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ABSTRACT: The climatology and hydrology of western North America display strong periodic cycles which are correlated
with the low-frequency Pacific Decadal Oscillation (PDO). The PDO’s signature is seen throughout the entire North Pacific
region, with related significant associations to hydrology and ecology in western North America and northeastern Asia.
Therefore, the status of the PDO in a warmer world caused by anthropogenic climate change is of great interest. We
developed early 21st-century projections of the PDO, using data from archived runs of the most recent high-resolution
global climate models from the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (Phase 3 of
the Coupled Model Intercomparison Project). Because of the geographical adjacency and hypothesized interactions between
the PDO and the El Niño-Southern Oscillation (ENSO), and between the PDO and the North Atlantic Oscillation/Arctic
Oscillation (NAO/AO), we also developed concurrent projections of ENSO and the NAO and examined their relationships
with the projected PDO. For the B1, A1B and A2 Special Report on Emissions Scenarios (SRES) emission scenarios,
the PDO projections for 2000–2050 showed a weak multi-model mean shift towards more occurrences of the negative
phase PDO, which becomes statistically significant for the time period 2000–2099. However, not all the models showed
a consistent shift to negative PDO conditions. Copyright  2011 Royal Meteorological Society
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1. Introduction

The Pacific Decadal Oscillation (PDO) is a re-occurring
sea surface temperature (SST) pattern that describes a
large amount of North Pacific Ocean variability (Mantua
et al., 1997; Zhang et al., 1997; Mantua and Hare,
2002). When the PDO is in its warm or positive phase,
SSTs in the central north Pacific are relatively low and
northeastern Pacific SSTs are warmer and vice versa in
the cool or negative phase. The low-frequency PDO shifts
phases on an inter-decadal time scale, usually at about
20–35 years (Minobe, 1997, 1999; Mantua and Hare,
2002) from warm to cool phases in 1890 and 1947 and
from cool to warm in 1925 and 1977 (Minobe, 1997;
Deser et al., 2004). The PDO is primarily a wintertime
(November to March) phenomenon.

The PDO has significant correlations with the clima-
tology and hydrology of northwestern North America
(Mantua et al., 1997; Mantua and Hare, 2002; McCabe
and Dettinger, 2002; Stewart et al., 2005; St. Jacques
et al., 2010; Whitfield et al., 2010; Wise, 2010). Winter
precipitation in this region is higher (lower) and win-
ter temperatures are cooler (warmer) when the PDO is
in a negative (positive) phase, and vice versa in south-
western North America (Mantua et al., 1997; Mantua and
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Hare, 2002). Therefore, strong negative correlations exist
between the PDO and precipitation and river discharge
in the Pacific Northwest and corresponding positive cor-
relations in the American southwest and northern Mex-
ico. The PDO’s signature is also seen throughout the
North Pacific region, with related significant associations
in Alaskan, northeastern Siberian, Manchurian, Korean
and Japanese hydroclimatology (Mantua and Hare, 2002;
Deser et al., 2004). Physical oceanographic patterns prop-
agate into ecological impacts as strong fingerprints of
the PDO are shown in ocean productivity and fisheries
populations (Mantua et al., 1997; Francis et al., 1998;
McGowan et al., 1998; Anderson and Piatt, 1999; Man-
tua and Hare, 2002; Zhang et al., 2004; Chen and Hare,
2006).

The precise nature of the couplings among the extra-
tropical North Pacific Ocean and its overlying atmo-
sphere is an active research area, with much evidence
suggesting that the North Pacific atmospheric circulation
actually drives the underlying mixed-layer oceanic vari-
ability (Davis, 1976; Trenberth and Hurrell, 1994; Lau,
1997; Kushnir et al., 2002). However, the PDO reflects
an integrated or rectified measure of the North Pacific
atmosphere-ocean system. Given this and the PDO’s mul-
tiple, major linkages with the northern Pacific Basin’s
climatology, hydrology and marine ecology, its status in
a warmer world caused by anthropogenic climate change
is of great interest. In this study, we developed early
21st-century projections of the PDO, using data from
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archived runs of the most recent high-resolution global
climate models (GCMs), and examined whether there
was a clear tendency for the models to demonstrate a
shift in the North Pacific Ocean towards more positive
or negative PDO phase-like conditions. This study is the
first to explicitly project the PDO as calculated by EOF
analysis of North Pacific SST residuals, as defined by
Mantua et al. (1997) and Zhang et al. (1997). Because of
the hypothesized interactions between the PDO and the
El Niño-Southern Oscillation (ENSO), and between the
PDO and the North Atlantic Oscillation/Arctic Oscillation
(NAO/AO), we also examined the concurrent projection
of ENSO and the NAO.

2. PDO projection method

As a part of the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (AR4) Phase 3
of the Coupled Model Intercomparison Project (CMIP3),
international modelling centres submitted their projec-
tions for the 21st century under different emission sce-
narios, together with their simulations of 20th-century
climate and control runs to scrutiny by the wider sci-
entific community (Meehl et al., 2007). These data
from 23 GCMs are archived by the Program for Cli-
mate Model Diagnosis and Intercomparison (PCMDI) of
Lawrence Livermore National Laboratory (http://www-
pcmdi.llnl.gov/ipcc/about ipcc,php). Details of the GCMs
are found in IPCC4 (2007), Table VIII.1. Because of the
importance of recurring large-scale climate patterns (e.g.
the PDO, ENSO) for regional climates, researchers have
begun to critically examine these CMIP3 runs for their
capacity to model atmosphere-ocean climate oscillations
(Muller and Roeckner, 2006; IPCC4, 2007; Overland and
Wang, 2007; Yu and Zwiers, 2007; Oshima and Tanimoto,
2009; Stoner et al., 2009; Wang et al., 2010). From the
23 GCMs with archived data, we chose those best able
to simulate the PDO, using comparisons of spatial and
temporal patterns of variability from the 20th-century
observed records, the 20th-century simulations and the
control runs. We specifically examined the GCMs’ capac-
ity to simulate low-frequency variability using the multi-
century pre-industrial control runs, which were initially
run to ensure model stability and determine the models’
representation of natural climate variability. To project
the PDO into the future, we selected model runs under
the B1, A1B and A2 Special Report on Emissions Sce-
narios (SRES) emission scenarios, which were available
for nearly all GCMs (Nakicenovic et al., 2000).

In order to project the PDO, a method of calculating
the PDO must be selected from various algorithms avail-
able (Mantua et al., 1997; Minobe, 1997; Overland and
Wang, 2007; Zhang et al., 1997; Oshima and Tanimoto,
2009). For the calculation of the PDO from instrumental
data, we followed the method described in Mantua et al.
(1997) (ftp://ftp.atmos.washington.edu/mantua/pdofiles/)
and Zhang et al. (1997). Our PDO index is the leading
Principal Component (PC) from an unrotated EOF anal-
ysis of monthly ‘residual’ North Pacific SST anomalies,

poleward of 20°N for the 1900–1993 time period. ‘Resid-
uals’ are the difference between the observed monthly
SST anomalies and the monthly mean global average
SST anomaly (Zhang et al., 1997). The PDO index
post-1993 was calculated by projecting the 1994–2008
observed and 1994–2050 GCM residual SST anomalies
onto the leading eigenvector or loading pattern (EOF
1) from the 1900 to 1993 SST data (Mantua, personal
communication). All EOF analyses were performed with
MATLAB. Any further analyses using the PDO index
were done with November to March averaged data, with
the individual months first normalized by 1961–1990.
Our main methodological divergence from Mantua et al.
(1997) lies in our use of the later and more complete
sea surface temperature HadSST2 data set (Rayner et al.,
2003) (http://www.cru.uea.ac.uk/cru/data/temperature/),
rather than the earlier HadSST1 (Folland and Parker,
1990, 1995) and the optimally interpolated SST data
(Reynolds and Smith, 1995). Following are more detailed
accounts of the derivation of the PDO index from
observed and modelled SSTs.

2.1. Calculation of the PDO for 1900–2008
from observed SST data

Data used: monthly SST-centred anomalies from the
HadSST2 data set for 1900–2008 (http://www.cru.uea.ac.
uk/cru/data/temperature/).

The data are arranged as a 5° × 5° grid covering the
global ocean, with the first grid point centred at 177.5 °W
and 87.5 °N. These SSTs are standardized at each grid
point by subtracting the monthly means for 1961–1990
calculated from each individual grid point. The 2009 data
were not yet available when this analysis was performed.

2.1.1. Method

(1) North Pacific SST grid represents all grid points in
the North Pacific Ocean north of 20°N and south
of 65°N in the HadSST2 data set, consisting of
197 grid points in total. North Pacific SST defines
the field of SST anomalies (from HadSST2) from
the grid points in North Pacific SST grid, covering
1900–2008. This field consists of 197 time series,
each of length 1308 (12 months × 109 years).

(2) Global Ocean SST grid represents all grid points in
the global ocean north of 35 °S and south of 75°N in
the HadSST2 data set. A large portion of the Southern
Ocean is deleted because there simply are not enough
SST data spanning 1900–2008 in this region. There
are a total of 1177 grid points in this data set.

(3) Using the Global Ocean SST grid locations, a
monthly mean global SST anomaly time series
(Observed global mean) was calculated for 1900–
2008, i.e. for each month in each year, the mean SST
anomaly was computed over the entire global ocean.
The Observed global mean data set has a length of
1308 (12 months × 109 years).

(4) A Residual observed SST anomaly field for the
North Pacific was created by subtracting, component-
wise, the Observed global mean time series from
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each individual SST time series in North Pacific
SST grid.

(5) The Residual observed SST anomaly field was trun-
cated to consist of data only from 1900–1993,
with the resulting field called 1900–1993 Residual
observed SST anomaly. The data from each of the
197 grid locations are now time series of length
1128 (12 months × 94 years). An EOF analysis
of the 1900–1993 Residual observed SST anomaly
field was undertaken using the temporal covari-
ance matrix, without any normalization or rotation
(Bjornsson and Venegas, 1997; Wilks, 2006). In per-
forming the EOF analysis, missing data points were
set to zero. Owing to the paucity of data from the
North Pacific in the earlier decades of the 1900s, this
was an issue that had to be addressed. The PDO index
for 1900–1993 is the leading PC time series (or PC
1) from this analysis. Mapping the leading eigenvec-
tor or loading pattern produces the 1900–1993 PDO
pattern in the North Pacific (Figure 1).

(6) PDO index values for 1994–2008 were computed
differently, following the methodology of Mantua
et al. (1997). The Residual observed SST anomaly
field was truncated to consist of data only from
1994–2008, with this field being called 1994–2008
Residual observed SST anomaly. The data from each
of the 197 grid locations are now time series
of length 192 (12 months × 16 years). Project-
ing the 1994–2008 Residual observed SST anomaly
field onto the leading eigenvector from step (5) gives
the PDO index for 1994–2008.

(7) The monthly PC time series was normalized relative
to 1961–1990 (i.e. centred by subtracting the cor-
responding monthly mean for 1961–1990 and then
divided by the corresponding standard deviation) and
winter (November to March) indices were extracted
and then averaged together.

2.2. Calculation of the PDO for 1900–2050
from GCM data

This was computed analogously to above, simply replac-
ing the observed SST data by GCM SST data. For each
chosen GCM and for each of its archived paired 20th
and 21st-century runs, the GCM SSTs were regridded,
using MATLAB, to the same 5° × 5° gridcell size as
the Hadley Centre SST data set for direct comparison.

We started with the 12 CMIP3 models that Wang et al.
(2010) deemed suitable for projecting the PDO (using
only those which had full 20th-century simulation runs
available). Wang et al. (2010) and Overland and Wang
(2007) used a simpler method based upon EOF analysis
of SSTs in their seminal papers, rather than EOF analysis
of the residual SSTs, as Mantua et al. (1997) and Zhang
et al. (1997) defined the PDO to be. First, in order to
determine the GCMs best able to simulate the observed
PDO spatial pattern, we compared, via spatial correlation
coefficients, the mapped leading eigenvector (EOF 1)
from an unrotated EOF residual analysis of each 20th-
century simulation run to the mapped EOF 1 of the

observed North Pacific residual data (‘the PDO pattern’).
Only GCMs with correlations greater than 0.7 with the
observed North Pacific EOF 1 were considered suitable
for further analysis.

Because of the geographical adjacency and the hypoth-
esized interactions between the PDO and ENSO and
between the PDO and the NAO/AO, we decided that
any GCM used for PDO projection must also reason-
ably reproduce a recognizable ENSO and NAO/AO. This
manuscript takes no part in the debate about whether
or not the NAO is a manifestation of the AO, but sim-
ply uses the close relationship between the two indices
that allows the NAO to be a proxy for the AO. We
used the averaged June to November Southern Oscilla-
tion Index (SOI) [i.e. the normalized difference between
monthly mean sea level pressure (SLP) at Tahiti and Dar-
win] as our ENSO metric (Ropelewski and Jones, 1987)
and the difference between winter (December to March)
monthly normalized mean SLP at Gibraltar and Reyk-
javik as our NAO metric (Jones et al., 1997). We use
the two-point SLP definitions of the SOI and NAO, with
their centennial length time series, given our focus on
the low-frequency variability of the PDO. We visually
compared the correlation map of the observed SOI with
Pacific SLPs to similar correlation maps of the SOI for
each 20th-century simulation run. Likewise, we compared
the correlation map of the observed NAO with northern
hemisphere Atlantic-centred SLPs to similar correlation
maps of the NAO for each 20th-century simulation run.
Only GCMs which produced a recognizable SOI and
NAO spatial pattern were analysed further.

The statistical significance of changes in the PDO, SOI
and NAO indices between 1900–1999 and 2000–2050
were assessed by two-tailed t-tests, for each individual
run and the multi-model mean, comparing the simula-
tion mean index for each emissions scenario to the cor-
responding projected mean index. Autocorrelation was
present in many of the time series. Hence, the sig-
nificance of any shift in the mean of an index was
assessed using a Monte Carlo t-test (Manly, 1998).
Using the R programming language Version 2.9.1 the
full 150-year index was randomly shuffled and divided
into a 99-year initial portion and a 51-year latter
portion and a t-statistic between the two was com-
puted (R Development Core Team, 2008). This was
done 10 000 times. The number of times the actual
t-statistic exceeded the randomly simulated t-statistic was
determined, as well as the number of times the converse
occurred, and the two-tailed significance was assessed at
the 5% level.

In order to ascertain if the observed PDO was still
present in the same form in the projected 2000–2050
North Pacific Ocean, we performed a similar unrotated
EOF analysis of the 2000–2050 residual projected SST
anomalies. The mapped EOF 1 and EOF 2 were then
compared by spatial correlation to EOF 1 and EOF 2
from the 1900 to 1993 observed data. We then under-
took two further analyses to determine how similar
the GCM-derived PDO indices were to the observed
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Figure 1. The spatial patterns of the leading EOFs of North Pacific SST residuals for the ten chosen CMIP3 models, based upon the 20th-century
simulations, together with that from the PDO (i.e. EOF 1 from the observed 1900–1993 HadSST2 data). The percent variance explained is given
after the model name; spatial correlation coefficients from comparison with the 1900–1993 observed PDO pattern indicated in the upper right
hand corner. Colour scale shows PCA loadings (×100). If multiple runs were available for a model, ensemble means are presented for brevity.

This figure is available in colour online at wileyonlinelibrary.com/journal/joc

PDO. First, we examined the GCMs for their capacity
to produce the low-frequency variability at periodici-
ties characteristic of the PDO, i.e approximately 20 and
60 years (Minobe, 1997, 1999; Chao et al., 2000). We

calculated a pre-industrial PDO by projecting the pre-
industrial residual SSTs from the control runs onto the
GCMs’ 1900–1993 EOF 1. Using multi-taper method
spectral analysis (MTM), the pre-industrial PDO indices

Copyright  2011 Royal Meteorological Society Int. J. Climatol. (2011)



GCM PROJECTIONS FOR THE PACIFIC DECADAL OSCILLATION

Table I. List of chosen coupled atmosphere-ocean models which archived the required fields, their details, number of available
21st-century runs per scenario, and length of the pre-industrial control runs (run 1 used).

GCM
No.

IPCC4
GCM ID

Country Atmosphere
resolution

Ocean
resolution

Number 21st-
century runs

Control run
length (years)

B1 A1B A2

1 CGCM3.1(T47) Canada 3.7° × 3.7° L31 1.84° × 1.85° L29 3 3 3 500
2 CGCM3.1(T63) Canada 2.8° × 2.8° L31 1.4° × 0.9° L29 1 1 0 400
3 ECHAM5/MPI-OM Germany 1.875° × 1.865° L31 1.5° × 1.5° L40 2 2 1 na
4 GDFL-CM2.1 USA 2.5° × 2.0° L24 1.0° × 1.0° L50 1 1 1 501
5 MIROC3.2(hires) Japan 1.125° × 1.12° L56 0.28° × 0.188° L47 1 0 1 100
6 MIROC3.2(medres) Japan 2.8° × 2.8° L20 (0.5–1.4°) × 1.4° L43 1 1 1 500
7 MRI-CGCM2.3.2 Japan 2.8° × 2.8° L31 (0.5–2.5°) × 2.0° L23 5 5 5 350
8 NCAR-CCSM3 USA 1.4° × 1.4° L26 (0.3–1.0°) × 1.0° L40 1 0 1 500
9 NCAR-PCM USA 2.8° × 2.8° L18 (0.5–0.7°) × 0.7° L32 2 2 2 na
10 UKMO-HadCM3 UK 3.75° × 2.5° L15 1.25° × 1.25° L20 1 1 1 340

“na” means no run was archived.

were then examined for similar temporal variability as
the observed PDO index. Adaptively weighted spectra
with a red noise background were used (five tapers)
(Mann and Lees, 1996) (SSA-MTM Toolkit for spec-
tral analysis, http://www.atmos.ucla.edu/tcd/ssa/). Addi-
tionally, the PDO indices derived from the 20th-century
simulation runs were examined with MTM (three tapers
used with these shorter records).

Second, in order to examine if the chosen GCMs
replicate the observed 20th-century temporal coherence
between the PDO and ENSO (Kiem et al., 2003; Ver-
don and Franks, 2006; Stahl et al., 2006), we compared
frequencies of co-occurring strong in-phase positive (neg-
ative) PDO events and strong or moderate El Niño (La
Niña) events and the out-of-phase events [i.e. strong pos-
itive (negative) PDO events and strong or moderate La
Niña (El Niño)]. Strong or moderate El Niño events were
defined as when the averaged June to November SOI
was <−0.5 and a La Niña event was when the averaged
June to November SOI was >0.5, following Redmond
and Koch (1991). These authors found better correlations
between the SOI and winter climate when the SOI leads
by a few months; therefore we maintained this relation-
ship by comparing the leading SOI (June to November)
event to the following PDO event (November to March).
Only strong PDO events, where the absolute magnitude
of the PDO was ≥0.7 standard deviations (Bond and Har-
rison, 2000), were used in this analysis (analysis using
0.5 standard deviations gave similar results). Chi-square
tests were used to determine if the frequencies of the
in-phase positive PDO/El Niño and negative PDO/La
Niña occurrences and the out-of-phase positive PDO/La
Niña and negative PDO/El Niño occurrences were the
same in the 20th-century simulation runs for each cho-
sen GCM as in the observed data for 1900–1999. As
a further exploration of changes in North Pacific vari-
ability, chi-square tests were also used to determine if
the frequencies of the in-phase PDO/ENSO occurrences
and the out-of-phase PDO/ENSO occurrences were the
same in the projected data for 2000–2050 as in the

20th-century simulated runs for each chosen GCM and
emissions scenario.

3. Results

Our final set of GCMs was CGCM3.1 (T47) (Flato,
2005), CGCM3.1 (T63) (Flato, 2005), ECHAM5/MPI-
OM (Roeckner et al., 2003), GDFL-CM2.1 (Delworth
et al., 2006), MIROC3.2 (hires) (Hasumi and Emori,
2004), MIROC3.2 (medres) (Hasumi and Emori, 2004),
MRI-CGCM2.3.2 (Yukimoto et al., 2001; Yukimoto and
Noda, 2003), NCAR-CCSM3 (Collins et al., 2006),
NCAR-PCM (Washington et al., 2000) and UKMO-
HadCM3 (Gordon et al., 2000; Pope et al., 2000)
(Table I). These ten chosen models reproduced the spa-
tial pattern of the observed 20th-century PDO well
(Figure 1). However, the simulated 20th-century PDOs
typically explained more North Pacific residual vari-
ance in comparison to the actual observed variability,
with the possible exception of MIROC (hires). All ten
GCMs produced a recognizable 20th-century SOI and
NAO index spatial pattern as shown by the comparison
of correlation maps of the observed June to Novem-
ber SOI with Pacific SLPs, and the observed winter
NAO with northern hemisphere SLPs to similar corre-
lation maps of each 20th-century simulated SOI with
SLPs and the simulated NAO with SLPs (Figures 2
and 3).

Two of Wang et al. (2010)’s models were dropped:
ECHO-G and GDFL2.0, and CGCM3.1 (T47) runs 4
and 5. Our analysis required that SST and SLP output
from each GCM be available for both the 20th century
and 21st century in concurrent runs; often GCMs have
several runs for the 20th century but with only one or
two of these runs continuing through the 21st century
for the different emission scenarios. Overland and Wang
(2007) and Wang et al. (2010) considered the GFDL
2.0 model to produce acceptable PDO simulations both
temporally and spatially; however, our results differ.

Copyright  2011 Royal Meteorological Society Int. J. Climatol. (2011)
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Figure 2. Pearson’s correlation map of the observed June to November Southern Ocean Index (SOI) (Earth Systems Research Laboratory,
http://www.cdc.noaa.gov/ClimateIndices/) with observed SLPs from the HadSLP1 data set (Met Office Hadley Centre, http://badc.nerc.ac.uk) for
the 1900–1999 period, together with correlation maps of the simulated SOI for 1900–1999 with the simulated SLPs for each of the ten selected
GCMs (refer to text). Thick red (blue) line denotes the positive (negative) correlation at the 95% significance level. This figure is available in

colour online at wileyonlinelibrary.com/journal/joc

Overland and Wang (2007) compared the first EOF
spatial pattern using the 20th-century simulation GCM
ensemble mean (i.e. average of the runs) to the observed
North Pacific EOF 1 spatial pattern, rather than each
individual run as only one run continued through the
21st century. We conducted an EOF analysis on this
GFDL 2.0 run for the 20th-century simulation and
found that EOF 1 correlated with HadSST2 EOF2 and
EOF 2 correlated with HadSST2 EOF 1; therefore
we excluded this GCM from the analysis. We also

dropped ECHO-G and CGCM3.1 (T47) runs 4 and
5 because their EOF 1’s correlated with HadSST2
EOF 2 and their EOF 2’s correlated with HadSST2
EOF 1.

Early 21st-century PDO projections showed a non-
significant shift towards more negative phase PDO condi-
tions for all three emissions scenarios (Figure 4, Tables II
and III). This can be seen by comparing the multi-
model 1900–1999 simulation means to the multi-model
2000–2050 means summarized in Table II (in computing
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Figure 3. Pearson’s correlation map of the observed winter NAO index (Earth Systems Research Laboratory, http://www.cdc.noaa.gov/
ClimateIndices/) with observed SLPs from the HadSLP1 data set (Met Office Hadley Centre, http://badc.nerc.ac.uk) for the 1900–1999 period,
together with correlation maps of the simulated NAO for 1900–1999 with the simulated SLPs for each of the ten selected GCMs (refer to
text). Thick red (blue) line denotes the positive (negative) correlation at the 95% significance level. This figure is available in colour online at

wileyonlinelibrary.com/journal/joc

the multi-model mean, all runs were weighted equally,
following Knutti et al., 2010). Although in this study
the emphasis is on projections for 2000–2050, projec-
tions were also computed for 2000–2099. For all three
emissions scenarios, the 2000–2099 multi-model mean
showed a significant (at the 10% level) shift towards the
negative phase of the PDO (Table II). Comparison of the
1900–1999 simulation individual run means to the actual
1900–1999 observed mean PDO index showed that
almost all the simulations produced more occurrences of
negative phase PDO than were actually observed, except
for CGCM3.1 T47 runs 2 and 3 and HadCM3 (Table III).
This bias is subsequently reflected in the multi-model

1900–1999 means for all emission scenarios (Table II).
The GCMs split between those showing a shift, often
significant, towards more negative PDO-like conditions
for all three scenarios (i.e. MIROC (medres), MRI and
HadCM3) and those showing a contrary shift, also often
significant, towards more positive PDO-like conditions
for all runs and all three scenarios (i.e. CGCM3.1 (T47),
CGCM3.1 (T63), GDFL2.1, MIROC (hires) and PCM)
(Table III). The ECHAM5 runs slightly favoured nega-
tive PDO-like conditions and CCSM3 splits according
to emissions scenario. The tendencies of the individual
GCMs for one PDO phase or the other largely contin-
ued unchanged if extended to 2051–2099. Inspection

Copyright  2011 Royal Meteorological Society Int. J. Climatol. (2011)
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Figure 4. Winter averaged (November to March) PDO indices 1900–1999 calculated from 20th-century simulations, together with projections for
2000–2050 for the B1, A1B and A2 emission scenarios. Panels (a), (c), and (e) show the GCM runs that showed a positive shift in the 2000–2050
mean relative to the corresponding 1900–1999 mean (Table III). Panels (b), (d), and (f) show the GCM runs that showed a negative shift in the
2000–2050 mean relative to the corresponding 1900–1999 mean (III). The grey lines are the individual model runs, the heavy blue lines are
multi-model means of the individual GCM runs shown in that panel and the heavy black lines are the multi-model means of all the GCMs. Also

shown in red is the observed PDO based upon HadSST2 data. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Table II. Twentieth-century observed mean climate indices and multi-model mean climate indices for the 20th-century simulations
and for the 21st-century projections under the B1, A1B and A2 SRES emission scenarios.

Winter PDO June to November SOI Winter NAO

SRES emission scenario B1 A1B A2 B1 A1B A2 B1 A1B A2

Observed mean 1900–1999 0.168 0.168 0.168 −0.098 −0.098 −0.098 0.485 0.485 0.485
All-model 1900–1999 simulation meanb −0.109 −0.075 −0.101 0.061 0.066 0.063 −0.059 −0.050 −0.060
All-model 2000–2050 mean −0.130 −0.095 −0.129 −0 .022 0.006 0.009 −0.019 0.115 0.101
All-model 2000–2099 mean −0.161a −0.162 −0.321 −0 .017 0.052 0.089 −0.040 0.177 0.161

Italic values identify a future shift to a positive PDO or negative SOI (El Niño-like) or negative NAO mean state; and bold to the opposite
conditions (i.e., negative PDO or positive SOI (La Niña-like) or positive NAO), relative to the 20th-century simulation mean. Underscore denotes
a significant change in a multi-model mean index at the p ≤ 0.05 level, relative to the 20th-century simulation mean, as assessed by a Monte
Carlo t-test.
a denotes significant change at the 0.05 < p ≤ 0.10 level.
b Not all GCMs had 21st-century projected data for all three emission scenarios, therefore their simulation runs were dropped from the multi-model
simulation mean where applicable.

of the plots of the projected PDO for individual runs
suggests that the mean shifts were due to the projec-
tions drifting to one phase or the other and not to vari-
ance changes, particularly not to changes in the number
of low extreme values relative to the number of high
extremes.

Early 21st century (2000–2050) June to Novem-
ber SOI projections showed a shift towards a climate
with more El Niño-like conditions (negative SOI) and
decreases in La Niña-like conditions (positive SOI) for
all three emissions scenarios (Tables II and III). Under
the B1 and A1B scenarios, the shift towards more El
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Table III. The average winter PDO, June to November SOI and winter NAO indices for the simulated 20th-century runs
1900–1999 (20c3m) and for the projected runs for 2000–2050 for each climate model and emissions scenario.

GCM
No.

GCM Run PDO SOI NAO

20c3m B1 A1B A2 20c3m B1 A1B A2 20c3m B1 A1B A2

1 CGCM3.1 T47 1 −0.22 −0.05 −0.11 −0.11 0.01 −0.10 −0.03 −0.11 −0.11 0.21a 0.33 0.25a

1 CGCM3.1 T47 2 0.29 0.69 0.75 0.51 0.09 0.01 −0.13a 0.05 −0.01 0.27 0.30a 0.45
1 CGCM3.1 T47 3 0.28 0.99 0.66 0.67 −0.04 0.06 0.01 −0.04 −0.02 −0.10 −0.19 −0.02
2 CGCM3.1 T63 −0.11 0.36 0.08 na 0.12 0.46 0.22 na −0.06 0.20 −0.19 na
3 ECHAM5 1 −0.42 −0.36 −0.13 −0.52 0.10 0.18 0.13 −0.03 0.08 0.27 0.35 0.60
3 ECHAM5 2 0.04 na −0.17 na 0.01 na −0.05 na −0.19 na 0.14 na
3 ECHAM5 3 −0.21 −0.25 na na 0.04 −0.07 na na −0.09 −0.11 na na
4 GDFL2.1 −0.36 −0.18 −0 .01 −0.22 0.05 0.19 0.21 0.12 −0.21 −0.16 0.19 0.04
5 MIROC(hires) −0.13 0.58 0.50 na −0.01 −0 .82 −0 .66 na −0.01 −0.05 0.00 na
6 MIROC(medres) −0.18 −0.23 −0.53 −0.45a 0.29 0.07a 0.18 0.11 0.03 0.08 −0.06 0.02
7 MRI-2.3.2 1 −0.15 −0.91 −0.40 −0.19 −0.09 −0.19 −0.16 −0.27 0.00 0.30 0.03 −0.41a

7 MRI-2.3.2 2 0.03 −0.05 −0.07 −0.03 0.00 −0.12 −0.01 0.01 0.04 −0.14 0.12 0.07
7 MRI-2.3.2 3 0.02 −0.40 −0.49 −0.48 0.18 −0.11a 0.05 0.00 −0.05 −0.19 -0.02 0.06
7 MRI-2.3.2 4 0.06 −0.29 −0.48 −0.13 0.14 −0 .14 0.01 −0 .16 −0.24 0.51 −0.07 −0.02
7 MRI-2.3.2 5 −0.45 −1.02 −0.61 −0.45 0.04 −0.18 −0.03 −0.02 −0.10 −0.31 −0.04 0.06
8 NCAR-CCSM3 0.15 −0.41 na 0.20 −0.09 −0.05 na −0.03 −0.25 0.07a na 0.03a

9 NCAR-PCM 1 −0.67 −0.54 na −0 .30 0.06 0.13 na −0.08 0.16 0.06 na 0.29
9 NCAR-PCM 3 −0.07 na 0.11 na 0.03 na −0.02 na 0.22 na 0.50a na
9 NCAR-PCM 4 −0.16 0.13 −0.11 −0.02 −0.02 −0.07 −0.13 0.16a −0.21 −1 .09 0.15 0.30
10 HadCM3 0.25 −.40 −0.60 −0.42 0.20 0.37 0.50a 0.41 0.00 −0.16 0.15 −0.21

Italic values identify future simulations that shift to a positive PDO or negative SOI (El Niño-like) or negative NAO mean state; and bold to the
opposite conditions (i.e., negative PDO or positive SOI (La Niña-like) or positive NAO), relative to the 20th-century simulation mean. GCMs
ordered as in Table I. Underscore denotes a significant change in the 2000–2050 mean index at the p ≤ 0.05 level, relative to the 20th-century
simulation mean, as assessed by a Monte Carlo t-test.
a denotes significant change at the 0.05 < p ≤ 0.10 level.
“na” means no run was archived for that emissions scenario.

Niño-like conditions was significant at the p ≤ 0.05 level
and under the A2 scenario the shift was non-significant
(p > 0.1). Comparison of the 20th-century simulation
means to the actual observed mean SOI index showed
that all GCMs had a slight bias towards simulating
more La Niña conditions than actually happened. The
MIROC3.2 (hires and medres) models showed a shift
towards more El Niño-like conditions for all emissions
scenarios, whereas the MRI and CGCM3.1 (T47) mod-
els showed a similar shift towards more El Niño-like
conditions in most runs and scenarios (Table III). The
CGCM3.1 (T63), GFDL 2.1, CCSM3 and HadCM3 mod-
els showed a shift towards more La Niña-like condi-
tions for all scenarios. The NCAR-PCM and ECHAM5
runs split between El Niño- and La Niña-like conditions,
depending on the scenario. Using the annual SOI gave
similar results in all analyses and is therefore not dis-
cussed further.

The early 21st century (2000–2050) NAO projections
for all three scenarios showed a shift towards a climate
with more occurrences of the positive NAO phase
(positive AO) relative to the negative NAO (negative
AO), significant at the p ≤ 0.05 level for the A1B and
A2 scenarios and not significant for the B1 scenario
(Tables II and III). Comparison of the 20th-century
simulation means to the actual observed mean NAO

index showed that the GCMs had a problem reproducing
the NAO accurately, having a marked bias towards
simulating more negative NAO events than actually
happened for all emissions scenarios. The CGCM3.1
(T63), GDFL2.1 and NCAR-CCSM3 means showed a
shift towards more positive NAO conditions for all
three emissions scenarios, whereas the CGCM3.1 (T47),
ECHAM5, MRI and NCAR-PCM run means favoured a
shift towards more positive NAO conditions, particularly
for the A1B and A2 scenarios, and towards more negative
NAO conditions for the B1 scenario (Table III). Negative
NAO-like conditions were favoured more by MIROC
(hires), MIROC (medres) and HadCM3.

The observed PDO pattern is still present in the
same form in the projected 2000–2050 North Pacific.
This is shown by comparing EOF 1 of a PCA of
the 2000–2050 residual SST anomalies to the observed
1900–1993 PDO pattern (Figures 5–7 and Table VI).
For all three emission scenarios, almost all runs of the
models produced a recognizable PDO spatial pattern as
their EOF 1, which had a spatial correlation of at least
0.70 with the observed PDO pattern. The two exceptions,
CGCM3.1 (T47) run 2 and MIROC (medres), had EOFs
with a spatial correlation of 0.69, which does not seem
markedly inferior (Table VI) (for brevity, if multiple runs
were available for a model, ensemble means are presented
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Figure 5. The spatial patterns of EOF 1 of the 2000–2050 North Pacific projected SST residuals from the ten models with available runs,
under the 21st-century B1 emissions scenario. If multiple runs were available for a model, ensemble means are presented. The percent variance
explained is given after the model name; spatial correlation coefficients from comparison to the 1900–1993 observed PDO pattern indicated in the
upper right hand corner. Color scale shows PCA loadings (×100). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

in the figures, but the individual runs were checked).
Similar to the simulated 20th-century PDO patterns, the
early 21st-century PDOs also typically explained more
North Pacific residual variance, the exception again being
MIROC (hires) (Figures 1 and 5–7).

All the GCMs had some capacity to produce the
characteristic spectrum of the PDO: the lowest fre-
quency pentadecadal (50–70 years) periodicity and the
low-frequency bidecadal (15–20 years) periodicity, and
higher frequency variability in the ENSO band of
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Figure 6. The spatial patterns of EOF 1 of the 2000–2050 North Pacific projected SST residuals from the nine available models, under the
21st-century A1B emissions scenario. If multiple runs were available for a model, ensemble means are presented. The percent variance explained
is given after the model name; spatial correlation coefficients from comparison to the 1900–1993 observed PDO pattern indicated in the upper

right hand corner. Color scale shows PCA loadings (×100). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

2–7 years (Minobe, 1999) (Table IV and VI). How-
ever, typically the pentadecadal and bidecadal peaks
were shifted towards higher frequencies, as were the
ENSO bands. All the available pre-industrial control runs
showed power in two low-frequency bands that appeared
analogous to the pentadecadal and bidecadal peaks,
except for MIROC (hires) which showed only the lowest
frequency peak. Typically, the 20th-century simulation

runs had no significant variability that corresponded to
the pentadecadal peak; their length was too short to
reasonably detect it. Almost all 20th-century simulation
runs had significant variability that corresponded to the
bidecadal peak and all had the ENSO band, almost invari-
ably shifted to higher frequencies. We considered a GCM
to have reasonably PDO-like spectral properties if at
least one of its pre-industrial control or 20th-century
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Figure 7. The spatial patterns of EOF 1 of the 2000–2050 North Pacific projected SST residuals from the eight models with available runs,
under the 21th-century A2 emissions scenario. If multiple runs were available for a model, ensemble means are presented. The percent variance
explained is given after the model name; spatial correlation coefficients from comparison to the 1900–1993 observed PDO pattern indicated in the
upper right hand corner. Color scale shows PCA loadings (×100). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

simulation runs had pentadecadal, bidecadal and ENSO
band analogues. By this criterion, nine of the ten remain-
ing GCMs demonstrated ability to produce a PDO-
like spectrum (Table VI). The exception was ECHAM5,
which did not show pentadecadal variability in its 20th-
century runs and had no pre-industrial runs. Since the
20th-century runs are potentially too short to detect the
lowest frequencies, the ECHAM5 model was kept.

Comparison of the frequencies of the in-phase PDO/
ENSO occurrences and the out-of-phase PDO/ENSO
occurrences in the observed data to those in the 20th-
century simulated runs demonstrated that all GCMs repli-
cated the temporal coherence between the PDO and
ENSO well. The exceptions were CGCM3.1 (T47) runs 1
and 2 which did not and CGCM3.1 (T63) and MRI run 3
which were borderline (Tables V and VI). Comparison

of the frequencies of the in-phase PDO/ENSO occur-
rences and the out-of-phase PDO/ENSO occurrences
in the projected data for 2000–2050 for each emis-
sions scenario to those in the corresponding 20th-
century simulation runs demonstrated that 32% of the
GCM runs changed the temporal coherence between the
PDO and ENSO in 2000–2050 relative to 1900–1999
(Table V).

4. Discussion

The status of the PDO in a warmer world under anthro-
pogenic climate change is of serious concern because
it reflects an integrated metric of the North Pacific
atmosphere-ocean system given its influence on North
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Table IV. Summary of GCM performance in producing the characteristic spectra of the winter PDO, using the pre-industrial
control runs and the 20th-century simulation runs.

GCM No. GCM Run Pre-industrial spectra 20th-century spectra

Lowest
frequency
PDO band
(50–70 yr)

Low- frequency
PDO band
(15–20 yr)

ENSO
band

(2-7yr)

Lowest
frequency
PDO band
(50–70 yr)

Low-frequency
PDO band
(15–20 yr)

ENSO
band

(2–7 yr)

1 CGCM3.1 T47 1 21.3 12.5 2.4–7.3 31.7a 11.1, 16.4 2.9–3.7
1 CGCM3.1 T47 2 21.3 12.5 2.4–7.3 none 8.7 2.1–3.7
1 CGCM3.1 T47 3 21.3 12.5 2.4–7.3 none 8.8, 16.8 2.3–4.0
2 CGCM3.1 T63 36.6 13.0 2.1–7.4 none 8.3, 17.3 2.1–4.4
3 ECHAM5 1 na na na none 9.7–11.9 4.0–5.0
3 ECHAM5 2 na na na none none 2.9–3.7
3 ECHAM5 3 na na na none 11.8a 3.2a –7.9
4 GDFL2.1 52.5a 11.5a, 19.6 2.3–5.3 49.5 14.1a 2.7–4.9a

5 MIROC(hires) 33.7 none 2.5 49.5 16.8 2.0–5.3
6 MIROC(medres) 35.3 11.9a 2.4–7.4 28.2a 7.4a, 9.0a 2.5–5.3
7 MRI-2.3.2 1 29.3 10.9 2.1–5.5 none 20.1–28.2 2.0–6.9
7 MRI-2.3.2 2 29.3 10.9 2.1–5.5 28.2 16.1 2.3–5.5
7 MRI-2.3.2 3 29.3 10.9 2.1–5.5 none none 2.3–5.6
7 MRI-2.3.2 4 29.3 10.9 2.1–5.5 none 10.3 2.6–4.1
7 MRI-2.3.2 5 29.3 10.9 2.1–5.5 none 18.3 2.3–3.7
8 NCAR-CCSM3 25.0 8.5, 12.5 2.0–6.9 none 11.3–16.5 2.1–2.9
9 NCAR-PCM 1 na na na 49.5 17.9–21.5 2.0–5.1
9 NCAR-PCM 3 na na na none none 2.5–5.6
9 NCAR-PCM 4 na na na none 8.8–11.8 2.3–3.7
10 HadCM3 31.7a 13.5 2.4–5.7 none 12.2–20.5 3.3–3.5

Multi-taper spectral analysis was used (five tapers for the long pre-industrial runs and three tapers for the shorter 20th-century simulation runs).
Shown are the periodicities (in years) of significant peaks at the 0.10 significance level using adaptively weighted spectra with a red noise
background (Mann and Lees, 1996). “na” means no run was archived.
a denotes a peak that is barely insignificant.

Pacific Ocean physical forcing and marine ecology and
strong correlations with present day North Pacific cli-
matology and hydrology. The capacities of the current
highest resolution GCMs to project the future status of
the PDO are just beginning to be examined. As far as
we know, our present study is the first to explicitly
project the PDO, as calculated by EOF analysis of North
Pacific SST residuals. This analysis of PDO projections
for 2000–2050 shows a multi-model mean shift towards
more occurrences of the negative phase PDO. Some
form of the correlates or effects of a multi-model mean
result of more negative phase PDO-like conditions for the
early 21st century may be apparent throughout the North
Pacific Basin, as long as the PDO’s regional telecon-
nections maintain stationarity (Mantua and Hare, 2002;
Deser et al., 2004; Pavia et al., 2006). In general, this
shift towards more negative PDO-like conditions in the
North Pacific Basin will be superimposed upon the gen-
eral global warming trend and its meridional pattern of
differing effects from hydrological cycle intensification,
i.e. drying in mid-latitude and sub-tropical regions and
increasing moisture in northern regions.

However, this multi-model mean result of more neg-
ative phase PDO-like conditions for the early 21st cen-
tury is relatively weak; it is non-significant, although it

becomes significant if the entire 21st century is exam-
ined (Table II). The GCMs separate between those show-
ing a shift, often significant, towards more negative
PDO-like conditions for all three scenarios [i.e. MIROC
(medres), MRI and HadCM3] and those showing a con-
trary shift, also often significant, towards more positive
PDO-like conditions for all runs and all three scenar-
ios [i.e. CGCM3.1 (T47), CGCM3.1 (T63), GDFL2.1,
MIROC (hires) and NCAR-PCM] (Table III). Confidence
in a projected negative PDO shift would be higher if the
GCMs showed more consistency, and also if the phys-
ical basis for the PDO was better understood, and a
projected negative PDO shift made sense in this mecha-
nistic context. Except for CGCM3.1 T47 runs 1 and 2, the
ten GCMs showed the observed 20th-century coherence
between the PDO and ENSO (Table VI) and did a rea-
sonable job at producing a PDO-like spectrum. Removal
of these two positive-trending runs which did not show
the required observed 20th-century coherence between
the PDO and ENSO from the multi-model mean does
strengthen the result of the negative PDO shift for the
21st century. As well, multi-model averaging serves to
filter out biases of the individual models and its results
are often in better agreement with observations than sim-
ulations from individual models (IPCC4, 2007); hence,
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Table V. Comparison of the frequencies of the in-phase positive PDO/El Niño and negative PDO/La Niña occurrences and the
out-of-phase positive PDO/La Niña and negative PDO/El Niño occurrences in the 20th-century simulation (20c3m) runs for each
chosen GCM versus these same frequencies in the observed data for 1900–1999. Also shown are comparisons of the frequencies
of the in-phase PDO/ENSO occurrences and the out-of-phase PDO/ENSO occurrences in the 20th-century simulated runs versus

those in the corresponding projected data for 2000–2050 for each emissions scenario.

GCM No. GCM Run 20c3m B1 A1B A2

1 CGCM3.1 T47 1 p ≤ 0.05 no change no change p ≤ 0.05
1 CGCM3.1 T47 2 p ≤ 0.05 p ≤ 0.05 p ≤ 0.05 no change
1 CGCM3.1 T47 3 no change p ≤ 0.05 no change p ≤ 0.05
2 CGCM3.1 T63 0.05 < p ≤ 0.1 p ≤ 0.05 no change na
3 ECHAM5 1 no change no change no change no change
3 ECHAM5 2 no change na no change na
3 ECHAM5 3 no change no change na na
4 GDFL2.1 no change p ≤ 0.05 no change no change
5 MIROC(hires) no change p ≤ 0.05 p ≤ 0.05 na
6 MIROC(medres) no change no change 0.05 < p ≤ 0.1 no change
7 MRI-2.3.2 1 no change no change no change no change
7 MRI-2.3.2 2 no change no change no change no change
7 MRI-2.3.2 3 0.05 < p ≤ 0.1 no change 0.05 < p ≤ 0.1 p ≤ 0.05
7 MRI-2.3.2 4 no change no change no change no change
7 MRI-2.3.2 5 no change p ≤ 0.05 no change no change
8 NCAR-CCSM3 no change no change na no change
9 NCAR-PCM 1 no change p ≤ 0.05 na no change
9 NCAR-PCM 3 no change na no change na
9 NCAR-PCM 4 no change p ≤ 0.05 no change no change

10 HadCM3 no change no change p ≤ 0.05 p ≤ 0.05

Chi-square tests were used to assess significance of frequency changes. A strong PDO occurrence was defined as |winter PDO| > 0.7 standard
deviations, and a strong to moderate ENSO event was defined as |June to November SOI| > 0.5. “na” means no run was archived for that
emissions scenario. GCMs ordered as in Table I.

the multi-model mean shift towards negative PDO-like
conditions should be seriously considered.

Research on the future state of the PDO is prelimi-
nary. Oshima and Tanimoto (2009) examined the spatial
and temporal patterns of the PDO in the 20th-century
GCM simulations and 21st-century projections; however,
they defined the PDO index by an area weighted aver-
age of the SST anomalies over a single, homogeneous
centre of action in the central North Pacific region,
i.e. without using residual EOF analysis. Their method
cannot differentiate between the general anthropogenic
global temperature increase and a multi-model mean
shift towards more negative PDO-like conditions in the
North Pacific. Overland and Wang (2007) and Wang et al.
(2010) found that the global warming trend will surpass
the natural variability circa 2040–2050 under the A1B
emissions scenario, leading to a weaker meridional tem-
perature gradient in the North Pacific region. Because
of their result, we do not emphasize PDO projections
past 2050. Their EOF analysis used direct North Pacific
SST anomalies, rather than the residuals after the global
ocean warming trend had been removed, as did our anal-
ysis, which followed that of Mantua et al. (1997) and
Zhang et al. (1997). We note that the leading mode in
the 21st century from Overland and Wang (2007) was a
more homogeneous pattern than ours, due to their dif-
ferent method based on SST anomalies, rather than SST
residuals, and PC analysis for the entire 21st century.

Because of space limitations, the projection of EOF 2
of the observed North Pacific residual SSTs (the Victoria
pattern) and the related North Pacific Gyre Oscillation
is outside the scope of this paper (Bond et al., 2003;
Di Lorenzo et al., 2008; Overland et al., 2008; Whitfield
et al., 2010).

It is important to verify that these negative PDO
shifts of the individual GCM runs are not an artefact
of the projection method. Even after the global mean
ocean SST anomaly time series has been subtracted
off the North Pacific SST anomalies, it is conceivable
that a large amount of global warming could remain
in the North Pacific residuals. This is because the
global mean ocean SST anomaly time series is weighted
towards the tropics, where warming will not be as
great as in the higher latitudes (IPCC 4, 2007; their
Figure 10.8). If a more or less spatially homogeneous
warming pattern still exists in the North Pacific residuals,
it could potentially induce a shift towards negative PDO-
like conditions as an artefact, because of the method
used to project the PDO into the 21st century (matrix
multiplication of the 20th century EOF 1) since the
western pole of the PDO loading pattern extends over
a large area.

In order to rule out this potential problem, we exam-
ined plots of the differences between North Pacific
SST anomalies and residuals for 1950–1959 versus
2040–2049 for all three emissions scenarios. Global
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Table VI. Summary of GCM performance in producing the PDO.

GCM
No.

GCM
Run

2000–2050
EOF 1 = PDO

pattern?

Pre-industrial
spectra

20th-century spectra 20th-century
coherence

with ENSO

B1 A1B A2

1 CGCM3.1 T47 1 yes yes yes fine fine no
1 CGCM3.1 T47 2 yes yes noa fine no pentadecadal no
1 CGCM3.1 T47 3 yes yes yes fine no pentadecadal yes
2 CGCM3.1 T63 yes yes na fine no pentadecadal yes
3 ECHAM5 1 yes yes yes na no pentadecadal yes
3 ECHAM5 2 na yes na na no bidecadal, no pentadecadal yes
3 ECHAM5 3 yes na na na no pentadecadal yes
4 GDFL2.1 yes yes yes fine fine yes
5 MIROC(hires) yes yes na no bidecadal fine yes
6 MIROC(medres) yes noa yes fine fine yes
7 MRI-2.3.2 1 yes yes yes fine no pentadecadal yes
7 MRI-2.3.2 2 yes yes yes fine fine yes
7 MRI-2.3.2 3 yes yes yes fine no bidecadal, no pentadecadal yes
7 MRI-2.3.2 4 yes yes yes fine no pentadecadal yes
7 MRI-2.3.2 5 yes yes yes fine no pentadecadal yes
8 NCAR-CCSM3 yes na yes fine no pentadecadal yes
9 NCAR-PCM 1 yes na yes na fine yes
9 NCAR-PCM 3 na yes na na no bidecadal, no pentadecadal yes
9 NCAR-PCM 4 yes yes yes na no pentadecadal yes
10 HadCM3 yes yes yes fine no pentadecadal yes

The 2000–2050 EOF 1 = PDO pattern as assessed in Figures 5–7, i.e., that the spatial correlation (r) between EOF 1 of the 2000–2050 residual
projected SST anomalies and the PDO loading pattern (EOF 1) from the 1900–1993 observed data was ≥0.70; spectra are listed as “fine” if
pentadecadal, bidecadal and ENSO band variability analogs are found (Table IV), 20th-century coherence with ENSO as assessed in Table V,
i.e., do the 20th-century simulation runs contain frequencies of in-phase and out-of-phase PDO/ENSO events comparable to those of the observed
20th-century record? “na” means no run was archived for that emissions scenario. GCMs ordered as in Table I.
a r = 0.69.

warming of 1–3 °C, often in a more or less spatially
homogeneous warming pattern, as in CGCM3.1 T47 (all
scenarios), CGCM3.1 T63 (B1 and A1B), MIROC3.2
(hires) (B1) and MIROC3.2 (medres) (A1B and A2), is
clearly present in the plots of the differences between
the average SSTs in the 1950s from that in the 2040s
(Figure 8 shows the anomaly difference plot for the
A1B scenario, the other scenarios are similar). However,
examination of the plots of the differences between North
Pacific SST residuals for 1950–1959 versus 2040–2049
(Figure 9 shows the residual difference plot for the A1B
scenario, the other scenarios are similar) shows that the
unsophisticated method of removing global warming by
subtracting the global mean ocean SST anomaly time
series works quite well, removing any obvious global
warming pattern. In particular, the spatially homoge-
neous warming pattern in CGCM3.1 T47 (A1B, A2),
CGCM3.1 T63 (B1 and A1B), MIROC3.2 (hires) (B1)
and MIROC3.2 (medres) (A1B and A2) is removed. The
spatially homogeneous warming pattern in CGCM3.1
T47 (B1) does remain, but this model actually shows a
positive shift in the PDO index for this scenario. Hence,
this issue of the negative PDO shift as an artefact of the
projection method does not appear to be a problem.

The exact nature of the couplings among the extra-
tropical North Pacific Ocean, its overlying atmosphere,

and their mutual downstream atmospheric teleconnec-
tions is an active research area. Some hypothesize
that North Pacific Ocean SST variability significantly
affects the overlying atmospheric circulation given the
ocean’s greater thermal inertia (Bond and Harrison,
2000; Rodionov et al., 2007). Others hypothesize that
the North Pacific atmospheric circulation drives the
underlying mixed-layer oceanic variability, noting, for
instance, that the correlations between North Pacific
SST and SLP are strongest when the atmosphere leads
the ocean by several months (Davis, 1976; Trenberth
and Hurrell, 1994; Lau, 1997; Kushnir et al., 2002).
The crux of the matter is the sensitivity of the non-
boundary layer middle latitude atmosphere to slower
SST variability (Overland et al., 2010). Much evi-
dence, often GCM-based, suggests that the SST feed-
back on the mid-latitude atmosphere is small com-
pared to internal atmospheric variability (Trenberth
and Hurrell, 1994; Lau, 1997; Kushnir et al., 2002),
except potentially in the region of the western bound-
ary currents (Minobe et al., 2008). As a possible
mechanism to explain the North Pacific atmospheric
low-frequency variability, Dima and Lohmann (2007)
suggest that variations in the thermohaline circula-
tion produce low-frequency uniform anomalies in North
Atlantic SSTs (the Atlantic Multidecadal Oscillation) that
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Figure 8. Plots of the differences between North Pacific SST anomalies (°C) for 1950–1959 versus 2040–2049 for the A1B emissions scenario
for each GCM. As a look-up aid, the plus or minus sign over the Yukon Territory, Canada, denotes whether a particular GCM run or average
run showed a positive PDO shift (+) or negative PDO shift (−) in the 21st century as in Table III. This figure is available in colour online at

wileyonlinelibrary.com/journal/joc

are associated with a hemispheric SLP pattern that shows
opposite atmospheric pressure anomalies over the North
Pacific and North Atlantic Oceans (see review in McCabe
et al., 2008). This North Pacific SLP pattern is ampli-
fied through atmosphere-ocean interactions and the SST
pattern appears to be the PDO.

The mechanism by which the PDO, or the zonal dipole
in North Pacific SSTs, affects the hydroclimatology of
the downstream western North America is through a
shift in the position of the sub-polar jet, which brings
winter storms and precipitation as it crosses over the edge
of the continent (Gershunov and Barnett, 1998; Bonsal
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Figure 9. Plots of the differences between North Pacific SST residuals (°C) for 1950–1959 versus 2040–2049 for the A1B emissions scenario
for each GCM. As a look-up aid, the plus or minus sign over the Yukon Territory, Canada, denotes whether a particular GCM run or average
run showed a positive PDO shift (+) or negative PDO shift (−) in the 21st century as in Table III. This figure is available in colour online at

wileyonlinelibrary.com/journal/joc

et al., 2001; Stahl et al., 2006). We presume that the same
mechanism will continue to operate in some fashion in
the early 21st century under global warming, as it did in
the 20th century during the early stage of anthropogenic-
forced increases in surface air temperatures and SSTs
(Kaplan et al., 2000). As support for this hypothesis,
all ten of the GCMs used in this study showed that
the observed PDO is still present in the same form as
the projected 2000–2050 North Pacific (Figures 5–7).

Hence, it is reasonable to project the PDO by projecting
the 2000–2050 residual SST anomalies from each of the
GCMs onto the leading eigenvector from the 1900–1993
simulated GCM data. However, it seems uncertain to
assume that this mechanism will operate as before when
the global warming trend surpasses the natural North
Pacific variability (Overland and Wang, 2007; Wang
et al., 2010). These projections are not forecasts sensu
stricto as the AR4 simulations evaluated here can be
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considered to have random ocean initializations, whereas
upper ocean heat content is a key component of any
initialized forecast.

This study examines the concurrent projection of three
atmosphere-ocean oscillations: the PDO, SOI and the
NAO, rather than the typical one or two (Fyfe et al.,
1999; Collins et al., 2005, 2010; van Oldenborgh et al.,
2005; Yamaguchi and Noda, 2006; Meehl and Tang,
2007) and can therefore examine the relationships among
them. First, interactions between the PDO and ENSO
are discussed, then interactions between the PDO and
the NAO.

The most recent consensus concerning the future status
of ENSO is that the CMIP3 models project a more ‘El
Niño-like’ mean state change, with no consistent indi-
cation of detectable future changes in ENSO amplitude,
frequency or spatial pattern (Yamaguchi and Noda, 2006;
IPCC4, 2007, Figure 10.16; Collins et al., 2005, 2010).
This study’s multi-model mean decrease in the SOI and
typical responses of individual GCM runs are consis-
tent with this consensus (Tables II and III). A shift of
the characteristic ENSO spectral bands towards higher
frequencies has been observed in GCM-derived ENSO
spectra (van Oldenborgh et al., 2005), which is similar
to this study’s result of the characteristic PDO spec-
tral bands shifting towards higher frequencies. Whether
or not the PDO is independent of ENSO is uncertain,
but an active area of research. Some researchers (New-
man et al., 2003; Schneider and Cornuelle, 2005; New-
man, 2007) have argued that ENSO drives the PDO,
i.e. that El Niño (La Niña) drives the positive (nega-
tive) phase of the PDO. If this hypothesis is true, then
as there will be more El Niño-like mean state condi-
tions under global warming, then possibly more posi-
tive phase PDO-like conditions could result, depending
on the exact nature of the driving mechanism. How-
ever, if the driving mechanism is a function of the base
ENSO state, this does not accord with this study’s pro-
jections, as 64% of the runs across all scenarios showed
out-of-phase concurrent shifts between the SOI and the
PDO, i.e. 64% of the runs showed a 2000–2050 mean
shift towards a concurrent negative SOI (El Niño) and
negative PDO, or positive SOI (La Niña) and positive
PDO (Table III). On the other hand, other researchers
(Zhang et al., 1996; Yu et al., 2007) have considered
the PDO to be independent of ENSO, but that rein-
forcing interactions could occur between the two oscil-
lations. Gershunov and Barnett (1998), Yu et al. (2007)
and Wise (2010) found that there occurred an enhanced
response of the Pacific-North American mode (Wallace
and Gutzler, 1981) when the PDO and ENSO were in
the same phase, i.e. when the PDO was in a negative
phase and a La Niña occurred, the Pacific Northwest
experienced cooler and wetter conditions, and the Amer-
ican southwest and northern Mexico experienced even
warmer and drier conditions than normal in a negative
PDO alone.

This study’s result of a shift towards a more positive
NAO, significant for the A1B and A2 emission scenarios,

is in accord with the literature reviewed in the IPCC AR4
(2007) projecting a more positive AO. The projection of
a more positive AO is consistent with a projection of
a negative PDO shift, as a more positive AO suggests
a weaker Aleutian Low which is more consistent with
the negative phase of the PDO (Gershunov and Barnett,
1998). However, the individual GCM runs showed no
consistent pattern of an in-phase relationship between the
AO/NAO and the PDO (i.e. the PDO shifting negative
and the NAO shifting positive or vice versa) (Table III).
Yamaguchi and Noda (2006) examined CMIP2 GCMs
for their ability to concurrently project the ENSO and the
AO. They found that the GCMs projected a strong shift
towards a positive AO and a weak El Niño or strong La
Niña, or shifts towards a weak positive AO and a strong
El Niño, but no shifts towards both a strong AO and a
strong El Niño simultaneously. They observed that this
was because of a more positive AO producing a weaker
Aleutian Low, which is more consistent with La Niña.
All ten CMIP3 GCMs considered here were chosen for
their ability to simulate the PDO well. A more careful
examination of these ten models’ ability to simulate
the AO might show that the GCMs best at simulating
the AO are those producing results compatible with the
concurrent PDO projection. In particular, the AO might
be more accurately projected by a higher geopotential
height and/or PCA method (Stoner et al., 2009), rather
than our use of a two-point SLP difference method based
on the NAO.

In conclusion, this study projects a weak mean North
Pacific Ocean shift towards more negative PDO-like con-
ditions for the early half of the 21st century, based on
archived CMIP3 runs. However, the GCMs split between
those showing a shift, often significant, towards more
negative PDO-like conditions for all three scenarios, and
those showing a contrary shift, also often significant,
towards more positive PDO-like conditions for all runs
and all three scenarios. It will be interesting to see if cor-
responding results from a similar analysis of data from the
ongoing AR5 (CMIP5) climate prediction experiments
will show more consistency. As well, research on the
actual physical mechanisms producing the statistical PDO
pattern will provide important insights for any future pro-
jections of North Pacific SST variability.
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