients due to reductions in glacier 

extent in coastal watersheds may affect the productivity and function of nearshore coastal 

ecosystems.677 As stated above, the results of studies by Neal, Hood, and Smikrud (2010) and 

Hood and Scott (2008) indicate that decreasing watershed glacial coverage leads to lower riverine 

yields of freshwater, inorganic phosphorus, and labile dissolved organic matter.678   

California Current Ecosystem 

Information needed. 

                                                      

671
 *Neal, Hood and Smikrud. Contribution of glacier runoff to freshwater discharge into the Gulf of Alaska. (2010, 

p. 1) 
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 *Hood and Scott. (2008, p. 583) 
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 *Hood and Scott. (2008, p. 585) 
674

 *Hood et al. Glaciers as a source of ancient and labile organic matter to the marine environment. (2009, p. 

1046) 
675

 *Hood et al. (2009, p. 1046) 
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 *Hood et al. (2009, p. 1046) 
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Future Projections 

Global 

Information needed.  

Gulf of Alaska LME  

Iron is an essential micronutrient that limits primary productivity in much of the ocean, including the Gulf 

of Alaska.679 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 measurements.680 Crusius et al. (2011) recently described a potentially 

important but largely undocumented source of dust and iron to the Gulf of Alaska: glacial flour-rich 

riverbed sediments of coastal Alaska (results described in next section).681 In their conclusion, they state it 

remains important to examine whether dust fluxes are increasing in high-latitude locations in response to 

glacial recession and climate change, and what the impact might be on marine ecosystems.682 If glaciers 

continue their present-day pattern of increasing mass loss due to a warming climate, more glacial flour 

may be transported to the Gulf of Alaska by dust plumes and other mechanisms, affecting phytoplankton 

growth and Gulf of Alaska ecosystems.683  

Freshwater inflows into estuaries influence water residence time, nutrient delivery, vertical stratification, 

salinity and control of phytoplankton growth rates.684 Decreased freshwater inflows increase water 

residence time and decrease vertical stratification, and vice versa.
685

 For example, increased melting of 

glaciers in the Gulf of Alaska coupled with warmer sea surface temperatures will result in increased 

stratification of the Gulf.
686

 Areas with enhanced riverine input into the coastal ocean will also see greater 

vertical stratification.
687

  

California Current Ecosystem 

Since some of the source waters that supply the northern California Current originate in the Gulf of 

Alaska, more stratified source waters will contribute to increased stratification of coastal waters of the 

northern California Current.
688

  

Comparing the 2081-2120 period to a 40-year period representative of 1860 climate conditions (A2 

scenario), Rykaczewski and Dunne (2010) find that despite increased surface temperatures, associated 

increased stratification, and relatively modest changes in upwelling, nitrate concentration in the upper 200 

m of the CCE is projected to increase eighty percent by year 2100.689 This significant increase in nitrate 
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 *Crusius et al. (2011, p. 1) 
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682
 *Crusius et al. (2011, p. 5) 

683
 *Eos ñResearch Spotlightsò (2011, p. 18) 

684
 *Nicholls et al. (2007, p. 328) 

685
 *Nicholls et al. (2007, p. 328). The authors cite Moore et al. (1997) for this information. 

686
 *Peterson, W. & Schwing, F. (2008, p. 56) 
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 *Rykaczewski and Dunne. Enhanced nutrient supply to the California Current Ecosystem with global warming 

and increased stratification in an earth system model.  (2010, 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 Pacific (20°N to 

45°N) that is expected given the increased stratification.690 

Through the NPLCC region, the decrease in biodiversity in hypoxic areas will reduce ecosystem 

resilience and resistance and may decrease its function in nutrient cycling processes.691 

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 under scenarios 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). 
690

 *Rykaczewski and Dunne. (2010, p. 2) 
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 *Ekau et al.  Impacts of hypoxia on the structure and processes in pelagic communities. (2010, p. 1691) 
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2. ALTERED  OCEAN PRODUCTIVITY   

Observed Trends 

Global 

The annual primary production (accumulation of plant growth during a specified time period, typically by 

photosynthesizers such as phytoplankton) of the worldôs oceans has decreased by at least six percent since 

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 gyres (see Chapter 3, Section 4 for further 

information on gyres).692  Global declines in net primary production (as estimated from the SeaWiFS 

satellite sensor) between 1997 and 2005 were attributed to ocean surface warming.693  

In a meta-analysis of the effects of ocean acidification on marine organisms, ocean acidification did not 

have a significant overall mean effect on photosynthesis.694 Although calcifying organisms had a more 

negative mean effect than non-calcifying organisms, the difference was not significant.695 The mean effect 

was different amongst taxonomic groups, with a significant negative mean effect on calcifying algae.696 

Gulf of Alaska LME 

Iron is an essential micronutrient that limits primary productivity in much of the ocean, including the Gulf 

of Alaska.697 In a study of hydrologic and meteorological controls and their importance as a source of 

bioavailable iron in glacial flour dust storms, Crusius et al. (2011) found that glacial flour (i.e., fine-

grained sediment resulting from glacial erosion) dust plumes are transported several hundred kilometers 

beyond the continental shelf into iron-limited waters of the Gulf of Alaska.698 They estimated the mass of 

dust transported from the Copper River valley during one event in 2006 to be twenty-five to eighty 

kilotons.699 Based on conservative estimates, this equates to a soluble iron loading of 30 to 200 tons.700 

Crusius et al. suggest the total amount from the entire Gulf of Alaska coastline is two to three times larger 

ï comparable to the annual iron flux to Gulf of Alaska surface waters from eddies of coastal origin.701  

                                                      

692
 *Hoegh-Guldberg and Bruno. (2010, 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. 
693

 *Janetos et al. (2008, p. 166) 
694

 *Kroeker et al. Meta-analysis reveals negative yet variable effects on ocean acidification on marine organisms. 

(2010, p. 1425) 
695

 *Kroeker et al. (2010, p. 1425). The authors refer the reader to Fig. 2 in the cited report and provide statistics for 

this result: QM = 0.30, d.f. = 1, P = 0.59. 
696

 *Kroeker et al. (2010, p. 1425). The authors refer the reader to Fig. 3 in the cited report and provide statistics for 

taxonomic groups (QM = 12.03, d.f. = 3, P = 0.02) and calcifying algae (LnRR = -0.33, 95% bias-corrected 

confidence interval = -0.39 to -0.22). 
697

 *Crusius et al. (2011, p. 1) 
698

 *Crusius et al. (2011, p. 1) 
699

 *Crusius et al. (2011, p. 1) 
700

 *Crusius et al. (2011, p. 1) 
701

 *Crusius et al. (2011, p. 1) 
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California Current Ecosystem 

The vertical gradient in ocean temperature off California has intensified over the past several decades.
702

 

Roemmich and McGowan (1995) credited this change in temperature structure for the observed long-term 

decline in zooplankton biomass.
703

 In recent years, the northern California Current appears to have 

recovered from two summers of poor productivity (2005 and 2006) ï the ocean was cold during the 

winter of 2006-07, the spring transition to upwelling conditions was very early (February), and 

zooplankton biomass returned to levels not seen since summer of 2004.
704

 

Future Projections 

Global 

Sarmiento et al. (2004) examined six different coupled climate model simulations to determine the ocean 

biological response to climate warming between the beginning of the industrial revolution and 2050.
705

 

Three different primary production algorithms were used to estimate the response of primary production 

to climate warming based on estimated chlorophyll concentrations.
706

 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.
707

 

Steinacher et al. (2010), on the other hand, project decreases in global mean primary productivity and 

export of particulate organic carbon by 2100 relative to preindustrial conditions (A2 scenario; multi-

model analysis).708  

Finally, algae growth in lagoons and estuaries may respond positively to elevated dissolved inorganic 

carbon (DIC), though marine macroalgae do not appear to be limited by dissolved organic carbon 

levels.709   

Region-wide 

Beyond the coastal waters of the NPLCC region (i.e., farther out to sea than the California Current), 

production and chlorophyll concentration over most of the North Pacific are projected to decline with 

future warming, consistent with the changes in nutrient concentration discussed in the previous section.710 

The projected decline in production is greatest in the subtropical region (20% median decline by 2100 

relative to 1860 levels between 20° and 45° N; A2 scenario) where primary production is limited by the 

supply of macronutrients.711 In the subarctic Pacific, where production is colimited by iron, light, and 

macronutrients, the relative decline in production is less (5% decline between 45° and 65° N); increased 

                                                      

702
 *Peterson, W. & Schwing, F. (2008, p. 56). The authors cite Palacios et al. (2004) for this information and refer 

the reader to Figure 4 in the cited report. 
703

 *Peterson, W. & Schwing, F. (2008, p. 56) 
704

 *Peterson, W. & Schwing, F. (2008, p. 45) 
705

 *Sarmiento et al. Response of ocean ecosystems to climate warming. (2004, p. 1) 
706

 *Sarmiento et al. (2004, p. 1) 
707

 *Sarmiento et al. (2004, p. 1) 
708

 *Steinacher et al. Projected 21
st
 century decrease in marine productivity: a multi-model analysis. (2010, p. 979) 

709
 Nicholls et al. (2007, p. 329-330). The authors cite Beer and Koch (1996) for this information. 

710
 *Rykaczewski and Dunne. (2010, p. 2). The authors refer the reader to Fig. 1c in the cited report. 

711
 *Rykaczewski and Dunne. (2010, p. 2) 
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stratification acts to reduce light limitation and thus iron demand in the subarctic, enhancing the 

efficiency of nitrate uptake.712  

Gulf of Alaska LME 

If global warming results in shorter winters in the north Pacific, areas where production is light limited 

may see higher productivity.
713

 For example, phytoplankton blooms are initiated currently as early as 

February off northern California in years when storm intensity is low.
714

  

California Current 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 season.715 Primary production in these estuaries is likely controlled not by river-driven 

stratification but by coastal upwelling and exchange with the ocean.716 

Future ocean productivity in the California Current is mediated by several mechanisms, each of which 

interacts to determine productivity. Available research on these mechanisms supports both increased and 

decreased ocean productivity. Increases in ocean productivity may occur in the following situations: 

 Rykaczewski and Dunne (2010) examined changes in nutrient supply and productivity of the 

California Current Ecosystem under projected conditions of future global climate.
717

 Comparing 

the 2081-2020 period to a 40-year period representative of 1860 (A2 scenario), they conclude 

primary production is projected to increase in the CCE with future warming (10% by 2100) in 

response to increased nitrate supply tempered by increased iron and light colimitation.
718

 

 Currently light limited areas (e.g., the northern California Current) may see higher productivity in 

the future.
719

 Early blooms result in bursts in egg production by both copepods and euphausiids, 

initiating a cohort of animals that reach adulthood one-two months earlier than a cohort that is 

initiated with the onset of upwelling in March or April.
720

 The result would be a longer plankton 

production season.
721

  

Decreases in ocean productivity may occur in the following situations: 

 Given that the future climate will be warmer, the upper ocean at the basin scale will almost 

certainly be, on average, more stratified.
722

 This 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 zone.
723

 The result will be lower primary 

                                                      

712
 *Rykaczewski and Dunne. (2010, p. 2) 

713
 *Peterson, W. & Schwing, F. (2008, p. 53) 

714
 *Peterson, W. & Schwing, F. (2008, p. 53-54) 

715
 *Hickey and Banas. (2003, p. 1010) 

716
 *Hickey and Banas. (2003, p. 1010) 

717
 *Rykaczewski and Dunne. (2010, p. 1) 

718
 *Rykaczewski and Dunne. (2010, p. 2) 

719
 Peterson, W. & Schwing, F. (2008, p. 53) 

720
 *Peterson, W. & Schwing, F. (2008, p. 54) 

721
 *Peterson, W. & Schwing, F. (2008, p. 54) 

722
 *Peterson, W. & Schwing, F. (2008, p. 53) 

723
 *Peterson, W. & Schwing, F. (2008, p. 53) 
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productivity everywhere (with the possible exception of the nearshore coastal upwelling 

zones).
724

 

 Some global climate models predict a higher frequency of El Niño events, while others predict 

the intensity of these events will be stronger.
725

 If true, primary and secondary production will be 

greatly reduced in the CCE, with negative effects transmitted up the food chain.
726

 However, 

despite considerable progress in understanding the impact of climate change on many of the 

processes that contribute to El Niño variability, it is not yet possible to say whether ENSO 

activity will be enhanced or damped, or if the frequency of events will change.727 

Information Gaps 

Information is needed on observed patterns of ocean productivity in southcentral and southeast Alaska, as 

the research presented here is from a 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.   

                                                      

724
 *Peterson, W. & Schwing, F. (2008, p. 53) 

725
 *Peterson, W. & Schwing, F. (2008, p. 45) 

726
 *Peterson, W. & Schwing, F. (2008, p. 45) 

727
 *Collins et al. The impact of global warming on the tropical Pacific Ocean and El Nino. (2010, p. 391) 



Climate Change Effects in Marine and Coastal Ecosystems 

Draft Final: August 2011 

  
104 

3. ALTERED  FOOD WEB DYNAMICS  

Observed Trends 

Global 

Information needed. 

Region-wide 

In the Pacific Ocean, Chavez et al. (2003) report that air and ocean temperatures, atmospheric carbon 

dioxide, landings of anchovies and sardines, and the productivity of coastal and open ocean ecosystems 

have varied over periods of about fifty years.
728

 Sardine and anchovy ñregimesò are associated with large-

scale changes in ocean temperatures; for twenty-five years the Pacific is warmer than average (the warm, 

sardine regime) and then switches to cooler than average for the next twenty-five years (the cool, anchovy 

regime).
729

 In the northeast Pacific, an intensification (sardine) or relaxation (anchovy) of the Aleutian 

Low has also been observed.730 Instrumental data provide evidence for two full cycles:
731

 

 Cool (anchovy) phases from about 1900 to 1925 and 1950 to 1975:
732

 A stronger and broader 

California Current, brought about during the anchovy regime, is associated with a shallower 

coastal thermocline from California to British Columbia, leading to enhanced primary 

production.733 

 Warm (sardine) phases from about 1925 to 1950 and 1975 to the mid-1990s:
734

  The ñsardine 

regimeò of the 1930s and 1940s was most notable for the sardine fishery off California and its 

collapse.
735

 During the sardine regime from the late 1970s to the early 1990s, zooplankton and 

salmon declined off Oregon and Washington but increased off Alaska.736 Seabird populations 

decreased off California and Peru.737 

As implied above, in the mid-1970s, the Pacific changed from a cool ñanchovy regimeò to a warm 

ñsardine regime.ò
738

 The mid-1970s change has been widely recognized in a myriad of North Pacific 

climatic and biological time series and has been referred to as the 1976ï1977 regime shift, even though its 

precise timing is difficult to assess.
739

 Some indices suggest that the shift occurred rapidly whereas others 

                                                      

728
 *Chavez et al. From anchovies to sardines and back: multidecadal change in the Pacific Ocean. (2003, p. 217) 

729
 *Chavez et al. (2003, p. 217) 

730
 *Chavez et al. (2003, p. 218). The authors cite Miller et al. (1994) for this information. 

731
 *Chavez et al. (2003, p. 217) 

732
 *Chavez et al. (2003, p. 217) 

733
 *Chavez et al. (2003, p. 218). The authors refer the reader to Figure 2 in the cited report. 

734
 *Chavez et al. (2003, p. 217) 

735
 *Chavez et al. (2003, p. 217). The authors cite Lluch-Cota, Hernández-Vázquez and Lluch-Cota (1997) and refer 

the reader to Figure 1E in the cited report for information on the sardine regime of the 1930s and 1940s. 
736

 *Chavez et al. (2003, p. 218). The authors cite Hare and Mantua (2000) and Benson and Trites (2002) for this 

information. 
737

 *Chavez et al. (2003, p. 218). The authors cite Veit, Pyle and McGowan (1996) for information on California. 
738

 *Chavez et al. (2003, p. 217) 
739

 *Chavez et al. (2003, p. 217). The authors cite Ebbesmeyer et al. (1991) for information on climatic time series, 

Hare and Mantua (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 1976-1977 regime shift. 
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suggest a more gradual change, though all indicate a shift in the 1970s.
740

 Table 18 further describes the 

atmospheric, biological, and ecological changes associated with this regime shift. 

Gulf of Alaska LME 

Information needed. 

California Current Ecosystem 

Increasing hypoxia seems to benefit gelatinous plankton and/or squid as observed in the Benguela and 

California current regions.741 Other components of the ñclassicalò marine foodweb are negatively 

affected: certain copepods and fish.742 Within these groups the response is very complex:743  

 In general, small pelagic fish species, such as clupeids, could be more vulnerable than higher 

evolved and more adaptable species such as gobies or flat fish.744  

 No systematic investigation exists on whether higher evolved fishes are more tolerant or adaptive 

to hypoxic conditions than less evolved ones.745   

Jumbo squid (Dosidicus gigas) are opportunistic predators with high turnover rates and high consumption 

rates.
746

 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 warming.
747

 Results from a food web study 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 expansions.
748

  

Currently there is insufficient information to estimate plausible 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 offshore waters.
749

 However, that jumbo 

squid are 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 plausible.
750

 For example, stomach samples collected by 

Field et al. included Pacific hake (Meriuccius productus), small flatfish, rockfish, Pacific sardine 

(Sardinops sagax), Northern anchovy (Engraulis mordax), and California market squid (Loligo 

opalescens).
751

 Such impacts could drive changes at both higher and lower trophic levels.
752

 

                                                      

740
 *Chavez et al. (2003, p. 217) 

741
 *Ekau et al. (2010, p. 1690) 

742
 *Ekau et al. (2010, p. 1690) 

743
 *Ekau et al. (2010, p. 1690) 

744
 *Ekau et al. (2010, p. 1690) 

745
 *Ekau et al. (2010, p. 1690) 

746
 *Field et al. Range expansion and trophic interactions of the jumbo squid (Dosidicus gigas) in the California 

Current. (2007, p. 143) 
747

 *Field et al. (2007, p. 142). The authors cite Perry et al. (2005) for this information. 
748

 *Field et al. (2007, p. 142) 
749

 *Field et al. (2007, p. 143) 
750

 *Field et al. (2007, p. 143) 
751

 Field et al. (2007, Fig. 4, p. 138) 
752

 *Field et al. (2007, p. 143) 
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Future Projections 

Global 

Animal metabolism is temperature-dependent, and consequently ecological processes such as predator-

prey interactions are likely to be altered as warming occurs.
753

 When combined with changing patterns of 

primary productivity and metabolic rate, these fundamental influences have the potential to substantially 

modify ocean food web dynamics, from coastal to open-ocean ecosystems:
754

 

 Respiration is more sensitive than photosynthesis to changes in temperature, resulting in the 

caloric demands of consumers being potentially more strongly influenced by increased 

                                                      

753
 *Hoegh-Guldberg and Bruno. (2010, p. 1525). The authors cite Hochachka and Somero (2002) for information 

on the temperature-dependence of animal metabolism and Sanford (1999) for information on predator-prey 

interactions. 
754

 *Hoegh-Guldberg and Bruno. (2010, p. 1525-1526) 

Table 18.  Synthesis of Pacific conditions during sardine and anchovy regimes. 

Type of 

impact 

Warm ñsardine regimeò 

(mid 1970s to  mid 1990s) 

Cool ñanchovy regimeò 

(1950s through early 1970s) 

 
34

th
 to 48

th
 parallel* 

North of 48
th
 

parallel 
34

th
 to 48

th
 parallel* 

North of 48
th
 

parallel 

Atmospheric 

& PhysicalÀ 

 Weaker upwelling  

 Slower CA 

Current & weaker 

CA Undercurrent  

 Lower  

precipitation in 

WA & lower 

salinity  

 Higher SST & 

stratification  

 Strong 

Aleutian Low  

 More 

downwelling  

 Higher 

precipitation 

& streamflow  

 Higher/strong 

stratification, 

higher SST 

 Stronger 

upwelling  

 Faster CA 

Current &  

stronger CA 

Undercurrent  

 Higher 

precipitation in 

WA & higher 

salinity 

 Lower SST & 

stratification 

 Weak Aleutian 

Low  

 Less 

downwelling  

 Lower 

precipitation 

& streamflow,  

 Lower/weaker 

stratification, 

lower SST 

Biological & 

EcologicalÀ 

 More sardines 

 Less salmon, 

seabirds, rockfish, 

& anchovies 

 Lower nutrients, 

zooplankton, & PP 

 More salmon 

 Higher 

zooplankton, 

PP, & 

nutrients 

 More anchovies, 

salmon, 

seabirds, 

rockfish 

 Less sardines 

 Higher nutrients, 

zooplankton, & 

PP 

 Less salmon 

 Lower PP, 

nutrients, & 

zooplankton 

*The 34
th
 to 48

th
 parallel is the area approximately between southern CA and the Strait of Juan de Fuca.  

À ñSSTò is sea surface temperature. ñPPò is primary production. 

Source: Modified from  Chavez et al. (2003, Fig. 3, p. 220) by authors of this report. 
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temperature when compared to the temperature response of primary production.
755

 Energetic 

demands are increased at warmer temperatures, requiring increased consumption of prey to 

maintain a given growth rate.
756

 These findings have implications 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 temperature increases.
757

  

 Warming has also been 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 sequestration (see Chapter VII, Section 6 for further information).
758

  

With regard to ocean acidification, the negative responses of corals and coccolithophores to ocean 

acidification could have profound repercussions for marine ecosystems, with scleractinian corals serving 

as habitat for coral reef ecosystems and coccolithophores serving as the foundation of its food web.759 

Region-wide 

Several reviewers requested information on whether the ñsardineò or ñanchovyò regime described 

previously is likely for the future. However, Chavez et al. (2003) do not make projections 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 oscillations.
760

 As an example, they 

state overfishing or global warming may alter the response of populations to natural multidecadal 

change.
761

  

Gulf of Alaska LME 

With some assurance that oxygen levels will continue to decline (and nutrient levels increase), it is 

reasonable to project that continental shelf and slope ecosystems in the subarctic Pacific Ocean will lose 

oxygenated habitat if coastal upwelling strengthens.762 For example: 

 The few fish species such as sablefish and some rock fishes that tolerate low oxygen may expand 

their territory, but in general mid-water organisms will be forced to find shallower habitat or 

perish.763 This will increase competition for resources and may expose some species to greater 

predation from above.764 

                                                      

755
 *Hoegh-Guldberg and Bruno. (2010, p. 1525). The authors cite López-Urrutia et al. (2006) for information on the 

sensitivity of respiration to temperature, and refer the reader to Figure 3, A to F, in the cited publication.  
756

 *ISAB. (2007, p. 69) 
757

 *Hoegh-Guldberg and Bruno. (2010, p. 1525). The authors cite Lópze-Urrutia et al. (2006) for this information. 
758

 *Hoegh-Guldberg and Bruno. (2010, p. 1525). The authors cite Morán et al. (2010) for information on the size of 

individual phytoplankton. 
759

 *Kroeker et al. (2010, p. 1428) 
760

 *Chavez et al. (2003, p. 221) 
761

 *Chavez et al. (2003, p. 221) 
762

 *Whitney, Freeland and Robert. (2007, p. 191) 
763

 *Whitney, Freeland and Robert. (2007, p. 191) 
764

 *Whitney, Freeland and Robert. (2007, p. 191) 














































































































































































































































































