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Abstract: We developed spatially explicit representations for seasonal high-seas (open ocean) thermal habitats for six spe-
cies of Pacific salmon (Oncorhynchus spp.) and evaluated the effects of natural climate variability and projected changes
under three Intergovernmental Panel on Climate Change scenarios of future greenhouse gas emissions. Changes in high-seas
habitat due to natural climatic variation in 20th century were small relative to that under anthropogenic climate change sce-
narios for the middle to late 21st century. Under a multimodel ensemble average of global climate model outputs using
A1B (medium) emissions scenario for the entire study area (North Pacific and part of Arctic Ocean), projected winter habi-
tats of sockeye (Oncorhynchus nerka) decreased by 38%, and summer habitat decreased by 86% for Chinook (Oncorhynchus
tshawytscha), 45% for sockeye, 36% for steelhead (Oncorhynchus mykiss), 30% for coho (Oncorhynchus kisutch), 30% for
pink (Oncorhynchus gorbuscha), and 29% for chum (Oncorhynchus keta) salmon by 2100. Reductions were 25% lower for
B1 (lower) emissions and 7% higher for A2 (higher) emissions scenarios. Projected habitat losses were largest in the Gulf of
Alaska and western and central subarctic North Pacific. Nearly complete losses of Gulf of Alaska habitat for sockeye in
both seasons and Chinook in summer raise important policy issues for North American fishery managers and governments.

Résumé : Nous mettons au point des représentations spatialement explicites des habitats thermiques saisonniers de haute-
mer (au large) de six espèces de saumons du Pacifique (Oncorhynchus spp.) et évaluons les effets de la variabilité climatique
naturelle et des changements prévus dans trois scénarios d’émissions futures de gaz à effets de serre produits par le Panel in-
tergouvernemental sur le changement climatique. Les changements dans l’habitat de haute-mer dus à la variation climatique
naturelle au 20ième siècle sont faibles par comparaison aux scénarios de changements climatiques anthropiques prédits pour
le milieu et la fin du 21e siècle. Dans la moyenne d’un ensemble multi-modèles de projections faites par des modèles de cli-
mat global, utilisant le scénario A1B (moyen) pour les émissions dans l’ensemble de la région (Pacifique Nord et partie de
l’Océan Arctique), les habitats d’hiver prédits pour le saumon rouge (Oncorhynchus nerka) diminuent de 38 % et les habi-
tats d’été sont réduits de 86 % pour le saumon chinook (Oncorhynchus tshawytscha), 45 % pour le saumon rouge, 36 %
pour la truite arc-en-ciel anadrome (Oncorhynchus mykiss), 30 % pour le saumon coho (Oncorhynchus kisutch), 30 % pour
le saumon rose (Oncorhynchus gorbuscha) et 29 % pour le saumon kéta (Oncorhynchus keta) vers l’année 2100. Les réduc-
tions sont 25 % plus basses avec le scénario B1 (plus faible) d’émissions et 7 % plus fortes pour le scénario (plus élevé)
A2. Les pertes prédites d’habitat sont les plus importantes dans le golfe de l’Alaska et les portions ouest et centrales du Pa-
cifique Nord arctique. Les pertes presque complètes de l’habitat pour le saumon rouge dans le golfe de l’Alaska pendant les
deux saisons et pour le saumon chinook en été représentent des problèmes importants de politique pour les gouvernements
et les gestionnaires des pêches en Amérique du Nord.

[Traduit par la Rédaction]

Introduction

Scenarios for potential changes in ocean distributions of
economically important species of fish such as Pacific salmon
(Oncorhynchus spp.) can contribute valuable information to

natural resource policy design and management (Schindler et
al. 2008). The high-seas (open ocean) waters of the North Pa-
cific Ocean and its adjacent seas provide vast summer foraging
and overwintering habitats for most major species and stocks
of Pacific salmon. As visual foragers, salmon in the open
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ocean exhibit diurnal patterns of vertical migration, largely
within the surface layer (0–60 m depth) during daylight hours,
while they remain at or near the ocean surface at night (Sakai
et al. 1997; Walker et al. 2007). Because anthropogenic cli-
mate change is predicted to substantially increase upper ocean
temperatures globally in the 21st century (Intergovernmental
Panel on Climate Change 2007), a reasonable assumption is
that future increases in sea surface temperatures (SSTs) will af-
fect open ocean distributions of salmon.
In pioneering research on the potential effects of anthropo-

genic climate warming on the high-seas distributions of Pa-
cific salmon, Welch et al. (1995, 1998a, 1998b) argued for
sharp upper thermal limits in the distribution of high-seas re-
search vessel catches of salmon and speculated that thermal
limits resulted from behavioral avoidance of salmon to bioen-
ergetically unfavorable temperatures. Upper ocean tempera-
tures are known to impact the metabolic rates and aerobic
scope for salmon (Pörtner and Farrell 2008). Welch et al.’s
(1998a, 1998b) analyses identified a substantial northward
shift of the warmest (i.e., southern) thermal boundary and a
potential exclusion of sockeye salmon (Oncorhynchus nerka)
from the entire North Pacific Ocean in summer, as well as a
substantial reduction in thermal habitat of steelhead trout (On-
corhynchus mykiss), by the middle of the 21st century under
an equilibrium climate change scenario with doubled atmos-
pheric CO2 concentrations. Azumaya et al. (2007) also used
research vessel catch data to identify upper and lower thermal
limits for five species of Pacific salmon. Under a scenario
with a spatially uniform 1.5 °C warming of SST and 0.2 psu
reduction in upper ocean salinity, they reported a northward
shift in preferred high-seas salmon habitat in the North Pacific
Ocean. Using the Intergovernmental Panel on Climate Change
(IPCC) A1B (medium) greenhouse gas emissions scenario
(Nakicenovic et al. 2000), Kaeriyama (2008) predicted a large
reduction of chum salmon (Oncorhynchus keta) distributional
area, resulting in a northward displacement towards the Arctic
Ocean, as well as loss of migration routes in the Okhotsk Sea
by the end of the 21st century.
Our objectives in this paper are to extend previous studies

by developing spatially explicit representations of seasonal
(summer and winter) thermal habitats for six species of Pa-
cific salmon and to use the framework for evaluating and
comparing the effects of natural interdecadal climate variabil-
ity on these thermal habitats with that of anthropogenic cli-
mate warming through 2100.

Materials and methods

Study area and stratification of data
The study area included the North Pacific Ocean, Bering

Sea, and part of the Arctic Ocean (Fig. 1a). The entire do-
main was divided into the five subdomains of Arctic Ocean,
Bering Sea, Gulf of Alaska, Subarctic, and Okhotsk Sea
(Fig. 1b). The Eastern Subarctic, as represented by the Gulf
of Alaska, was separated from the rest of the Subarctic North
Pacific because of the importance of the Gulf of Alaska re-
gion for North American salmon. The term “Subarctic”,
therefore, refers to the combined regions of Central and
Western Subarctic. Our historical SST reference period was
the 30-year average centered on the 1980s (1970–1999).
Three 30-year average periods centered on the 2020s (2010–

2039), 2040s (2030–2059), and 2080s (2070–2099) were
used to evaluate the projected changes in temperatures and
reference thermal habitats. The Pacific Decadal Oscillation
(PDO) (Mantua et al. 1997) warm and cool phase eras of
1925–1946 (termed here as 1925s; warm), 1946–1976
(1947s; cool), and 1977–1997 (1977s; warm) were also con-
sidered to assess the impacts of natural, interdecadal climate
variability on the historical, thermally defined high-seas hab-
itat areas for Pacific salmon in the 20th century.

Observations and global climate models (GCMs)
Observed historical mean monthly SSTs were obtained

from the National Oceanic and Atmospheric Administration’s
(NOAA) extended reconstructed SST (ersst version 3b) data
(Smith et al. 2008). Simulated SSTs (mean monthly skin tem-
perature data) for the “climate of the 20th century experiment
(20c3m)”, as well as for three warming scenarios of lower
(SRES B1), medium (SRES A1B), and higher (SRES A2)
greenhouse gas emissions, were obtained from the world
wide web site of the Program for Climate Model Diagnosis
and Intercomparison (PCMDI) (http://www-pcmdi.llnl.gov/).
Further details on the greenhouse gas emissions scenarios
can be found in Nakicenovic et al. (2000). The names, sour-
ces, climate sensitivities, and approximate spatial data resolu-
tions of the 18 GCMs used in this study are presented
(Table 1). As indicated, four GCMs did not provide SSTs for
the A2 emissions scenario; therefore, only 14 models contrib-
uted to the A2 scenario multimodel average.
The observed, historical reference SST climatology of the

1980s was calculated by averaging SST time series at each
grid cell for each calendar month within the 1970–1999 pe-
riod. Likewise, historical mean monthly SSTs were calculated
for the 1925s, 1947s, and 1977s. Multimodel average
monthly SST projections for the 2020s, 2040s, and 2080s
were calculated for each of the three emission scenarios (B1,
A1B, and A2) after regridding and correcting projected SSTs
for model biases.

Regridding and bias correction
Skin temperature is defined as the SST for “open ocean”

in PCMDI’s “IPCC standard output from coupled ocean-
atmosphere GCMs” (table A1a; available at http://www-
pcmdi.llnl.gov/ipcc/standard_output.html). Spatial resolution
of the global, historical SST field was 2° × 2°, while model
resolutions for the “surface skin temperature” simulations
varied approximately from 1.4° × 1.4° to 4° × 5° (latitude
by longitude). Processing of the SST projections of finer spa-
tial resolutions from more detailed oceanographic model
components of the GCMs is computationally more expensive
and not rewarding here given the coarse resolution of the his-
torical SST field and the open ocean focus of the paper. De-
fining the historical data resolution as the reference
resolution, the time-averaged mean monthly SSTs of 2020s,
2040s, and 2080s were regridded to the 2° × 2° reference
grids for consistency with the historical 1980s period (refer
to Appendix A for details on the regridding algorithm used).
The regridded model SSTs were corrected for biases (the

differences between model simulations and historical observa-
tions for the 30 year average centered on the 1980s) of all in-
dividual GCMs. Because each GCM has unique biases in
simulated SST fields, we use a simple delta method to com-
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Fig. 1. Study area representing (a) the North Pacific and Arctic oceans and (b) a coarse delineation of five subdomains within the whole
domain using a historical 2° × 2° grid.
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pute model-specific changes in SSTs relative to each model’s
own reference climatology for the simulated 1980s (1970–
1999) as obtained from their respective 20c3m experiments.
Then, the multimodel average changes of monthly SSTs in dif-
ferent future periods relative to the 1980s were obtained by the
ensemble averages of changes from 14 models for A2 scenario
and 18 models for both B1 and A1B scenarios. The final bias-
corrected mean monthly SST projections for each of the differ-
ent periods and scenarios were constructed by adding the re-
spective ensemble-average changes in mean monthly SSTs to
the observed, historical mean monthly SSTs of 1980s.

Reference ocean thermal limits for Pacific salmon
High-seas salmon survey data collected over the last

50 years were used to identify reference thermal limits for
different species of Pacific salmon. The sources and reported
absolute (all seasons), as well as frequently observed, thermal
ranges for spring through fall (April through October) and
winter (November through March) seasons are presented (Ta-
ble 2). Lower and upper limits, respectively, refer to the cold-
est (northern) and warmest (southern) thermal limits. To
evaluate the historical changes and potential impacts of future
anthropogenic warming on high-seas salmon habitat, we sub-
jectively selected species-specific sets of “frequently ob-
served” thermal ranges as reference ranges for mapping and
analyses in this study. It is important to recognize that these
thermal limits should not be taken as definitive boundaries
for high-seas salmon habitat; instead, we choose these to in-

Table 1. List of global climate models (GCMs) for sea surface temperature simulation outputs used in the study.

Model Source TCR (°C)*
Resolution
(Lat. × Long.)†

BCCR-BCM2.0 University of Bergen, Norway NA 2.8° × 2.8°
CCSM3‡ University Corporation for Atmospheric Research, USA 1.5 1.4° × 1.4°
CGCM (T47) Centre for Climate Modelling and Analysis, Canada 1.9 3.75° × 3.75°
CGCM (T63)‡ Centre for Climate Modelling and Analysis, Canada NA 2.8° × 2.8°
CNRM (CM3) Centre National de Recherches Météorologiques, France 1.6 2.8° × 2.8°
CSIRO (Mk3.5d) Commonwealth Scientific and Industrial Research Organisation, Australia 1.4 1.9° × 1.9°
ECHAM5 Max Planck Institute for Meteorology, Germany 2.2 1.9° × 1.9°
ECHO-G University of Bonn, Germany 1.7 3.75° × 3.75°
FGOALS‡ Institute of Atmospheric Physics, China 1.2 3.0° × 2.8°
GFDL-CM2.0 Geophysical Fluid Dynamics Laboratory, USA 1.6 2.0° × 2.5°
GFDL-CM2.1 Geophysical Fluid Dynamics Laboratory, USA 1.5 2.0° × 2.5°
GISS-AOM (c4×3)‡ Goddard Institute for Space Studies, USA NA 3.0° × 4.0°
GISS-ER Goddard Institute for Space Studies, USA 1.5 3.9° × 5.0°
HADCM3 Met Office, Exeter, UK 2.0 2.5° × 3.75°
INMCM3.0 Institute for Numerical Mathematics, Russia 1.6 4.0° × 5.0°
IPSL Institut Pierre Simon Laplace, France 2.1 2.5° × 3.75°
MIROC-medres Center for Climate System Research – National Institute for Environmental

Studies – Frontier Research Center for Global Change, Japan
2.1 2.8° × 2.8°

PCM National Center for Atmospheric Research (NCAR), USA 1.3 2.8° × 2.8°

*Transient climate response (TCR) is a measure of modeled climate sensitivity. It is defined as the global mean temperature change at the time of CO2

doubling when CO2 is increased at a rate of 1% per year in a simulation (Randall et al. 2007).
†GCMs’ atmospheric model component resolutions are approximate and given in order of latitude (Lat.) × longitude (Long.). Resolutions vary from ap-

proximately 1.4° × 1.4° to 4° × 5°.
‡CCSM3, CGCM (T63), FGOALS, and GISS-AOM did not provide SST projections for A2 scenario.

Table 2. Thermal limits for Pacific salmon based on high-seas data from the North Pacific Ocean and adjacent seas.

Frequently observed range (°C)

Major salmon species Absolute range (°C; all seasons)
Spring–Summer–Fall (April–
October) Winter (November–March)

Sockeye (O. nerka) 1.0–17.3*, 3.3–13.3a, 4.0–17.3e, >1–17.3f 1–12, 1–10l, 2–7m, –12b, 3–9f 1.5–7, 1.5–6p, 2–6q, –7b
Chum (O. keta) 0–15.6*, 2.7–15.6a, 0–15e 1–13m, 3–11f,n, 8–12d 1.5–10p
Pink (O. gorbuscha) 2.8–17*, 2.8–16.6a, 3–17f,g 3–13m, 4–11f, 3–11l 3.5–8.5p
Coho (O. kisutch) 3–16.9*,g,h, 3.7–15.7a 6–13l, 8–12h, 7–12f, 7–11m 5.5–9p
Chinook (O. tshawytscha) 1–18.5*,h,i, –13.4a 1–10, 7–10f, 6–8i, 4–10l, 1–9m 1.5–12, 1.5r, –12s
Steelhead (O. mykiss) 2.8–15.8*,j,k 6–12.5, 8–11.4o, 6–10j, 7–11l,

6–11.9k, 7–12.5c
5–11c

Note: Lower and upper limits, respectively, refer to the coldest and warmest thermal limits. A single temperature with a dash in front indicates the
upper limit of a range. All ranges mainly represent high-seas data. The reference ranges for mapping and analyses in this study were chosen from the
most observed ranges and are highlighted in bold font. Superscript letters indicate the following sources of data: aAzumaya et al. (2007); bWelch et al.
(1998a); cWelch et al. (1998b); dKaeriyama (2008); eWalker et al. (2000a, 2000b);fManzer et al. (1965); gMyers and Bernard (1993); hGodfrey et al.
(1975); iMajor et al. (1978); jOkazaki (1983); kBurgner et al. (1992); lTakagi (1983);mOgura and Takagi (1987); nNeave et al. (1976); oSutherland (1973);
pBirman (1960); qFrench et al. (1976); rKatherine Myers (2009, unpublished data);sHinke et al. (2005).
*Overall range.
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vestigate the sensitivity of habitat areas for different species
under historical climate variations and different future climate
scenarios. The selected reference spring–summer–fall and
winter ranges were, respectively, 1–12 and 1.5–7 °C for sock-
eye salmon, 1–13 and 1.5–10 °C for chum salmon, 3–13 and
3.5–8.5 °C for pink salmon (Oncorhynchus gorbuscha), 6–13
and 5.5–9 °C for coho salmon (Oncorhynchus kisutch), 1–10
and 1.5–12 °C for Chinook salmon (Oncorhynchus tshawyt-
scha), and 6–12.5 and 5–11 °C for steelhead. Reference ther-
mal habitats for different species in different seasons and
periods were determined by applying these reference limits
to the different SST fields (historical versus future scenarios).
The habitat ranges and areas for July and December are

presented in this study as examples of those in summer and
winter seasons, respectively. The computer codes for data
analysis and area determination were written in a MATLAB
platform (The MathWorks Inc., Natick, Massachusetts). SST
contour (i.e., isotherms) and salmon range change maps
were produced in an ArcGIS9.3 platform using Albers equal
area conic projection. The reference habitat areas were ob-
tained by summing the areas of the reference grids represent-
ing the respective reference temperature ranges.

Results

Sensitivity of reference limits
The reference July and December habitat areas of 1980s

for different species were obtained from the total cell areas
of the corresponding mean July and December SST fields
(ersst averaged over 1970–1999) satisfying the respective
reference thermal ranges (Table 2). For each species, the sen-
sitivity of the habitat areas to the specified thermal bounda-
ries was determined by the percent changes in the respective
1980s July and December habitat areas by separately increas-
ing and decreasing one of the thermal limits at a time (i.e.,
either the warmest or coldest limit) by 1 °C while keeping
the other limit unchanged. The ratios of the corresponding
percent changes in the habitat areas and reference limits
were defined as the sensitivity coefficients (Abdul-Aziz et al.
2010), which are nondimensional and show both the magni-
tude and direction of the sensitivity rates. Since both 1 °C
increase and decrease resulted in similar estimates of sensitiv-
ity coefficients, we only reported sensitivity results obtained
with the case of 1 °C increase in the thermal limits as exam-
ples (further details on sensitivity coefficients are given in
Appendix A). Although these coefficients were calculated by

increasing the thermal limits by 1 °C, they may be used to
obtain the corresponding changes in habitat areas for any
changes (both increases and decreases) in the thermal limits
by applying appropriate multiplying factors.
For the change in the warmest thermal limits of July, Chi-

nook salmon exhibited the highest sensitivity with a coeffi-
cient of 1.95, while the sensitivity of the other species
ranged within 0.90 to 1.28 (Table 3). The 1980s July habitats
of different species increased by around 7%–20% for a 1 °C
increase in the warmest limits. However, they showed little
sensitivity to a 1 °C increase in the coldest (northern) limits,
leading to decreases of around 0.5%–2% in the respective
1980s habitat areas. This also indicated a limited region of
habitat expansion to the north if the coldest thermal limits
for July were decreased by 1 °C. The December 1980s habi-
tat areas declined by 7%–37% for a 1 °C increase in the cold-
est (i.e., northern) reference temperatures, depending on the
species. In this case, the sensitivity coefficient for coho sal-
mon was –2.03, while that for the other species ranged from
–0.10 to –1.12. An increase of 1 °C in the warmest limits for
December showed sensitivity coefficients of 0.93 to 2.03 for
all species, leading to increases of around 8%–23% in the
1980s December habitat areas.

Historical changes in reference ocean ranges and habitat
areas of Pacific salmon
The ocean–atmosphere climate phenomenon of the PDO is

expressed in part by basin-scale variations in North Pacific
SSTs. The 20th century PDO variability has been shown to
correspond with shifts in salmon production regimes in the
North Pacific Ocean (Mantua et al. 1997; Hare et al. 1999).
For evaluating the impacts of this natural interdecadal climate
variability on high-seas habitat areas for Pacific salmon, his-
torical July and December reference habitat ranges and areas
of the six species were mapped and quantified for the warm
(1925s: 1925–1946, and 1977s: 1977–1997) and cool (1947s:
1947–1976) PDO eras. The historical ranges of 1925s,
1947s, and 1977s are presented for July and December habi-
tats (Figs. 2 and 3, respectively). The reference historical
ranges of 1980s (i.e., 1970–1999) are not shown here, since
they mostly coincided with those of 1977s. Both the July and
December reference isotherms of different species generally
showed very small displacements between the warm and
cool PDO phases in the 20th century.
The reference historical July and December habitat areas of

1980s within the entire study area are presented (Table 4).

Table 3. Nondimensional sensitivity coefficients (percent changes in parentheses) in 1980s
reference habitat areas for 1 °C increase in respective reference limits.

Limit Sockeye Chum Pink Coho Chinook Steelhead
July
Coldest –0.01 –0.01 –0.01 –0.12 –0.01 –0.13

(–0.6%) (–0.6%) (–0.5%) (–2.1%) (–0.9%) (–2.2%)
Warmest 1.09 1.24 1.26 1.28 1.95 0.90

(9.1%) (9.5%) (9.7%) (9.8%) (19.5%) (7.2%)
December
Coldest –0.18 –0.12 –0.58 –2.03 –0.10 –1.12

(–11.8%) (–7.8%) (–16.7%) (–36.9%) (–6.6%) (–22.4%)
Warmest 1.30 1.22 1.57 2.03 1.05 0.93

(18.5%) (12.2%) (18.4%) (22.6%) (8.8%) (8.4%)
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Fig. 2. Reference July thermal habitat ranges for six major species of Pacific salmon during the Pacific Decadal Oscillation (PDO) periods of
1925s, 1947s, and 1977s.
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Fig. 3. Reference December thermal habitat ranges for six major species of Pacific salmon during the Pacific Decadal Oscillation (PDO)
periods of 1925s, 1947s, and 1977s.
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Table 4. Changes in reference thermal habitat areas of Pacific salmon in the 20th century within the entire
study area (North Pacific and Arctic oceans) during Pacific Decadal Oscillation (PDO) periods.

Time Scenario Sockeye Chum Pink Coho Chinook Steelhead
July
1980s Hist. (million km2) 10.06 10.98 10.80 10.63 6.98 10.23

CV (%) 8 6 5 5 13 6
1925s Hist. (%) 2 0 0 1 3 1
1947s Hist. (%) –3 –2 –2 –2 –3 –2
1977s Hist. (%) –3 –1 –1 –1 –1 –1

December
1980s Hist. (million km2) 7.31 10.95 7.00 5.14 12.99 8.29

CV (%) 5 4 6 11 4 7
1925s Hist. (%) –2 –1 –2 –1 –1 –4
1947s Hist. (%) –4 –5 –3 –9 –4 –7
1977s Hist. (%) 1 1 2 1 0 1

Note: 1980s: 1970–1999; 1925s: 1925–1946; 1947s: 1947–1976; 1977s: 1977–1997. CV is the coefficient of variation
defined as the standard deviation normalized by mean of the historical habitat areas. “Hist.” refers to historical data.

Fig. 4. Potential increases in ensemble mean sea surface temperature (SST) of July and December in the North Pacific and Arctic oceans by
2040s and 2080s under IPCC A1B scenario relative to their observed counterparts in the 1980s historical period.
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The species-specific coefficients of variation (CVs) of histori-
cal habitat areas during 1970–1999, as well as the percent dif-
ferences of the respective habitat areas during the three PDO
periods relative to the reference 1980s areas, are also shown.
The habitat areas of each year during 1970–1999 for different
species were calculated using the respective monthly SST
fields and reference thermal ranges. A nonparametric, Lillie-
fors test (Conover 1980; Lilliefors 1967) for unknown popula-
tion mean and variance showed that the null hypothesis of
normal distribution of these species-specific historical areas
(sample size = 30 for each season and species) could not be
rejected at the 10% significance level. The CVs of the histor-
ical areas were obtained from the 30-year area time series as
the standard deviations normalized by the respective means
and are expressed in percent. The reference habitat areas dur-
ing the PDO periods were calculated based on the mean (i.e.,
averaged over the respective periods) monthly SSTs from his-
torical ersst fields and reference thermal ranges.
The magnitudes of changes in the PDO eras of the 20th

century did not exceed the respective CVs for any species in
July and for most species in December. Only the 1947s
changes in December habitat relative to that of 1980s were
either equal (for Chinook and steelhead) or marginally greater
(for chum) than the respective CVs (Table 4). In general, the
changes of habitat areas and ranges in the 20th century were
within a few percent of the historical references of 1980s.

Projected changes in SST for the 2040s and 2080s
The GCM scenarios showed SST increases of up to ∼3 °C

by the 2080s, with the western North Pacific as well as the
western and northern Bering Sea warming more than the
other parts of the study domain (Fig. 4). Based on the me-
dian of SST increases over the entire study area, July and De-
cember temperatures were projected to increase by around
0.5 °C by 2020s and 1.0 °C by 2040s within the North Pa-
cific and adjacent Arctic basins under all three emission sce-
narios. The A1B scenario showed median increases of
around 2.0 °C both in July and December SSTs by 2080s.
These projections were further corroborated by the plots of
historical ersst and future SST changes at four North Pacific
Ocean locations (Fig. 5). The 2080s increases in temperatures
were around 12% higher for A2 and 31% lower for B1 sce-
narios, respectively, compared with those for A1B.

Potential changes in reference ocean ranges and habitat
areas of Pacific salmon

Entire North Pacific and part of Arctic oceans
Potential changes in reference thermal habitat ranges and

areas were quantified for all six salmon species under the
lower (B1), medium (A1B), and higher (A2) greenhouse gas
emission scenarios based on the reference thermal limits and
the 30-year multimodel ensemble average SST fields for the
future periods (Table 5). Range change maps for each species
in July and December under the A1B emissions scenario are
provided as examples (Figs. 6 and 7). These maps include
isotherms that were developed based on the respective refer-
ence thermal limits for representing the reference historical

Table 5. Projected changes (percent, based on multimodel averages) in reference thermal habitat areas of Pa-
cific salmon in 21st century within the entire study area (North Pacific and Arctic oceans) under three IPCC
climate change (i.e., greenhouse gas emissions) scenarios.

Time Scenario Sockeye Chum Pink Coho Chinook Steelhead
July
1980s Hist. (million km2) 10.06 10.98 10.80 10.63 6.98 10.23

CV (%) 8 6 5 5 13 6
2020s A2 (%) –12 –5 –5 –5 –24 –8

A1B (%) –12 –5 –5 –5 –26 –8
B1 (%) –13 –7 –6 –7 –29 –10

2040s A2 (%) –18 –10 –10 –10 –41 –16
A1B (%) –20 –13 –13 –14 –48 –19
B1 (%) –18 –9 –9 –9 –40 –15

2080s A2 (%) –50 –31 –32 –33 –88 –43
A1B (%) –45 –29 –30 –30 –86 –36
B1 (%) –27 –20 –20 –21 –66 –24

December
1980s Hist. (million km2) 7.31 10.95 7.00 5.14 12.99 8.29

CV (%) 5 4 6 11 4 7
2020s A2 (%) –6 –2 3 2 0 –2

A1B (%) –7 –2 1 2 0 –1
B1 (%) –7 –2 1 2 0 –1

2040s A2 (%) –12 –7 –1 4 –4 –1
A1B (%) –16 –8 –2 3 –6 –1
B1 (%) –9 –4 0 5 –2 –2

2080s A2 (%) –41 –17 –10 4 –12 0
A1B (%) –38 –16 –10 –1 –10 –2
B1 (%) –24 –9 –6 0 –7 0

Note: 1980s: 1970–1999; 2020s: 2010–2039; 2040s: 2030–2059; 2080s: 2070–2099. CV is the coefficient of variation
defined as the standard deviation normalized by mean of the historical habitat areas. “Hist.” refers to historical data.
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(1980s) ranges, as well as for identifying the projected future
(2040s and 2080s) ranges. The future changes in thermal
habitat ranges and areas of each species are described below.
It should be noted that we treated the Gulf of Alaska sepa-
rately from the rest of the Subarctic North Pacific (Central
and Western Subarctic were together termed as “Subarctic”)
because of the importance of the Eastern Subarctic (repre-
sented by the Gulf of Alaska region) for North American sal-
mon (Fig. 1b).

Sockeye salmon
The July 1980s habitat offered favorable thermal environ-

ment for sockeye salmon (Fig. 6a) from mid-latitudes of the
Subarctic North Pacific in the south to the Beaufort, Chuk-
chi, and Laptev seas in the Arctic Ocean in the north. The
east–west expanse of this historical range extended from the
Gulf of Alaska through the Okhotsk Sea. This range was pro-
jected to notably contract by the 2040s because of a north-
ward movement of the warmest (southern) boundary, while
the coldest (northern) boundary was little changed. By the
2080s, the warmest limit moved further northward towards
the Bering Sea, essentially eliminating summertime favorable
habitat from the Gulf of Alaska and substantially reducing
the Subarctic and Okhotsk Sea habitats. A very small north-
ern shift of the coldest boundary slightly increased reference
habitat in the Arctic Ocean. The projected reductions in the

overall July reference habitat for the 2080s were 50% under
A2, 45% under A1B, and 27% under B1 scenarios (Table 5).
Decreases were 12%–13% for the 2020s and 18%–20% for
the 2040s under all three emission scenarios. Magnitudes of
these reductions were much larger than the coefficient of var-
iation (CV) of 8%, which refers to the standard deviation of
potential habitat areas over the 1970–1999 period. Habitat re-
ductions by the 2040s and 2080s were also higher than the
equivalent percent changes of two standard deviations (i.e.,
16%) and three standard deviations (i.e., 24%), respectively.
The projected changes were, therefore, well beyond the range
of historical experiences.
The December 1980s habitat for sockeye salmon (Fig. 7a)

encompassed a relatively narrow east–west band that ex-
cluded the Arctic Ocean and included most of the Bering
Sea and parts of the Gulf of Alaska, Subarctic North Pacific,
and Okhotsk Sea. Both the warmest and coldest thermal
boundaries showed large northward movements, leading to
large habitat reductions by the 2040s and complete elimina-
tion by the 2080s in the Gulf of Alaska. Losses of available
habitat areas in the Subarctic were large by the 2040s and
substantial by the 2080s. However, large areas with favorable
thermal regimes were developed in these future periods in the
Okhotsk Sea through the northward shift of the coldest boun-
daries. The northward shift of the coldest boundary towards
the Bering Strait opened up areas of new habitat in the Be-

Fig. 5. Mean monthly sea surface temperatures (SSTs) in the 1980s (observed; solid line with boxes), 2040s (ensemble model; dotted line
with circles), and 2080s (ensemble model; dotted line with squares) at North Pacific Ocean locations: (a) Bering Sea (54°N, 180°W),
(b) Subarctic (44°N, 180°W), (c) Gulf of Alaska (54°N, 150°W), and (d) Okhotsk Sea (50°N, 150°E). Data for the future time frames repre-
sent the IPCC A1B (medium) emissions scenario. Boxes represent statistics of historical SSTs, with solid lines at the lower quartile, median,
and upper quartile. Whiskers show the extent of SSTs within 1.5 times the interquartile ranges.
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Fig. 6. Reference July thermal habitat ranges in 1980s, 2040s, and 2080s for six major species of Pacific salmon under IPCC A1B (medium)
emissions scenario.
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Fig. 7. Reference December thermal habitat ranges in the 1980s, 2040s, and 2080s for six major species of Pacific salmon under the IPCC
A1B (medium) emissions scenario.
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ring Sea, while some southeastern Bering Sea habitats were
lost because of a northward movement of the warmest boun-
dary by the 2080s. Relative to the historical reference of
1980s, the overall December habitat losses were 41% (A2),
38% (A1B), and 24% (B1) for the 2080s. The losses were
6%–7% for the 2020s and 9%–16% for the 2040s. All of
these reductions exceeded the habitat area CV of 5% from
the 1970–1999 period, whereas losses by the 2080s also ex-
ceeded the equivalent three standard deviations (15%).

Chum salmon
The July 1980s habitat range for chum salmon (Fig. 6b)

closely resembled that for sockeye except for a slightly more
southern location of the warmest limit. This resulted in ap-
proximately 9% more reference habitat area for chum com-
pared with sockeye salmon. Similar to the results for sockeye
salmon, a very small northward movement of the coldest
boundaries was apparent in the 21st century. In contrast,
strong northward shifts in the warmest boundaries notably re-
duced the Gulf of Alaska, Subarctic, and Okhotsk Sea habitats
by the 2040s. Reductions were substantial in the Gulf of
Alaska, Subarctic, and the Okhotsk Sea by the 2080s. The re-
ductions in the overall reference historical habitat for the 2040s
under different emission scenarios were 9%–13%, all of which
exceeded the CV (6%) of the 1970–1999 potential habitat
areas. The 2080s habitat reductions were 20%–31%, which ex-
ceeded the equivalent three standard deviations (18%).
The December 1980s habitat range (Fig. 7b) represented a

relatively wide east–west band, excluding the Arctic Ocean
and including most of the Bering Sea, Gulf of Alaska, Sub-
arctic, and Okhotsk Sea regions. A northward shift of the
warmest boundary partially reduced the Gulf of Alaska and
Subarctic habitats by the 2040s and 2080s, while large areas
of new habitat opened up in the Bering and Okhotsk seas by
a northward movement of the coldest boundary. The reduc-
tions in the total reference habitat area by the southern losses
were substantially compensated by the northern gains. Rela-
tive to the 1980s habitat area, the reductions of 2% by the
2020s and 4%–8% by 2040s were smaller or only marginally
larger than the CV of 4%. In contrast, the 2080s reductions
were 17%, 16%, and 9% under A2, A1B, and B1 scenarios,
respectively.

Pink salmon
The warmest boundary of pink salmon’s (Fig. 6c) July

1980s habitat range was identical to that of chum salmon.
The coldest boundary, however, excluded the Laptev and
Beaufort seas, encompassing around 2% less in the reference
habitat area of chum salmon. Northward movement, as well
as east–west contraction, of the warmest boundary in the fu-
ture periods resulted in reductions in habitat ranges, which
were identical to those for chum salmon. Northward move-
ment of the coldest boundary developed new habitat areas in
the Arctic Ocean, including large areas in the Beaufort Sea
for the 2040s and 2080s. The overall reference habitat area
decreased by 5%–6% for the 2020s, 9%–13% for the 2040s,
and 20%–32% for the 2080s. These habitat area reductions
were all larger than the CV of 5% of the historical potential
areas. The 2080s reductions also exceeded the equivalent
three standard deviations (15%).
The 1980s December habitat range (Fig. 7c) encompassed

a relatively narrow east–west band that included most of the
Gulf of Alaska, much of Bering Sea and Subarctic, and part
of Okhotsk Sea. The northward shift of the warmest boun-
dary reduced much of the Gulf of Alaska and Subarctic hab-
itats by the 2040s and 2080s. However, these northern losses
were substantially compensated by habitat gains through the
northward movement of the coldest boundary that developed
new habitat areas in much of the Okhotsk Sea and most of
the Bering Sea. The magnitudes of changes in the total habi-
tat area by the 2020s and the 2040s under different emission
scenarios were much less than the CV of 6% of the 1970–
1999 potential habitat areas. The habitat reductions were
6%–10% by the 2080s. Only the 10% reductions from the
A1B and A2 emissions scenarios exceeded the CV for the
historical period.

Coho salmon
The warmest boundary of the July 1980s range for coho

salmon (Fig. 6d) also resembled its chum salmon counter-
part. The coldest boundary, however, was located near the
Bering Strait and excluded thermal habitat from the Arctic
Ocean. The reference coho habitat area was approximately
3.6% less than that for chum salmon. SST increases reduced
the east–west extent and displaced the warmest boundary
northward by the 2040s and 2080s, leading to habitat range
reductions identical to those for chum salmon. Although the
northward movement of the coldest boundary developed new
habitats in the Chukchi Sea in the future periods, the overall
reference habitat area decreased by 5%–7% for the 2020s,
9%–14% for the 2040s, and 21%–33% for the 2080s under
different emission scenarios. The 2040s and 2080s habitat
area reductions were greater than, respectively, the two stand-
ard deviations (10%; CV = 5%) and three standard deviations
(15%) of the 1970–1999 potential habitat area variations.
Compared with other species, the reference 1980s Decem-

ber habitat range for coho (Fig. 7d) had a narrower east–west
band, including only most of the Gulf of Alaska and parts of
the Subarctic region. Northward movement of the coldest
boundary opened new habitat areas in much of the Bering
Sea and parts of the Okhotsk Sea by the 2040s and 2080s.
These gains in total habitat area were, however, almost bal-
anced by losses through the northward shift of the warmest
boundary. The total habitat area showed mostly slight in-
creases and occasionally very little decrease or no changes at
all in the future periods. All of these changes were much less
than the CV of 11% of the historical potential habitat areas.

Chinook salmon
The July 1980s habitat of Chinook salmon (Fig. 6e) en-

compassed a much smaller geographic range and area com-
pared with that for other species. It included a small portion
from the Gulf of Alaska in the east and extended through
much of the Okhotsk Sea in the west. In the north–south di-
mension, it extended from the edge of Subarctic through the
Beaufort, Chukchi, and Laptev seas in the Arctic Ocean. The
drastic northward movement and east–west contraction of the
warmest boundary caused a complete elimination of the Gulf
of Alaska habitat, substantial reductions of the Okhotsk Sea
and Subarctic habitats, and a large reduction of the Bering
Sea habitat by the 2040s. The 2080s SST changes resulted
in complete eliminations of the Okhotsk Sea and Subarctic
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habitats, as well as a substantial reduction of the Bering Sea
habitat. The coldest boundary also moved slightly northward
to contribute only a small increase in total habitat by opening
new areas in the Arctic Ocean. The overall reductions in the
total reference habitat area under different emission scenarios
for the 2020s were 24%–29%, which were much larger than
the CV of 13% of the historical areas. The 2040s habitat
area reductions were 41%–48% and the 2080s reductions
were 88% (A2), 86% (A1B), and 66% (B1), which by far ex-
ceeded the three standard deviations (39%) of the 1970–1999
potential habitat areas.
The December 1980s habitat range for Chinook salmon

(Fig. 7e) exhibited a wider east–west band than that for other
species. It excluded the Arctic Ocean while including the
Gulf of Alaska, the Subarctic, most of the Bering Sea, and
parts of the Okhotsk Sea. Climatic warming shifted both the
warmest and coldest boundaries northward, which led to hab-
itat losses in the Gulf of Alaska and Subarctic while opening
new areas in the Bering and Okhotsk Seas. Although the to-
tal habitat area remained unchanged for the 2020s, it was re-
duced by 2%–6% by the 2040s. The reductions of 7%–12%
by the 2080s were greater than the CV of 4%. However,
only the reductions of 10%–12% under the medium (A1B)
and higher (A2) emissions scenarios exceeded the equivalent
two standard deviations (8%) of the potential historical areas.

Steelhead trout
The July 1980s range of steelhead (Fig. 6f) closely re-

sembled that for coho salmon except for a slight northward
extension of the warmest boundary, which resulted in approx-
imately 3.7% less area in the reference habitat. A strong
northward shift and east–west contraction in the warmest
boundary caused notable reductions in the Subarctic,
Okhotsk Sea, and Gulf of Alaska habitat areas for the 2040s.
Habitat reductions for the 2080s were substantial in the Gulf
of Alaska and high in the Subarctic and Okhotsk Sea,
although small areas of new habitat opened up in the Chuk-
chi Sea. Reductions in the overall habitat area were 8%–10%
for the 2020s, 15%–19% for the 2040s, and 24%–43% for the
2080s, all of which exceeded the historical period CV of 6%.
Further, the areal reductions by the 2040s exceeded two
standard deviations (12%), while that for 2080s exceeded
three standard deviations (18%).
The December 1980s habitat range (Fig. 7f) encompassed

a relatively narrow east–west band, including most of the
Gulf of Alaska and Subarctic, as well as a part of the Bering
Sea. None of the Okhotsk Sea and Arctic Ocean habitats was
included in this range. By the 2040s and 2080s, the north-
ward shift of the coldest boundary opened up new habitat
areas in much of the Bering and Okhotsk seas. These gains
in the total habitat range and area were, however, nearly com-
pletely compensated by almost equal losses through the
northward shift of the warmest boundary. Consequently, the
total habitat area in future periods either remained unchanged
or reduced slightly by 1%–2%, which was substantially
smaller than the CV of 7% of the historical potential habitat
areas.

Subdomains of North Pacific and Arctic oceans
The potential future changes in the reference thermal habi-

tat areas of all six species were also quantified for the five

subdomains of the entire study area: Arctic Ocean, Bering
Sea, Gulf of Alaska, Subarctic, and Okhotsk Sea (Fig. 1b).
Because the Gulf of Alaska is an important rearing area for
North American salmon, we treated this region separately
from the rest of the Subarctic North Pacific. The Central and
Western Subarctic were evaluated together as the “Subarctic”.
The reference 1980s habitat areas (km2) for the summer
month of July and winter month of December and projected
changes by the 2020s, 2040s, and 2080s under the three
emission scenarios of B1, A1B, and A2 are presented (Ta-
bles 6–10). Unlike the previous section, the projected
changes are presented here in units of million km2, rather
than in percentage (%) of the 1980s habitat to avoid any sin-
gularity arising from the absence of reference 1980s habitat
for some species in some subdomains.

Arctic Ocean
This subdomain provided July 1980s thermal habitat areas

of around 0.13–0.31 million km2 for sockeye, chum, pink, and
Chinook salmon (Table 6). The Arctic Ocean supported no
July 1980s habitats for coho salmon and steelhead, as well as
no December 1980s habitats for any species. Climatic warm-
ing developed new areas for the reference July habitat, leading
to new habitat areas of 0.01–0.20 million km2 for different
species, including coho salmon and steelhead, for each of the
future periods under all three emission scenarios. However, no
reference December habitats appeared in the Arctic Ocean for
any species under any emission scenarios for these periods.

Bering Sea
The reference July 1980s range provided suitable thermal

habitat areas of around 2.49 million km2 for each species
throughout the entire Bering Sea area (Table 7). The refer-
ence habitat area for Chinook salmon was reduced by 0.13–
2.22 million km2 (5% to 89%) for the 2020s through 2080s.
It remained unchanged for chum, pink, and coho salmon
through the 2080s and for sockeye salmon and steelhead
through the 2040s. By the 2080s, reference sockeye salmon
habitat decreased by approximately 0.16 million km2 (6%)
under medium (A1B) and higher (A2) emission scenarios
while remaining unchanged under the B1 emission scenario.
There were no reductions by the 2080s for steelhead refer-
ence habitat under B1 and A1B scenarios, but a reduction of
around 0.03 million km2 (1%) occurred under the A2 sce-
nario. The Bering Sea did not provide a favorable 1980s De-
cember habitat for coho salmon while offering substantial
habitat areas for the other five species. Climatic warming de-
veloped new areas that increased the Bering Sea’s reference
December habitat areas by up to 1.49 million km2 for the six
species by the 2080s under different emissions scenarios.

Gulf of Alaska
The reference 1980s habitat areas of both July and Decem-

ber stayed within 0.41–4.57 million km2 for different species
in this region (Table 8). These reference areas decreased by
around 0.26–2.09 million km2 by the 2020s through 2080s
under different emission scenarios. The most striking reduc-
tions were the complete (i.e., 100%) elimination of the July
reference area for Chinook salmon under each of the three
emission scenarios and the December reference area for sock-
eye salmon under A2 and A1B scenarios by the 2080s.
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Subarctic
The Subarctic provided reference 1980s habitat areas of

1.77–4.43 million km2 for different species during July and
December (Table 9). The reference habitats decreased by
around 0.04–1.77 million km2 by the 2020s through the
2080s. The reference July habitat of Chinook salmon, in par-

ticular, was completely eliminated from this region by the
2080s under each of the three emission scenarios.

Okhotsk Sea
The reference July 1980s range for different species gener-

ally provided habitat areas of around 1.05–1.46 million km2,

Table 6. Reference historical thermal habitat areas (million km2) of Pacific salmon and projected changes (mil-
lion km2) in 21st century within the Arctic Ocean under three IPCC climate change scenarios.

Time Scenario Sockeye Chum Pink Coho Chinook Steelhead
July
1980s Hist. 0.31 0.31 0.13 0.00 0.31 0.00
2020s A2 0.03 0.03 0.08 0.04 0.03 0.04

A1B 0.03 0.03 0.08 0.02 0.03 0.02
B1 0.01 0.01 0.08 0.02 0.01 0.02

2040s A2 0.05 0.05 0.08 0.04 0.05 0.04
A1B 0.06 0.06 0.14 0.06 0.06 0.06
B1 0.03 0.03 0.08 0.04 0.03 0.04

2080s A2 0.20 0.20 0.15 0.07 0.20 0.07
A1B 0.15 0.15 0.14 0.07 0.15 0.07
B1 0.06 0.06 0.14 0.06 0.06 0.06

December
1980s Hist. 0.00 0.00 0.00 0.00 0.00 0.00
2020s A2 0.00 0.00 0.00 0.00 0.00 0.00

A1B 0.00 0.00 0.00 0.00 0.00 0.00
B1 0.00 0.00 0.00 0.00 0.00 0.00

2040s A2 0.00 0.00 0.00 0.00 0.00 0.00
A1B 0.00 0.00 0.00 0.00 0.00 0.00
B1 0.00 0.00 0.00 0.00 0.00 0.00

2080s A2 0.00 0.00 0.00 0.00 0.00 0.00
A1B 0.00 0.00 0.00 0.00 0.00 0.00
B1 0.00 0.00 0.00 0.00 0.00 0.00

Note: 1980s: 1970–1999; 2020s: 2010–2039; 2040s: 2030–2059; 2080s: 2070–2099. “Hist.” refers to historical data.

Table 7. Reference historical thermal habitat areas (million km2) of Pacific salmon and projected changes (mil-
lion km2) in 21st century within the Bering Sea under three IPCC climate change scenarios.

Time Scenario Sockeye Chum Pink Coho Chinook Steelhead
July
1980s Hist. 2.49 2.49 2.49 2.49 2.49 2.49
2020s A2 0.00 0.00 0.00 0.00 –0.13 0.00

A1B 0.00 0.00 0.00 0.00 –0.18 0.00
B1 0.00 0.00 0.00 0.00 –0.13 0.00

2040s A2 0.00 0.00 0.00 0.00 –0.32 0.00
A1B 0.00 0.00 0.00 0.00 –0.50 0.00
B1 0.00 0.00 0.00 0.00 –0.32 0.00

2080s A2 –0.16 0.00 0.00 0.00 –2.22 –0.03
A1B –0.16 0.00 0.00 0.00 –2.10 0.00
B1 0.00 0.00 0.00 0.00 –0.68 0.00

December
1980s Hist. 1.96 1.96 1.03 0.00 1.96 0.12
2020s A2 0.24 0.24 0.35 0.18 0.24 0.46

A1B 0.27 0.27 0.35 0.18 0.27 0.49
B1 0.27 0.27 0.35 0.18 0.27 0.49

2040s A2 0.29 0.29 0.58 0.52 0.29 0.66
A1B 0.31 0.31 0.63 0.66 0.31 0.77
B1 0.29 0.29 0.52 0.44 0.29 0.63

2080s A2 0.04 0.47 1.20 1.45 0.47 1.49
A1B 0.13 0.45 1.12 1.26 0.45 1.43
B1 0.36 0.36 0.76 0.81 0.36 0.99

Note: 1980s: 1970–1999; 2020s: 2010–2039; 2040s: 2030–2059; 2080s: 2070–2099. “Hist.” refers to historical data.
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encompassing all or most of the Okhotsk Sea (Table 10). The
reference areas decreased by 0.03–1.18 million km2 in the
2020s through the 2080s under different emission scenarios
for all species except steelhead. July reference habitat for
steelhead remained unchanged through the 2020s while de-

creasing by 0.03–0.83 million km2 (2% to 59%) in the 2040s
and 2080s. By the 2080s, the reference July habitat of Chi-
nook salmon was completely (i.e., 100%) eliminated from
this region under the A1B and A2 scenarios. The December
1980s range provided habitat areas of approximately 0.17–

Table 8. Reference historical thermal habitat areas (million km2) of Pacific salmon and projected changes (mil-
lion km2) in 21st century within the Gulf of Alaska under three IPCC climate change scenarios.

Time Scenario Sockeye Chum Pink Coho Chinook Steelhead
July
1980s Hist. 2.16 2.83 2.83 2.83 0.41 2.50
2020s A2 –0.66 –0.40 –0.40 –0.40 –0.32 –0.40

A1B –0.66 –0.43 –0.43 –0.43 –0.38 –0.49
B1 –0.72 –0.53 –0.53 –0.53 –0.38 –0.64

2040s A2 –0.97 –0.59 –0.59 –0.59 –0.41 –0.85
A1B –1.15 –0.86 –0.86 –0.86 –0.41 –1.06
B1 –1.06 –0.74 –0.74 –0.74 –0.41 –0.97

2080s A2 –1.97 –1.89 –1.89 –1.89 –0.41 –2.03
A1B –2.00 –1.97 –1.97 –1.97 –0.41 –2.09
B1 –1.54 –1.34 –1.34 –1.34 –0.41 –1.43

December
1980s Hist. 1.41 3.39 2.45 2.68 4.57 4.03
2020s A2 –0.40 –0.41 –0.43 –0.26 –0.40 –0.46

A1B –0.43 –0.41 –0.46 –0.30 –0.40 –0.46
B1 –0.45 –0.45 –0.49 –0.30 –0.40 –0.46

2040s A2 –0.72 –0.62 –0.70 –0.59 –0.62 –0.64
A1B –0.87 –0.75 –0.86 –0.75 –0.76 –0.74
B1 –0.72 –0.62 –0.70 –0.55 –0.58 –0.64

2080s A2 –1.41 –1.40 –1.50 –1.43 –1.39 –1.42
A1B –1.41 –1.43 –1.59 –1.46 –1.29 –1.42
B1 –1.32 –0.91 –1.11 –0.97 –0.97 –1.01

Note: 1980s: 1970–1999; 2020s: 2010–2039; 2040s: 2030–2059; 2080s: 2070–2099. “Hist.” refers to historical data.

Table 9. Reference historical thermal habitat areas (million km2) of Pacific salmon and projected changes (mil-
lion km2) in 21st century within the Subarctic under three IPCC climate change scenarios.

Time Scenario Sockeye Chum Pink Coho Chinook Steelhead
July
1980s Hist. 2.61 2.72 2.72 2.72 1.77 2.72
2020s A2 –0.50 –0.04 –0.04 –0.04 –0.55 –0.36

A1B –0.50 –0.04 –0.04 –0.04 –0.57 –0.32
B1 –0.50 –0.07 –0.07 –0.07 –0.64 –0.39

2040s A2 –0.68 –0.36 –0.36 –0.36 –0.93 –0.64
A1B –0.68 –0.50 –0.50 –0.50 –1.19 –0.71
B1 –0.64 –0.18 –0.18 –0.18 –0.93 –0.53

2080s A2 –1.61 –1.02 –1.02 –1.02 –1.77 –1.40
A1B –1.49 –0.85 –0.85 –0.85 –1.77 –1.13
B1 –0.81 –0.68 –0.68 –0.68 –1.77 –0.78

December
1980s Hist. 2.02 3.61 2.42 2.19 4.43 3.48
2020s A2 –0.38 –0.33 –0.06 –0.30 –0.04 –0.36

A1B –0.45 –0.33 –0.10 –0.26 –0.11 –0.36
B1 –0.45 –0.33 –0.06 –0.26 –0.15 –0.36

2040s A2 –0.79 –0.88 –0.36 –0.32 –0.64 –0.56
A1B –0.92 –0.91 –0.37 –0.35 –0.78 –0.53
B1 –0.55 –0.52 –0.18 –0.24 –0.38 –0.45

2080s A2 –1.46 –1.55 –1.27 –0.81 –1.34 –1.07
A1B –1.36 –1.41 –0.95 –0.66 –1.12 –0.94
B1 –1.09 –0.98 –0.58 –0.50 –0.89 –0.45

Note: 1980s: 1970–1999; 2020s: 2010–2039; 2040s: 2030–2059; 2080s: 2070–2099. The Central and Western Subarctic
were lumped together and termed as “Subarctic”. Eastern Subarctic was included in the Gulf of Alaska subdomain (Fig. 1b).
“Hist.” refers to historical data.
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0.81 million km2 for sockeye, chum, pink, and Chinook sal-
mon. No December habitats for coho salmon and steelhead
were present in this region. By the 2040s and 2080s, climatic
warming developed new habitat areas of 0.07–0.57 mil-
lion km2 in the Okhotsk Sea for these two species. The refer-
ence winter habitat areas increased by 0.20–0.88 million km2

for the other three species within the three future periods.

Discussion
This study raises some crucial concerns for managers of

salmon fisheries and policy makers. For example, conserva-
tion and restoration efforts for Chinook salmon in the Colum-
bia River Basin and sockeye salmon in British Columbia
have largely been focused on freshwater habitats. Our results
show that the high-seas ocean distributions of these two spe-
cies are projected to be the most strongly impacted by
anthropogenic climate change. Further, the high-seas Gulf of
Alaska habitat for Chinook salmon (in summer) and sockeye
salmon (in summer and winter) could be completely lost by
the end of 21st century. This leads to extremely important
public policy issues for North American governments be-
cause the Gulf of Alaska has historically been recognized as
the primary foraging ground for many populations of North
American sockeye salmon (e.g., stocks of British Columbia)
and Chinook salmon (e.g., certain stocks from the Columbia
River Basin, although their offshore distribution is not well
known). High priority should, therefore, be given in the fu-
ture to develop a better understanding of stock-specific distri-
bution of salmon on the high seas.
Thermal limits were subjectively chosen from published

data and defined as “reference”, rather than “actual”, thermal
limits in this study. The choice of thermal limits is inherently

subjective because there are no unique guidelines to define
them. The habitat areas based on our choice of reference lim-
its exhibited a range of sensitivities. For example, a 1 °C in-
crease in the thermal limits resulted in approximately 0.5% to
37% changes in the 1980s reference habitat areas for different
species. Although sensitivity coefficients were quantified
based on the 1980s reference habitat areas, they are nondi-
mensional and, therefore, can be applied for other time fames
to approximately quantify any overestimations or underesti-
mations caused by the choice of thermal limits. For example,
our July reference upper thermal limit of 13 °C for chum,
pink, and coho salmon would have overestimated their re-
spective 2080s habitat areas by around 10% compared with
the areas obtained by using 12 °C. Explicit tests of empiri-
cally derived thermal limits should be conducted in future re-
search to assess the validity of these limits.
The projected declines in summer habitat area were least

for chum, pink, and coho salmon. Because pink, chum, and
sockeye salmon have substantial diet overlap on the high
seas, differential impacts on total high-seas habitat areas may
lead to an increased competitive dominance of pink and chum
salmon over sockeye salmon (that has higher projected habitat
decline), while greater density-dependent growth reductions
from crowding should be expected for all species (e.g., Rug-
gerone et al. 2003; Ruggerone and Nielsen 2004, 2009).
Another interesting issue is the potential for the northward

displacement of favorable thermal habitats at sea to influ-
ence the freshwater distribution and life history variants of
Pacific salmon. Notably, ocean warming in the nearshore
portions of the Bering, Chukchi, and Beaufort seas may en-
able more successful Pacific salmon colonizations of Arctic
rivers or increases in the abundance for small populations
that are currently spawning and rearing in Arctic watersheds

Table 10. Reference historical thermal habitat areas (million km2) of Pacific salmon and projected changes (mil-
lion km2) in 21st century within the Okhotsk Sea under three IPCC climate change scenarios.

Time Scenario Sockeye Chum Pink Coho Chinook Steelhead
July
1980s Hist. 1.39 1.46 1.46 1.46 1.05 1.39
2020s A2 –0.03 –0.07 –0.07 –0.07 –0.53 0.00

A1B –0.03 –0.07 –0.07 –0.07 –0.53 0.00
B1 –0.03 –0.07 –0.07 –0.07 –0.68 0.00

2040s A2 –0.15 –0.07 –0.07 –0.07 –0.86 –0.03
A1B –0.15 –0.07 –0.07 –0.07 –0.92 –0.12
B1 –0.12 –0.07 –0.07 –0.07 –0.83 –0.03

2080s A2 –1.18 –0.54 –0.54 –0.54 –1.05 –0.83
A1B –0.82 –0.33 –0.33 –0.33 –1.05 –0.41
B1 –0.32 –0.15 –0.15 –0.15 –0.99 –0.15

December
1980s Hist. 0.81 0.81 0.17 0.00 0.81 0.00
2020s A2 0.23 0.23 0.23 0.00 0.23 0.07

A1B 0.23 0.23 0.20 0.00 0.23 0.10
B1 0.26 0.26 0.20 0.00 0.26 0.07

2040s A2 0.51 0.51 0.30 0.07 0.51 0.17
A1B 0.51 0.51 0.36 0.10 0.51 0.17
B1 0.43 0.43 0.23 0.07 0.43 0.10

2080s A2 0.62 0.72 0.88 0.41 0.72 0.57
A1B 0.60 0.67 0.67 0.24 0.67 0.41
B1 0.59 0.59 0.46 0.10 0.59 0.17

Note: 1980s: 1970–1999; 2020s: 2010–2039; 2040s: 2030–2059; 2080s: 2070–2099. “Hist.” refers to historical data.

1676 Can. J. Fish. Aquat. Sci. Vol. 68, 2011

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Sa

nt
a 

B
ar

ba
ra

 (
U

C
SB

) 
on

 0
9/

13
/1

1
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



(Stephenson 2006; Irvine et al. 2009). The anadromous life
history form of O. mykiss (steelhead trout) might also be-
come more viable in southwestern Alaska streams (e.g.,
Bristol Bay) that currently are thought to host only resident
rainbow trout (Burgner et al. 1992), but in the future will lie
within the boundaries of steelhead thermal reference habitat
in both summer and winter. In contrast, the west coast’s
North American salmon would have to travel longer through
unfavorable thermal regimes to migrate back from the central
North Pacific or Bering Sea to British Columbia watersheds
or the Columbia River Basin. An assessment possibly
through bioenergetics modeling would provide better in-
sights into the energetic costs of this migration and subse-
quent successes under a warming climate.
The differences in the reference habitat ranges and areas

among different salmon species were caused by the differen-
ces among their reference thermal limits. Projected reductions
of the habitat ranges and areas in the 21st century were partic-
ularly influenced by the upper thermal limits. For example,
the highest reductions in the reference July habitat of Chinook
salmon, as well as that in the December habitat of sockeye
salmon, corresponded to the lowest July and December upper
thermal limits, respectively. These outcomes were expected,
since the smaller upper thermal limits were located in regions
of the North Pacific where the ocean basin narrows consider-
ably to the north. Projected changes in the reference habitat
areas of individual species were relatively insensitive to the
choice of emissions scenario until the 2040s because the
GCMs projected similar temperature increases under all three
emission scenarios up to this time period.
The higher future habitat losses in the Gulf of Alaska and

Subarctic for both seasons, as well as in the Bering and
Okhotsk seas for summer, were caused by the relatively high
historical SSTs and stronger SST increases in these regions.
Additionally, some of the striking reductions in the Gulf of
Alaska habitat areas in this study were related to our choice
of upper thermal limits defined for the entire North Pacific
and adjacent Arctic Ocean basins. For example, application
of 15 °C as a regional upper limit for sockeye salmon in the
Gulf of Alaska (as hinted at by Welch et al. 1998a) added
around 2.28 million km2 to the 1980s July habitat area ob-
tained with the applied overall limit of 12 °C. This regional
upper limit of 15 °C resulted in sockeye summer habitat area
reductions of 31%–42% in the Gulf of Alaska for 2080s,
rather than the 71%–93% area reduction based on the 12 °C
upper thermal limit. Similar explanations may apply for the
substantial reductions–eliminations of summer and winter
habitats for other species from the Gulf of Alaska.
Our results largely agree with the results of the previous

studies that used seasonally fixed thermal limits and SST
projections from a limited number of future climate scenarios
and GCM projections (e.g., Welch et al. 1998a; Azumaya et
al. 2007; Kaeriyama 2008). These studies generally indicated
large reductions of available summer habitats for Pacific sal-
mon, particularly from the northeast Pacific Ocean – Gulf of
Alaska regions. While Welch et al. (1998a, 1998b) antici-
pated a potential exclusion of sockeye summer habitat and
substantial reductions of summer as well as winter habitats
for steelhead in the North Pacific Ocean by the end of the
21st century, Azumaya et al. (2007) estimated average de-
creases of 13% in summer habitats and increases of 19% in

winter habitats for five species (excluding steelhead). In con-
trast, our analysis showed substantial reductions of summer
as well as winter habitats for sockeye salmon and only
summer habitats for the other five species. These differences
can be attributed to the application of different, season-
specific thermal limits and multimodel average projected
SST fields under different IPCC greenhouse gas emissions
scenarios considered in this study. In particular, the year-
round fixed upper thermal limits of Azumaya et al. (2007)
were much higher than those used in this study, leading to
smaller reductions in summer habitats and increases, rather
than decreases, in winter habitats. Further, their study incor-
porated a climate scenario representing a spatially uniform
1.5 °C warming of SST and 0.2 psu reduction in upper ocean
salinity, while our study used only SST projections from a
large number of GCMs, leading to spatially nonuniform SST
increases of up to 3 °C in both seasons.
Our results support the hypothesis that anthropogenic cli-

mate change in the 21st century may result in an increase in
the Arctic habitat for salmon in the summer season. Although
results of this analysis mainly apply to the high-seas thermal
habitats, our analysis provides important insights into the po-
tential changes in coastal habitats for Pacific salmon. For ex-
ample, substantial reductions of summer habitats are
indicated for all six species both from the eastern and west-
ern North Pacific nearshore ocean regions by 2040s and
2080s, while winter habitats appear to be predominantly lost
from the eastern ocean basin and slightly gained in the west-
ern basin, particularly near the Okhotsk Sea region. This may
indicate a possible redistribution of winter habitats for Pacific
salmon between the eastern and western North Pacific coasts
as a consequence of climatic warming.
This paper presents possible reference high-seas thermal

habitats of Pacific salmon in the 20th and 21st centuries.
This approach does not guarantee the presence or absence of
salmon in any ocean domains because temperature is not
likely the sole determinant of ocean distributions for Pacific
salmon. Other factors such as salinity, acidity, ocean currents,
predator–prey availability, prey quality, etc., are also impor-
tant. The thermal habitat preferences identified in high-seas
surveys are likely far from the species-specific lethal upper
thermal limits. Salmon species might adapt to changing ther-
mal conditions through acclimation, evolution, alternative mi-
gration timing or routes, and (or) other pathways to survive
through the projected unfavorable temperature regimes.
Some species might adapt behaviorally by reducing their sur-
face orientation and finding refuge in the relatively cool
deeper ocean if they can also satisfy requirements for feeding
and predator avoidance. Reliable high-seas survey and moni-
toring data collected in the future with new and rapidly
evolving technologies (e.g., archival and acoustic fish tags
and tracking used in combination with autonomous under-
water gliders that measure environmental conditions) can in-
vestigate these possibilities.
In conclusion, historical changes in the summer and winter

thermal habitat areas of Pacific salmon species during the
warm and cool PDO eras of the 20th century were within a
few percent of their reference 1980s habitats. Interdecadal
average habitat area changes were mostly much lower than
the interannual CVs obtained from species-specific habitat
area time series of the 30-year (1970–1999) historical refer-
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ence period. Scenarios for climatic warming led to substantial
northward displacements, as well as east–west contractions,
of the warmest habitat boundaries of reference July habitats
for all salmon species in the 21st century. The projected
changes in July reference habitat ranges and areas for all spe-
cies, as well as in December habitat for sockeye salmon, dur-
ing the 21st century were much larger than those in the
historical time frames. Chinook and sockeye salmon were
projected to experience the greatest reductions relative to his-
torical July and December habitat areas, respectively. Accord-
ing to the A1B scenario, the reference July thermal habitat
was projected to decrease by around 86% for Chinook, 45%
for sockeye, 36% for steelhead, 30% for coho, 30% for pink,
and 29% for chum salmon by 2080s. The projected decrease
in the reference winter habitat for sockeye salmon was around
38% by 2080s under the A1B scenario. The reductions were
around 25% lower and 7% higher than those for B1 and A2
scenarios, respectively.
Research herein focused on the ensemble mean state of the

habitat range and areas of Pacific salmon based on subjec-
tively chosen reference thermal limits, historical SST fields,
and multimodel (GCMs) ensemble SST projections. Although
effects of uncertainties associated with the parameters of refer-
ence thermal limits were investigated with sensitivity analysis,
a comprehensive analysis of all the uncertainties stemming
from SST projections of individual, as well as ensemble,
GCMs were beyond the scope of this paper. Additional study
into the limiting factors on the high-seas behavior and distri-
bution of salmon is necessary to better understand climate im-
pacts on the high-seas ranges of Pacific salmon. These are
important topics for future research.

Acknowledgements
The research described in this paper was funded by a

grant from the Gordon and Betty Moore Foundation admin-
istered by the National Center for Ecological Analysis and
Synthesis (NCEAS), University of California, Santa Barbara.
Participation by Katherine Myers was funded by award
No. NA04NMF4380162 from NOAA, administered by the
Alaska Department of Fish and Game for the Arctic–Yukon–
Kuskokwim Sustainable Salmon Initiative and a grant from
the Washington Sea Grant Program, University of Washing-
ton, pursuant to National Oceanic and Atmospheric Adminis-
tration Award No. NA07OAR4170007, Project No. R/F-160.
This publication is partially funded by the Joint Institute for
the Study of the Atmosphere and Ocean (JISAO) under
NOAA Cooperative Agreement No. NA17RJ1232, Contribu-
tion No. 1835. The statements, findings, conclusions, and
recommendations are those of the authors and do not neces-
sarily reflect the views of NOAA or any of its subagencies.
The SST projections for the GCMs were obtained from the
PCMDI data portal (Table 1). Important suggestions from
Robert V. Walker, Nancy D. Davis, Todd Mitchell, as well
as GIS mapping tips from Robert Norheim and Yan Jiang,
from the University of Washington are gratefully acknowl-
edged. We thank David Welch and an anonymous reviewer
for providing valuable critiques and insightful comments.

References
Abdul-Aziz, O.I., Wilson, B.N., and Gulliver, J.S. 2010. Two-zone

model for stream and river ecosystems. Hydrobiologia, 638(1):
85–107. doi:10.1007/s10750-009-0011-7.

Azumaya, T., Nagasawa, T., Temnykh, O.S., and Khen, G.V. 2007.
Regional and seasonal differences in temperature and salinity
limitations of Pacific salmon. N. Pac. Anadr. Fish Comm. Bull.
4. pp. 179–187. Available from http://www.npafc.org/new/
pub_bulletin.html [accessed 28 October 2010].

Birman, I.B. 1960. New information on the marine period of life and
the marine fishery of Pacific salmon. Tr. Soveshch. Ikhtiol. Kom.
Akad. Nauk SSSR. 10: 151–164. [Available on request from the
Pacific Biological Station Library, Nanaimo, B.C.] [English
translation, Fish. Res. Board Can. Transl. Ser. 357, 1962.]

Burgner, R.L., Light, J.T., Margolis, L., Okazaki, T., Tautz, A., and
Ito, S. 1992. Distribution and origins of steelhead trout
(Oncorhynchus mykiss) in offshore waters of the North Pacific
Ocean. Int. N. Pac. Fish. Comm. Bull. 51.

Conover, W.J. 1980. Practical nonparametric statistics, John Wiley
and Sons, Inc., New York.

French, R., Bilton, H., Osako, M., and Hartt, A. 1976. Distribution and
origin of sockeye salmon (Oncorhynchus nerka) in offshore waters
of the North Pacific Ocean. Int. N. Pac. Fish. Comm. Bull. 34.

Godfrey, H., Henry, K.A., and Machidori, S. 1975. Distribution and
abundance of coho salmon in offshore waters of the North Pacific
Ocean. Int. N. Pac. Fish. Comm. Bull. 31.

Hare, S.R., Mantua, N.J., and Francis, R.C. 1999. Inverse production
regimes: Alaskan and west coast Pacific salmon. Fisheries, 21(1):
6–14.

Hinke, J.T., Foley, D.G., Wilson, C., and Watters, G.M. 2005.
Persistent habitat use by Chinook salmon Oncorhynchus tsha-
wytscha in the coastal ocean. Mar. Ecol. Prog. Ser. 304: 207–220.
doi:10.3354/meps304207.

Intergovernmental Panel on Climate Change. 2007. Climate Change
2007: synthesis report. Contribution of Working Groups I, II and
III to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Edited by R.K. Pachauri and A. Rei-
singer. Core Writing Team, IPCC, Geneva, Switzerland.

Irvine, J.R., Macdonald, R.W., Brown, R.J., Godbout, L., Reist, J.D.,
and Carmack, E.C. 2009. Salmon in the Arctic and how they
avoid lethal low temperatures. N. Pac. Anadr. Fish Comm.
Bull. 5. pp. 39–50. Available from http://www.npafc.org/new/
pub_bulletin.html [accessed 28 October 2010].

Kaeriyama, M. 2008. Ecosystem-based sustainable conservation
and management of Pacific salmon. In Fisheries for global
welfare and environment, memorial book of the 5th World
Fisheries Congress 2008. Edited by K. Tsukamoto, T. Kawamura,
T. Takeuchi, T.D. Bard, Jr., and M.J. Kaiser. TERRAPUB e-
Library. ISBN No.: 978-4-88704-144-8. pp. 371–380. Available
from http://www.terrapub.co.jp/onlineproceedings/fs/wfc2008/
index.html [accessed 28 October 2010].

Lilliefors, H.W. 1967. On the Kolmogorov–Smirnov test for normal-
ity with mean and variance unknown. J. Am. Stat. Assoc. 62(318):
399–402. doi:10.2307/2283970.

Major, R.L., Ito, J., Ito, S., and Godfrey, H. 1978. Distribution and
origin of Chinook salmon (Oncorhynchus tshawytscha) in offshore
waters of the North Pacific Ocean. Int. N. Pac. Fish. Comm. Bull. 38.

Mantua, N.J., Hare, S.R., Zhang, Y., Wallace, J.M., and Francis, F.C.
1997. A Pacific interdecadal climate oscillation with impacts on
salmon production. Bull. Am. Meteorol. Soc. 78(6): 1069–1079.
doi:10.1175/1520-0477(1997)078<1069:APICOW>2.0.CO;2.

Manzer, J.I., Ishida, T., Peterson, A.E., and Hanavan, M.G. 1965.
Salmon of the North Pacific Ocean. Part V. Offshore distribution
of salmon. Int. North Pac. Fish. Comm. Bull. 15.

Myers, K.W., and Bernard, R.L. 1993. Biological information on
Pacific salmon and steelhead trout in observer samples from the

1678 Can. J. Fish. Aquat. Sci. Vol. 68, 2011

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Sa

nt
a 

B
ar

ba
ra

 (
U

C
SB

) 
on

 0
9/

13
/1

1
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Japanese squid driftnet fishery in 1990. Int. North Pac. Fish.
Comm. Bull. 53 (II). pp. 217–238.

Nakicenovic, N., Alcamo, J., Davis, G., de Vries, B., Fenhann, J.,
Gaffin, S., Gregory, K., Grübler, A., Jung, T.-Y., Kram, T., Lebre
La Rovere, E., Michaelis, L., Mori, S., Morita, T., Pepper, W.,
Pitcher, H., Price, L., Riahi, K., Roehrl, A., Rogner, H.,
Sankovski, A., Schlesinger, M., Shukla, P., Smith, S., Swart, R.,
van Rooijen, S., Victor, N., and Zhou, D. 2000. Special report on
emissions scenarios: a special report of Working Group III of the
Intergovernmental Panel on Climate Change. Cambridge Uni-
versity Press, Cambridge, UK.

Neave, F., Yonemori, T., and Bakkala, R.G. 1976. Distribution and
origin of chum salmon in offshore waters of the North Pacific
Ocean. Int. N. Pac. Fish. Comm. Bull. 35.

Ogura, M., and Takagi, K. 1987. Difference in area of distribution
between salmon and flying squid based on data collected by
Japanese salmon research vessels, 1983–1986. Document sub-
mitted to International North Pacific Fisheries Commission.
Fisheries Agency of Japan, Tokyo, Japan. Available on request
from the Secretariat, North Pacific Anadromous Fish Commission,
Vancouver, B.C.

Okazaki, T. 1983. Distribution and seasonal abundance of Salmo
gairdneri and Salmo mykiss in the North Pacific Ocean. Jpn. J.
Ichthyol. 30: 235–246.

Pörtner, H.O., and Farrell, A.P. 2008. Physiology and climate change.
Science, 322(5902): 690–692. doi:10.1126/science.1163156.
PMID:18974339.

Randall, D.A., Wood, R.A., Bony, S., Colman, R., Fichefet, T., Fyfe,
J., Kattsov, V., Pitman, A., Shukla, J., Srinivasan, J., Stouffer, R.J.,
Sumi, A., and Taylor, K.E. 2007. Climate models and their
evaluation. In Climate Change 2007: the physical science basis.
Contribution of Working Group I to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change. Chapter 8.
Edited by S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis,
K.B. Averyt, M. Tignor, and H.L. Miller. Cambridge University
Press, Cambridge and New York. pp. 589–662.

Ruggerone, G.T., and Nielsen, J.L. 2004. Evidence for competitive
dominance of pink salmon (Oncorhynchus gorbuscha) over other
salmonids in the North Pacific Ocean. Rev. Fish Biol. Fish. 14(3):
371–390. doi:10.1007/s11160-004-6927-0.

Ruggerone, G.T., and Nielsen, J.L. 2009. A review of growth and
survival of salmon at sea in response to competition and climate
change. Am. Fish. Soc. Symp. 70: 241–265.

Ruggerone, G.T., Zimmermann, M., Myers, K.W., Nielsen, J.L., and
Rogers, D.E. 2003. Competition between Asian pink salmon
(Oncorhynchus gorbuscha) an Alaskan sockeye salmon (O. nerka)
in the North Pacific Ocean. Fish. Oceanogr. 12(3): 209–219.
doi:10.1046/j.1365-2419.2003.00239.x.

Sakai, J., Ueno, Y., Ishida, Y., and Nakayama, K. 1997. Vertical
distribution of salmon determined by an acoustic survey in the
North Pacific Ocean in the winter of 1996. Salmon Rep. Ser. 42:
72–76.

Schindler, D.E., Augerot, X., Fleishman, E., Mantua, N., Riddell, B.,
Ruckelshaus, M., Seeb, J., and Webster, M. 2008. Climate change,
ecosystem impacts, and management for Pacific salmon. Fisheries,
33(10): 502–506. doi:10.1577/1548-8446-33.10.502.

Smith, T.M., Reynolds, R.W., Peterson, T.C., and Lawrimore, J.
2008. Improvements to NOAA’s historical merged land–ocean
surface temperature analysis (1880–2006). J. Clim. 21(10): 2283–
2296. doi:10.1175/2007JCLI2100.1.

Stephenson, S.A. 2006. A review of the occurrence of Pacific salmon
(Oncorhynchus spp.) in the Canadian Western Arctic. Arctic, 59:
37–46.

Sutherland, D.F. 1973. Distribution, seasonal abundance, and some

biological features of steelhead trout, Salmo gairdneri, in the
North Pacific Ocean. Fish Bull. 71: 787–826.

Takagi, K. 1983. Differences in areas of distribution between salmon
and flying squid. Document submitted to International North
Pacific Fisheries Commission. Fisheries Agency of Japan, Tokyo,
Japan. Available on request from the Secretariat, North Pacific
Anadromous Fish Commission, Vancouver, B.C.

Walker, R.V., Myers, K.W., Davis, N.D., Aydin, K.Y., Friedland, K.D.,
Carlson, H.R., Boehlert, G., Urawa, S., Ueno, Y., and Anma, G.
2000a. Diurnal variation in thermal environment experienced by
salmonids in the North Pacific as indicated by data storage tags.
Fish. Oceanogr. 9(2): 171–186. doi:10.1046/j.1365-2419.2000.
00131.x.

Walker, R.V., Myers, K.W., Davis, N.D., Aydin, K.Y., and Friedland,
K.D. 2000b. Using temperature data from data storage tags to
model potential salmon growth. N. Pac. Anadr. Fish. Comm.
Bull. 2. pp. 301–308. Available from http://www.npafc.org/new/
pub_bulletin.html [accessed 28 October 2010].

Walker, R.V., Sviridov, V.V., Urawa, S., and Azumaya, T. 2007. Spatio-
temporal variation in vertical distributions of Pacific salmon in the
ocean. N. Pac. Anadr. Fish Comm. Bull. 4. pp. 193–201. Available
from http://www.npafc.org/new/pub_bulletin.html [accessed 28
October 2010].

Welch, D.W., Chigirinsky, A.I., and Ishida, Y. 1995. Upper thermal
limits on the oceanic distribution of Pacific salmon (Oncor-
hynchus spp.) in the spring. Can. J. Fish. Aquat. Sci. 52(3): 489–
503. doi:10.1139/f95-050.

Welch, D.W., Ishida, Y., and Nagasawa, K. 1998a. Thermal limits
and ocean migrations of sockeye salmon (Oncorhynchus nerka):
long-term consequences of global warming. Can. J. Fish. Aquat.
Sci. 55(4): 937–948. doi:10.1139/f98-023.

Welch, D.W., Ishida, Y., Nagasawa, K., and Eveson, J.P. 1998b.
Thermal limits on the ocean distribution of steelhead trout
(Oncorhynchus mykiss). N. Pac. Anadr. Fish Comm. Bull. 1.
pp. 396–404. Available from http://www.npafc.org/new/pub_
bulletin.html [accessed 28 October 2010].

Appendix A

Regridding algorithm
The regridding was performed by developing and verifying

a distance-weighted spatial interpolation formula, which can
be stated in functional form as

ðA:1Þ SSTref;j ¼

Xn
i¼1

wi � SSTmod;i

Xn
i¼1

wi

where SSTref,j is the temperature at reference grid point j,
SSTmod,i is the temperature at model grid point i, wi = 1/dij
is the weight assigned to the model grid i, dij is the great-
circle distance between model grid i and reference grid j ob-
tained by using Haversine formula (see below), and n is the
total number of neighboring model grids (i) considered for
each reference grid j. As apparent, the model grids closer to
the reference grid get the higher weights. In general, n = 4
was used in this study. In the case of superposition between
reference and model grid points (i.e., dij = 0), both n and wi
were assigned to 1.0 to avoid singularity. Contamination of
coastal SSTs by land surface temperatures was minimized by

Abdul-Aziz et al. 1679

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Sa

nt
a 

B
ar

ba
ra

 (
U

C
SB

) 
on

 0
9/

13
/1

1
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



excluding coastal grid points that contained 50% or more
land surface compared with that of sea. These percent “land
area fraction” data were available for all 18 GCMs except
CGCM (T47) (Table 1). The land area fraction data from
ECHO-G were used for CGCM (T47), as they had an identi-
cal spatial resolution.

Haversine formula for calculating distance on sphere
The great-circle distance d between any two points B and

C with respective geographic coordinates of (lB, 4B) and (lC,
4C) on sphere can be determined as (Sinnott 1984)

ðA:2Þ d ¼ 2� R sin�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin 2

4B � 4C

2

� �
þ cosð4BÞ � cosð4CÞ � sin 2

lB � lC

2

� �s" #

where l and 4 are, respectively, the longitudes and latitudes
in radians, and R is the radius of the sphere. A mean radius
of 6371 km was used for the Earth’s sphere in this study.

Formula for calculating area of a grid on sphere
Assuming points B and C of the previous section form two

opposite corners on a diagonal of a grid on the sphere, mag-
nitude of the projected trapezoidal area of the grid (Agrid) can
analytically be derived as

ðA:3Þ Agrid ¼ R2 �Dl�D4� cosð4Þ � cosðD4=2Þ

where Dl ¼ absðlB � lCÞ, D4 ¼ absð4B � 4CÞ,
4 ¼ ð4B þ 4CÞ=2, abs refers to the absolute value, and others
are as previously defined.

Definition of sensitivity coefficients
Following Abdul-Aziz et al. (2010), the nondimensional

sensitivity coefficient (S*) can be defined as

ðA:4Þ S� ¼ DA�

DT�

where DA* = DA/Aref and DT* = DT/Tref are, respectively,
the proportionate (i.e., nondimensional) changes in the refer-
ence habitat area (Aref, km2) and thermal limit (Tref, °C); DA
is the corresponding change (km2) in the reference area for
the change (°C) in the reference thermal limit, DT. Thus,
DA (km2) for any DT (°C) can be calculated by simply rear-
ranging terms in eq. A.4 as

ðA:5Þ DA ¼ S� �DT

Tref
� Aref
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