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patterns, spectral characteristics, and teleconnections to ter-
restrial regions used in paleoclimate proxy reconstructions. 
In these simulations, the PDO shows no consistent response 
to solar or volcanic forcing.
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1 Introduction

Decadal variability in the Pacific ocean–atmosphere system 
is an important feature of the global climate system. It influ-
ences regional temperature trends (Wang et al. 2009; Meehl 
et al. 2012; Weaver 2013; Deser et al. 2014) and is associ-
ated with plateaus in the rate of global surface temperature 
warming (e.g. Meehl et al. 2013; Brown et al. 2014). Dec-
adal variability is associated with persistent hydroclimate 
anomalies over the adjacent continents (McCabe et al. 
2004b; Gu and Adler 2012), and may therefore have both 
immediate and long-lasting consequences for society, infra-
structure, and ecosystems (Keenlyside et al. 2008; Buck-
ley et al. 2010; Swetnam and Betancourt 2010). However, 
our understanding of these decadal and multidecadal-scale 
ocean–atmosphere processes is restricted by both the long 
time scales of the phenomena and the limited length of the 
observational record, which also occurs entirely during an 
epoch of anthropogenic influence on the climate system. The 
Pacific decadal oscillation (PDO; Mantua et al. 1997; Zhang 
et al. 1997; Mantua and Hare 2002) is the leading mode of 
North Pacific sea surface temperatures (SST) and displays 
quasi-periodic bidecadal (10–30 years) and multidecadal 
(50–70 years) variability (Minobe 1997, 1999), and therefore 
instrumental observations at these time scales are extremely 
limited. The PDO appears to have experienced regime shifts 

Abstract The Pacific ocean–atmosphere system exerts an 
important influence on the climate of Asia and North Amer-
ica, but the limited length of the observational record pre-
vents a complete understanding of its bidecadal and multi-
decadal time scales. Paleoclimate reconstructions provide 
one source of information on longer time scales, although 
they differ in their estimation of the behavior of the Pacific 
decadal oscillation (PDO) prior to the instrumental period. 
Forced general circulation model simulations offer com-
plementary long-term perspectives on both the history and 
dynamics of this important mode of variability. Here, we 
analyze the PDO in the ensemble of CMIP5/PMIP3 last mil-
lennium (past1000 + historical) simulations. We evaluate 
the modeled spatial, temporal, and spectral characteristics of 
this mode, as well as teleconnections between North Pacific 
variability and global climate. All models produce a mode of 
North Pacific variability over the last millennium with spatial 
patterns and spectral power density similar to observations. 
CCSM, FGOALS, and IPSL best reproduce observed spatial 

Electronic supplementary material The online version of this 
article (doi:10.1007/s00382-016-3041-7) contains supplementary 
material, which is available to authorized users.

 * Kevin J. Anchukaitis 
 kanchukaitis@email.arizona.edu

1 Department of Geology and Geophysics, Woods Hole 
Oceanographic Institution, Woods Hole, MA, USA

2 Joint Program in Oceanography/Applied Ocean Science 
and Engineering, Massachusetts Institute of Technology, 
Woods Hole Oceanographic Institution, Woods Hole, MA, 
USA

3 School of Geography and Development and Laboratory 
of Tree Ring Research, University of Arizona, Tucson, AZ, 
USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-016-3041-7&domain=pdf
http://dx.doi.org/10.1007/s00382-016-3041-7


3784 L. E. Fleming, K. J. Anchukaitis

1 3

in 1925, 1947, 1977, and perhaps again in 1999 (Mantua 
et al. 1997; Peterson and Schwing 2003; Lyon et al. 2013), 
but early twentieth century variability appears to be reduced 
and less coherent than later in the century. McAfee (2014) 
demonstrated that observed winter PDO teleconnections to 
North American climate varies between these epoch, and St. 
George and Ault (2011) have shown that the magnitude and 
importance of decadal variability for winter rainfall along 
the central Pacific Coast of North America waxes and wanes 
over time. These observations and others (McCabe et al. 
2004a; Wise 2014) suggest that the PDO may exhibit time-
scale dependent or nonstationary behavior.

Proxy paleoclimate reconstructions of the PDO provide 
an opportunity to understand variability in its temporal and 
spectral characteristics—and its association with other com-
ponents of the regional ocean–atmosphere circulation—prior 
to the epoch of significant potential anthropogenic influences. 
Reconstructions of Pacific decadal variability typically use 
corals and tree-rings (D’Arrigo et al. 2001; Evans et al. 2001a, 
b; Biondi et al. 2001; Gedalof and Smith 2001; D’Arrigo and 
Wilson 2006) to develop statistical estimates of the PDO index 
or spatiotemporal SST patterns in the past. These reconstruc-
tions differ from one another both temporally and spectrally 
(Gedalof et al. 2002; Evans et al. 2002; Kipfmueller et al. 
2012; McAfee 2014; Wise 2014), however, and substantial 
uncertainty still exists about the stability, characteristic time 
scale, and stationarity of the PDO. Long general circulation 
model (GCM) paleoclimate simulations provide an additional, 
independent, and complementary source of information about 
the potential past and long-term behavior of North Pacific dec-
adal variability and the extent of large-scale teleconnections 
to global and regional climate. GCMs evaluated as part of the 
Intergovernmental Panel on Climate Change (IPCC) repro-
duce decadal-scale ocean–atmosphere variability in the Pacific 
(Randall et al. 2007; Park et al. 2013), and the most recent 
Coupled Model Intercomparison Project Phase 5 (CMIP5; 
Taylor et al. 2012) included an experiment (past1000) to sim-
ulate the climate of the last millennium. It is now therefore 
possible to evaluate the long-term simulated Pacific decadal 
variability in an ensemble of transient, forced runs of state-of-
the-art climate models, and to apply this understanding toward 
inferences concerning the potential range of past temporal and 
spectral variability in this mode.

Here, we evaluate North Pacific decadal and multidecadal 
variability within the ensemble of CMIP5 last millennium 
simulations. We compare the spatiotemporal variability in 
the models to that of observations, and analyze the spectrum 
of the simulated PDO in light of the presence and stability 
of modes of quasi-periodic decadal and multidecadal vari-
ability. We evaluate whether there is evidence for a coher-
ent forced response of North Pacific variability to radiative 
forcing across the ensemble. We also observe the nature of 
simulated teleconnections from the North Pacific to global 

patterns of temperature, precipitation, and sea level pres-
sure. We consider these different lines of evidence in light 
of which models may provide optimal comparisons with 
proxy data and for use in pseudoproxy (e.g. Smerdon 2011) 
studies of PDO reconstruction data and methods. This work 
provides a necessary evaluation of climate model skill in 
simulating temporal, spatial, and spectral characteristic of 
the PDO prior to any subsequent comparison with proxies. 
It also provides insight into the potential long-term simulated 
behavior of this important mode of climate variability.

2  Data and methods

2.1  Model and observational data

Our model selection follows that of Bothe et al. (2013). We 
analyzed output from the following models from the Cou-
pled Model Intercomparison Project Phase 5 (CMIP5; Taylor 
et al. 2012) for this study, for which there were completed 
and archived last millennium (past1000, 850–1850 CE; 
Schmidt et al. 2012) and historical simulations as of August 
2013 (see Table 1): BCC (Xiao-Ge et al. 2012), CCSM4 
(Landrum et al. 2013a), FGOALS (Zhou et al. 2011), GISS-
R (Schmidt et al. 2014), IPSL-CM5A-LR (Dufresne et al. 
2013), and MPI-ESM-P (Giorgetta et al. 2013). As in Bothe 
et al. (2013), we include only two of the eight past1000 
members from the GISS ensemble (here R21 and R24), so as 
to not weigh the analysis unduly toward a single GCM. Due 
to drift in the GISS simulations, most apparent in the initial 
several centuries of the simulations, we excluded data from 
the years 850–1000 CE. We continued the simulations to the 
present (1850–1999 or 2005, depending on model) using 
historical simulations from the CMIP5 experiment. Most of 
our models have either continuous runs or matching histori-
cal simulations initialized from the end of the last millen-
nium simulation. One notable exception is IPSL-CM5A-LR, 
which had no archived historical continuation at the time of 
this research. Despite this, there is no obvious discontinuity 
at the time scale examined here in the past1000+historical 
PDO calculated from the IPSL-CM5A-LR, nor do any of our 
analyses or conclusion herein, for IPSL or otherwise, depend 
on the extension of the simulations to the present. Following 
Knutson et al. (2013) we use the model surface (‘skin’) tem-
perature field, which is available on regular grids, and fol-
lowing (Rayner et al. 2003) we set sea surface temperatures 
in regions covered with sea ice to −1.8

◦
C, in order to be 

directly comparable with observations. In order to evaluate 
overall model performance, we additionally calculated and 
analyzed a multimodel Ensemble Mean by averaging climate 
fields across all ensemble members.

In order to compare the model simulated PDO to obser-
vations, we used gridded sea surface temperatures (SST) 



3785North Pacific decadal variability in the CMIP5 last millennium simulations

1 3

from the UK Met Office Hadley Centre spanning 1870–2005 
(HadISST; Rayner et al. 2003). This dataset estimates SSTs 
in data-sparse regions using a reduced space optimal inter-
polation of observations. The dataset comprises monthly 
mean fields on a 1◦ × 1

◦ grid. SST observations in the North 
Pacific are limited before the 1940s, and are particularly 
sparse prior to the twentieth century (Kaplan et al. 1998; 
Rayner et al. 2006; Deser et al. 2010). We also confirmed our 
analyses by additionally analyzing the observed PDO in the 
Extended Reconstructed Sea Surface Temperature (ERSST) 
dataset (v3b; Smith et al. 2008).

In order to evaluate observed against modeled PDO tele-
connections, we use a set of three global gridded data prod-
ucts. We use sea level air pressure (SLP) observations from 
the NOAA-CIRES twentieth Century Reanalysis version 
2 (20CRv2; Compo and Sardeshmukh 2006). This dataset 
is derived from observations of synoptic surface pressure, 
with boundary conditions from monthly SST and sea-ice 
distributions (Compo et al. 2011). The 20CRv2 dataset has 
monthly mean fields from 1871 to 2012 on a 2◦ × 2

◦ grid. 
We use precipitation observations from the GPCC Full Data 
Reanalysis Version 6.0 (Schneider et al. 2011). The GPCC 
dataset contains data from a large global set of land stations 
interpolated to optimize spatial coverage (Schneider et al. 
2013). GPCC includes monthly mean fields from 1901 to 
2010 on a 1◦ × 1

◦ grid. For surface temperature anomalies, 
we used the Goddard Institute for Space Studies (GISS) 
Surface Temperature Analysis (GISTEMP; Hansen et al. 
2010). GISTEMP includes in situ meteorological station 
data and includes ERSST for sea surface temperature anom-
alies. These data are adjusted for non-climatic warming 

trends in urban areas. GISTEMP comprises monthly mean 
fields from 1880 to 2014 on a 2◦ × 2

◦ grid.

2.2  Methods

For both observations and models, we calculated the PDO 
index as the leading mode from an empirical orthogonal 
function (EOF) analysis of monthly residual SST anoma-
lies in the region 20◦N–60◦N, 110◦E–110◦W. We calculated 
the monthly mean anomalies by first removing the long-
term monthly means and then subtracting the monthly mean 
global SST anomaly. Summer (winter) values are calculated 
as the mean of April though September (October through 
March). The EOF analysis yields spatial patterns (loadings) 
and temporal scores (time series).

In order to analyze the spectra of the observed and model 
simulated PDO, we performed a multitaper method (MTM) 
analysis (Thomson 1982) on the the seasonal indices, using 
bandwidth parameter p = 2 and K = 3 tapers. Statistical 
significance of narrow-band spectral peaks was estimated 
using a Monte Carlo simulation (n = 10,000) of first order 
autoregressive (AR1) red noise with coefficients estimated 
from the actual indices (Neumaier and Schneider 2001). We 
also determined a moving evolutive MTM using an 80-year 
moving-window incrementally advanced along the length of 
the time series (Priestley 1965).

In order to examine teleconnections between North 
Pacific and global climate, we computed the field correla-
tion—the Pearson Product Moment Correlations between 
the PDO time series and every point in the respective 
field—for observations and modeled PDO indices in both 

Table 1  Selected climate models following Bothe et al. (2013) and their abbreviations, institute of origin, and the solar and volcanic forcing sets 
(Taylor et al. 2012; Schmidt et al. 2012)

Model Institute Solar Volcanic

(abbreviation)

BCC-CSM1-1 Beijing Climate Center Vieira et al. (2011) Gao et al. (2008)

(BCC) China Meteorological Administration

CCSM4 National Center for Atmospheric Research Vieira et al. (2011) Gao et al. (2008)

FGOALS-gl State Key Laboratory of Numerical Modeling Crowley (2000) Crowley (2000)

(FGOALS) for Atmospheric Sciences and Geophysical Fluid

Dynamics, Institute of Atmospheric Physics,

Chinese Academy of Sciences

GISS-E2-R National Aeronautics and Space Administration, Steinhilber et al. (2009) Crowley et al. (2008)

(GISS-R21) Goddard Institute for Space Studies

GISS-E2-R National Aeronautics and Space Administration, Steinhilber et al. (2009) Gao et al. (2008)

(GISS-R24) Goddard Institute for Space Studies

IPSL-CM5A-LR Institut Pierre Simon Laplace Vieira et al. (2011) Gao et al. (2008)

(IPSL)

MPI-ESM-P Max Planck Institute for Meteorology Vieira et al. (2011) Crowley et al. (2008)

(MPI)
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summer and winter against coeval precipitation, surface 
temperature, and sea level pressure fields. We also evaluated 
the lagged correlation between winter indices and summer 
climate fields, in order to observe whether knowledge of 
these teleconnections could allow for paleoclimate proxies 
reflecting local boreal summer or growing season conditions 
to be used to estimate the state of the prior winter PDO. Fol-
lowing Livezey and Chen (1983), we estimated the global 
(field) statistical significance of these correlations using a 
Monte Carlo simulation (n = 1000), reshuffling the field 
in time, recalculating the correlation with this randomized 
field, and counting the number of statistically significant 
correlations. If the original field correlation has more statis-
tically significant correlations than the 95th percentile of the 
Monte Carlo correlations, then the original field correlation 
pattern were considered to be globally statistically signifi-
cant (Livezey and Chen 1983).

3  Results

3.1  Spatiotemporal and spectral patterns

The spatial loading patterns of the leading EOF of North 
Pacific summer SST anomalies (the PDO) are shown in 
Fig. 1. Both models and observations show the characteristic 
‘horseshoe’ spatial loading pattern, with negative loadings in 
the central North Pacific surrounded by positive anomalies in 
the Gulf of Alaska, the Bering Sea, and along the west coast 
of the United States extending toward the tropics. The spatial 
patterns of the leading mode of the winter EOF are shown 
in Fig. 2. CCSM, FGOALS, GISS, and IPSL are similar to 
observations, with negative loadings in most of the North 

Pacific and positive loadings in the Bering Sea, the Gulf of 
Alaska, and off the west coast of the United States. Although 
the spatial patterns for BCC, MPI, and the Ensemble Mean 
are similar to the observations, the positive loadings extend 
throughout the tropical Pacific for these models. The spatial 
loadings for the ERSST dataset are almost identical in both 
summer and winter to the HadISST dataset (see Supplemen-
tal Materials), and therefore only the results from HadISST 
are discussed further.

Figure 3 shows annual and 21-year low pass filtered time 
series of the summer PDO index from models and obser-
vations, and the corresponding power spectra are shown in 
Fig. 5. All models display pronounced multidecadal vari-
ability; however, the spectra differ somewhat in their peak 
frequencies. FGOALS is the only model where the peak 
frequency of the spectrum is dominated by an interannual 
periodicity, at approximately 4 years (Fig. 4). The peak fre-
quency for the Ensemble Mean occurs at about 15 years. The 
peak frequency for BCC occurs at about 20 years and for 
CCSM and MPI at about 40 years. Peak frequency for GISS 
R21 and IPSL occurs at about 65 years, while it occurs at 
somewhat longer wavelengths in GISS R24 (∼90 years). The 
spectrum of the observed summer PDO shows maximum 
broadband power between approximately 30 and 65 years. 
Correlations between modeled and observed PDO indices 
are low, largely non-significant, and vary in sign (Table 2; 
r = −0.20 to 0.16).

Figure 4 shows annual and 21-year low pass filtered 
time series of the winter PDO index, with the power spec-
tra shown in Fig. 6. As with the summer PDO index, all 
models display a pronounced multidecadal variability. 
The FGOALS spectrum is again dominated by interannual 
periodicity, with a maximum at approximately 4 years. 

Fig. 1  Summer PDO loading pattern for simulations and observations (HadISST)
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The Ensemble Mean, BCC, and CCSM have decadal peak 
frequencies at ∼10, ∼20, and ∼20 years, respectively. The 
peak frequency occurs at about 35 years for MPI. Peak 
frequency occurs at about 65 years for GISS R21, GISS 

R24, and IPSL. Winter observations have significant broad-
band power in the PDO between 30 and 100 years. Simi-
lar to the summer PDO, correlations between the annual 
modeled and observed winter PDO index are low, largely 

Fig. 2  Winter PDO loading pattern for simulations and observations (HadISST)
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Fig. 3  The time series of the leading mode of the summer SST in the North Pacific Ocean domain is shown by the grey line. The time series of 
the 21-year low pass filtered leading mode is shown by the black line
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non-significant, and vary in sign (Table 3; r = −0.09 to 
0.24).

Figures 3 and 4 compare the low frequency (decadal 
and longer) variability in the individual modeled and 
observed 21-year low pass filtered for summer and win-
ter, which shows no obvious temporal coherence. Corre-
lations between all the low pass filtered series (Tables 4, 
5) show no overall pattern of similarity, and correlations 
between the modeled PDO against observations vary in 
sign during their common period (summer, r = −0.24 to 
0.40; winter, r = −0.26 to 0.26). The PDO time series 
for ERSST and HadISST show good agreement for both 
summer and winter (r = 0.91 and r = 0.90, respectively, 
p ≪ 0.01). As the datasets agree on both the loadings and 
time series, we limited our further discussion to analyses 
using HadISST.

Results of the evolutive spectral analysis for the sum-
mer and winter PDO indices are shown in Figs. 7 and 8, 
respectively. All models show variable power in decadal 
to multidecadal wavelengths throughout the last millen-
nium in both seasons. A number of the models, but in 

particular FGOALS as described above, also retain detect-
able interannual power in the leading mode of North 
Pacific SST variability. MPI shows strong variability in 
20–30 year periods, which is most intense near ∼1100, 
1425, 1600, and 1950 in summer and winter. FGOALS, 
GISS R21, GISS R24, and IPSL display variable power in 
the 30–80 year period. For FGOALS, the highest intensity 
occurs near ∼1300, 1500, and 1800 in summer and ∼1350 
and 1500 in winter. GISS R21 displays the most power 
near 1250 in summer and winter. GISS R24 displays the 
most power near 1400, 1600, and 1800 in summer, and 
1200 and 1800 in winter. IPSL shows the most power 
near 1250 and 1475 in summer and winter. The Ensemble 
Mean shows strong variability in the 30–80 year period 
at ∼1400 for both summer and winter. The shorter obser-
vational PDO indices provide limited opportunities to 
examine spectral variability through time; however, the 
increase in low frequency amplitude that can be seen in 
the observed PDO after the early twentieth century is also 
evident in the increase in multidecadal power in both sea-
sons in Figs. 7 and 8.
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Fig. 4  The time series of the leading mode of the winter SST in the North Pacific Ocean domain is shown by the grey line. The time series of 
the 21-year low pass filtered leading mode is shown by the black line
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3.2  Teleconnections

3.2.1  Precipitation

Field correlations between the summer (April–September) 
PDO index and the corresponding gridded precipitation data 

are shown in Fig. 9. Observations reveal positive correlations 
between summer PDO and summer rainfall in the western 
United States, and negative correlation with rainfall in east-
ern China and tropical Asia, although these relationships 
are not significant at p < 0.05. For all models the summer 
PDO correlates positively with simulated precipitation over 
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Fig. 5  Power spectrum of the summer PDO index is shown by the black line. The 90 and 95 % significance levels are shown by the orange and 
red lines, respectively

Table 2  Pearson product 
moment correlation coefficients 
between the summer PDO time 
series shown in Fig. 3, for the 
full period of overlap

Correlations that are significant at p < 0.05 as determined using the method described by Ebisuzaki (1997) 
are marked by asterisks

CCSM FGOALS GISS R21 GISS R24 IPSL MPI Ensemble Observations

BCC 0.064 −0.025 0.021 0.041 −0.023 −0.007 0.382* 0.161

CCSM −0.001 −0.027 −0.001 −0.035 −0.081* 0.416* 0.039

FGOALS 0.009 −0.012 0.008 −0.002 0.401* −0.124

GISS R21 0.034 −0.032 0.024 0.226* −0.077

GISS R24 0.013 0.076* 0.287* −0.049

IPSL 0.028 0.369* −0.195

MPI 0.357* −0.041

Ensemble −0.078
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the west coast of the United States. BCC, CCSM, FGOALS, 
IPSL, and MPI match the negative correlation in eastern 
Russia and Alaska.

Figure 10 shows the correlations fields between the winter 
(October–March) PDO index and the corresponding mod-
eled precipitation data. For the observed winter PDO and 
precipitation there are significant positive correlations over 

Mexico and the central and southwestern United States, and 
significant negative correlations over the Pacific Northwest 
of the United States and western Canada. Significant nega-
tive correlations are also observed over eastern Russia and 
northeastern South America. FGOALS, GISS R21, IPSL, 
MPI, and the Ensemble Mean show positive correlations in 
the southern United States and negative correlations in the 

Table 3  Pearson product 
moment correlation coefficients 
between the winter PDO time 
series shown in Fig. 4, for the 
full period of overlap

Correlations that are significant at p < 0.05 as determined using the method described by Ebisuzaki (1997) 
are marked by asterisks

CCSM FGOALS GISS R21 GISS R24 IPSL MPI Ensemble Observations

BCC 0.083* −0.014 0.045 0.012 0.024 0.022 0.467* 0.176

CCSM 0.003 −0.054 0.008 −0.018 −0.097* 0.390* −0.007

FGOALS −0.026 −0.009 0.041 0.001 0.342* −0.092

GISS R21 0.102 −0.100* 0.037 0.103* 0.237*

GISS R24 −0.039 0.043 0.157* 0.075

IPSL 0.009 0.361* −0.063

MPI 0.395* −0.091

Ensemble 0.068
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Fig. 6  Power spectrum of the winter PDO index is shown by the black line. The 90 and 95 % significance levels are shown by the orange and 
red lines, respectively
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Pacific Northwest. Only CCSM has negative correlations 
in Alaska. BCC, FGOALS, IPSL, MPI, and the Ensemble 
Mean show negative correlations in eastern Russia. All mod-
els show a positive correlation in the northeastern parts of the 
Pacific, and a negative correlation in the southwestern parts 
of the Pacific.

Correlations between the modeled October–March PDO 
index and the following corresponding summer (April–Sep-
tember) precipitation data are shown in Fig. 11. Observations 
suggest similar correlation patterns to those for the coeval 
summer, with positive correlations between winter PDO and 
summer precipitation in western North America and nega-
tive correlations in tropical Asia, but these are not significant 
at p < 0.05. BCC, CCSM, FGOALS, and GISS R21 have 
positive correlations on the west coast of the United States. 
FGOALS also has negative correlations in eastern Asia. The 
summer, winter, and lagged precipitation field correlations are 
all globally significant. Teleconnection patterns for the histori-
cal simulations only are highly similar to those reported above 
and available in Supplemental Material.

3.2.2  Sea level pressure

Figures 12 and 13 show the correlations field between the 
summer and winter PDO index and the corresponding 

seasonal sea level pressure data, respectively. For summer 
observations, the PDO correlated negatively in the contigu-
ous United States and in eastern Asia, but positively in east-
ern Russia and Alaska. CCSM, GISS R21, GISS R24 and 
IPSL, and the Ensemble Mean agreed with observations in 
these areas. FGOALS and MPI showed negative correlations 
in Asia and positive correlations in Russia and Alaska, but 
also showed positive correlations in the contiguous United 
States. BCC and the Ensemble Mean showed positive cor-
relations in Russia and Alaska, and negative correlations in 
eastern Asia, but did not have significant correlations in the 
contiguous United States.

In winter, the PDO correlates negatively in Asia, Russia, 
and Alaska, and positively in the contiguous United States. 
MPI, and the Ensemble Mean agree with observations for 
Russia, Alaska, and the contiguous United States, but either 
show positive correlations or do not have significant cor-
relations in Asia. CCSM, FGOALS, and IPSL agree with 
observations in Russia and Alaska, but not in Asia or the 
contiguous United States. BCC agrees with observations in 
the United States but not in Asia. GISS R21 and GISS R24 
do not agree with observations in any of those locations. The 
sea level pressure field correlations for all models and obser-
vations are globally significant for summer and winter. Tel-
econnection patterns for the historical simulations only are 

Table 4  Pearson product 
moment correlation coefficients 
between the 21-year summer 
low pass filtered time series 
shown in Fig. 3, for the full 
period of overlap

Correlations that are significant at p < 0.05 as determined using the method described by Ebisuzaki (1997) 
are marked by asterisks

CCSM FGOALS GISS R21 GISS R24 IPSL MPI Ensemble Observations

BCC 0.058 −0.014 0.071 0.049 −0.048 0.010 0.464* −0.089

CCSM −0.003 −0.138 0.045 0.025 −0.121* 0.436* 0.214

FGOALS 0.007 −0.088 −0.019 −0.002 0.322* −0.243

GISS R21 0.080 −0.162 0.060 0.123* −0.134

GISS R24 0.168 0.068* 0.346* 0.106

IPSL 0.039 0.373* −0.067

MPI 0.324* 0.396

Ensemble 0.116

Table 5  Pearson product 
moment correlation coefficients 
between the 21-year winter low 
pass filtered PDO time series 
shown in Fig. 4, for the full 
period of overlap

Correlations that are significant at p < 0.05 as determined using the method described by Ebisuzaki (1997) 
are marked by asterisks

CCSM FGOALS GISS R21 GISS R24 IPSL MPI Ensemble Observations

BCC 0.144* 0.025 0.068 0.009 0.034 0.074 0.570* 0.094

CCSM 0.030 −0.202 0.009 0.084 −0.187* 0.438* −0.012

FGOALS −0.010 −0.128 0.149 −0.067 0.378* −0.258

GISS R21 0.178 −0.249* 0.041 −0.049* 0.013*

GISS R24 0.109 0.031 0.125* 0.258

IPSL −0.005 0.453* 0.033

MPI 0.277* −0.032

Ensemble 0.042
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highly similar to those reported above and available in Sup-
plemental Material.

3.2.3  Surface temperature

The correlations between surface air temperature data and the 
April–September PDO index are shown in Fig. 14. PDO in 
observations correlates positively with temperatures in east-
ern Russia, Alaska, off the west coast of the United States, 
and in the tropical Pacific. They also show negative corre-
lations over Japan and the central North Pacific. All models 
agree with observations in these locations. The observations 
correlate positively in the tropical Pacific Ocean. All models 
except GISS R21 and GISS R24 agree with observations in 
the tropical Pacific.

Figure 15 shows the correlations between the October–
March PDO index and surface temperatures. Observations 
correlate negatively with GISTEMP in the central North 
Pacific and positively in the Bering Sea, Alaska, and off the 

west coast of the United States. All models agree with obser-
vations in these areas. Observations correlate negatively in 
northern Asia and positively in southern Asia. BCC, CCSM, 
FGOALS, IPSL, and MPI agree with observations in Asia. 
GISS R21 and GISS R24 correlate negatively throughout 
Asia.

Correlations between the October–March PDO index and 
subsequent the April–September surface temperature data 
are shown in Fig. 16. The observations are negatively corre-
lated with summer temperatures for the central North Pacific 
and positively in the Gulf of Alaska, off the west coast of the 
United States, and toward the tropical Pacific Ocean. BCC, 
CCSM, FGOALS, IPSL, MPI, and the Ensemble Mean 
agree with observations in these areas. GISS R21 and GISS 
R24 correlate negatively everywhere in the Northern Hemi-
sphere except the Gulf of Alaska and off the west coast of 
the United States. The summer, winter, and lagged surface 
temperature field correlations are all globally significant. 
Teleconnection patterns for the historical simulations only 
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Fig. 7  Evolutive power spectrum based on performing the summer MTM analysis with a moving 80-year window. Dashed black horizontal 
lines in each plot indicate, from the top, the 10-year, 30-year, and 80-year periodicity
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are highly similar to those reported above and available in 
Supplemental Material.

4  Discussion

All models produce a multidecadal mode of North Pacific 
variability over the last millennium with spatial and spec-
tral patterns similar to observations. This finding is consist-
ent with other assessment of transient historical (c.f. Stoner 
et al. 2009; Deser et al. 2012; Polade et al. 2013; Sheffield 
et al. 2013; Yim et al. 2015) and long control simulations 
(c.f. Hunt 2008). As would be expected of a climate mode 
that reflects predominantly internal climate system variabil-
ity, no model examined here reproduces the precise observed 
secular time history of the PDO over the last century and 
all models have different time histories. This suggests that 
North Pacific decadal variability, as simulated by the models 
and defined by the PDO index, does not reflect a consistent 

dynamic response to radiative forcing over this time period, 
but rather is dominated by internal climate system variation. 
Indeed, Schneider and Cornuelle (2005) have shown that 
the observed PDO can be explained as the superposition of 
interannual- and decadal-scale ocean–atmosphere variabil-
ity in the El Niño-Southern Oscillation (ENSO), Aleutian 
Low, and Kuroshio-Oyashio Extension (KOE). Newman 
et al. (2003) demonstrated that the PDO could be modeled 
as a function of ENSO and atmospheric noise. These studies 
suggest that the PDO is not an independent dynamical fea-
ture of the climate system, but rather is dependent on ENSO 
and reflects internal ocean–atmosphere variability. While 
ENSO is thought to potentially respond to past radiative 
forcing changes based on model simulations (e.g. Clement 
et al. 1996; Ault et al. 2013), paleoclimate reconstructions 
do not demonstrate such an influence over the last millen-
nium, at least at decadal to multidecadal time scales (Ault 
et al. 2013; Emile-Geay et al. 2013; Tierney et al. 2015), 
and modeling studies further suggest that only substantial 
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changes to insolation may result in a detectable forced altera-
tion of ENSO variance (e.g. Emile-Geay et al. 2008; Phi-
pps et al. 2013). Further analysis of the full Pacific Ocean 
domain indicates that observed Pacific decadal variability 
is not restricted to the Northern Hemisphere (Garreaud and 
Battisti 1999), further suggesting a common tropical driver 
of the phenomena (Evans et al. 2001a; Newman et al. 2003). 

Our observation here that the modeled PDO does not have 
a strong or consistent response to forcing in the past1000 
simulations agrees with Landrum et al. (2013b), who came 
to the same conclusion for the last millennium simulation in 
the CCSM4 model.

We note in some models the EOF patterns indicate stronger 
loadings than calculated from observations (Figs. 1, 2). While 

Fig. 9  Field correlation between the summer PDO index and sum-
mer precipitation. For the models, only correlations that are signifi-
cant at p < 0.05 are shown. For observations, the black dots represent 

regions where the correlation is significant at p < 0.05. GPCC pre-
cipitation observations are from Schneider et al. (2011)

Fig. 10  Field correlation between the winter PDO index and winter 
precipitation. For the models, only correlations that are significant at 
p < 0.05 are shown. For observations (GPCC), the black dots repre-

sent regions where the correlation is significant at p < 0.05. GPCC 
precipitation observations are from Schneider et al. (2011)
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caution is necessary when interpreting the magnitude of these 
loading values when models and observations differ from one 
another in total length and spatial resolution, this suggests that 
PDO mode variance in some models may be larger and more 
coherent than in observations. One implication of this could 
be that teleconnections to regional climate are stronger and 
more coherent in these models compared to the real world, 

a possibility that needs to be kept in mind when comparing 
proxy reconstructions and forced paleoclimate model simula-
tions of the last millennium.

There is no obvious or linear association with estimated 
solar variability over the last millennium in the majority of 
the models (Schmidt et al. 2011). While the PDO in MPI 
does have significant spectral power near the ∼11-year solar 

Fig. 11  Field correlation between the winter PDO index and the fol-
lowing summer precipitation. For the models, only correlations that 
are significant at p < 0.05 are shown. For observations, the black 

dots represent regions where the correlation is significant at p < 0.05

. GPCC precipitation observations are from Schneider et al. (2011)

Fig. 12  Field correlation between the summer PDO index and sum-
mer sea level pressure. For the models, only correlations that are 
significant at p < 0.05 are shown. For observations, the black dots 

represent regions where the correlation is significant at p < 0.05. 
Observations for sea level pressure are from Compo and Sardesh-
mukh (2006)
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cycle in both seasons, we find that it has no relationship with 
either the amplitude or phase of the corresponding solar 
forcing applied to the model. Nor does there appear to be a 
coherent responses to changes in volcanic forcing. Modeled 
PDO does not behave consistently following major volcanic 
eruptions in the later thirteenth century (Lavigne et al. 2013), 
1450s (Gao et al. 2006), or early nineteenth century (Figs. 3, 

4). For instance, although one of the GISS ensemble mem-
bers (R21) simulated a negative phase of the PDO coincident 
with the timing of late thirteenth century eruptions (Schmidt 
et al. 2012), the same ensemble member simulates a posi-
tive phase after early nineteenth century eruptions. Likewise, 
BCC has a negative phase PDO in the late thirteenth century, 
but a positive phase in the 1450s. There is no consistency in 

Fig. 13  Field correlation between the winter PDO index and winter 
sea level pressure. For the models, only correlations that are signifi-
cant at p < 0.05 are shown. For observations, the black dots represent 

regions where the correlation is significant at p < 0.05. Observations 
for sea level pressure are from Compo and Sardeshmukh (2006)

Fig. 14  Field correlation between the summer PDO index and sum-
mer near-surface air temperature. For the models, only correlations 
that are significant at p < 0.05 are shown. For observations, the black 

dots represent regions where the correlation is significant at p < 0.05. 
Observations for surface temperature are from Hansen et al. (2010)
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the behavior after eruptions within each model. We conclude 
that, from the point of view of the forced model simulated 
ensemble response, there is no evidence for a consistent 
influence from changes in volcanic and solar forcing on the 
PDO. Our observations are consistent with the findings by 
Zanchettin et al. (2012), who examined decadal variability 

in the MPI, and Landrum et al. (2013b) who examined the 
PDO in a last millennium simulation using the CCSM4. This 
is not necessarily an unexpected finding, since by definition 
the global mean temperature signal is removed when calcu-
lating the PDO index. However, this does suggests that, at 
least in the GCMs considered here, either external forcing 

Fig. 15  Field correlation between the winter PDO index and winter 
near-surface air temperature. For the models, only correlations that 
are significant at p < 0.05 are shown. For observations, the black 

dots represent regions where the correlation is significant at p < 0.05. 
Observations for surface temperature are from Hansen et al. (2010)

Fig. 16  Field correlation between the winter PDO index and follow-
ing summer near-surface air temperature. For the models, only cor-
relations that are significant at p < 0.05 are shown. For observations, 

the black dots represent regions where the correlation is significant 
at p < 0.05. Observations for surface temperature are from Hansen 
et al. (2010)
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does not consistently excite particular modes of decadal 
scale variability in the North Pacific or the signal is smaller 
than the internal variability of the system.

Our evaluation of spatial patterns, spectral power den-
sity, and teleconnection fidelity suggest that overall CCSM, 
FGOALS, and IPSL are the most similar to observations 
in the aggregate. These models reproduce the spatial pat-
tern of the observed PDO for both summer and winter. The 
observed summer (winter) power spectrum of the observa-
tions has broadband maximum power in the range of 30–65 
(30–100) years, which these models largely reproduce, 
although FGOALS has considerable interannual power as 
well. BCC also has a similar spatial pattern to the observed 
summer PDO and has multidecadal power in both seasons 
similar to the observations, but performs less well with 
respect to the winter spatial pattern. GISS and MPI likewise 
have similar spatial patterns but lack statistically significant 
multidecadal spectral power in the range of the observations. 
The Ensemble Mean reproduces the spatial patterns and had 
statistically significant multidecadal spectral pattern that 
matches observations.

Lacking high resolution extra-tropical marine proxy 
records, most paleoclimate reconstructions of North Pacific 
decadal variability rely on distal terrestrial or tropical marine 
proxies. The proxy paleoclimate reconstructions of D’Arrigo 
et al. (2001), Evans et al. (2001b), Biondi et al. (2001), 
Gedalof and Smith (2001), and D’Arrigo and Wilson (2006), 
for example, use tree-ring sites in the southwestern United 
States, the Gulf of Alaska, Mongolia, Japan, China, and east-
ern Russia (see Supplemental Material). These records are 
sensitive to local temperature (Gulf of Alaska, Russia) or soil 
moisture (southwestern North America, central and monsoon 
Asia), and PDO reconstructions that rely on these assume 
a stable teleconnection between variability in the North 
Pacific and their terrestrial climate. While we don’t expect 
that model simulated PDO will have the same secular tem-
poral history as the actual PDO, understanding the fidelity 
of model teleconnections to terrestrial climate is useful for 
several reasons. First, the models do allow for assessments 
of the possible sources of disagreement between reconstruc-
tion, including nonstationary teleconnections (Gershunov 
and Barnett 1998; McCabe et al. 2004a; McAfee 2014; Wise 
2014) and proxy network selection, within a pseudoproxy 
framework (Smerdon 2011). Second, establishing which 
models have reasonable overall teleconnections provides 
can guide their use for paleoclimate data assimilation (c.f. 
Steiger et al. 2014).

Of the models considered here, BCC, CCSM, FGOALS, 
IPSL, and the Ensemble Mean best reproduce the observed 
teleconnections in the regions used for the reconstructions in 
southwestern United States, Alaska, Russia, and eastern Asia 
(Figs. 9, 10, 11, 12, 13, 14, 15, 16). Although statistically 

significant correlations between summer PDO and summer 
precipitation can be sparse within these models, particularly 
in Asia, they generally agree in sign with observations. These 
models agree with observations in the southwestern United 
States, Alaska, Russia, and parts of Asia for the correlation 
between summer (winter) PDO and surface temperature, 
but disagree across China (Mongolia and eastern Russia). 
MPI agrees moderately well with observed teleconnections. 
The GISS model simulations show the least similar patterns 
compared to observed teleconnections for those regions with 
proxy data used to reconstruct the PDO. Taking into account 
the spatial and spectral fidelity discussed earlier, CCSM, 
FGOALS, and IPSL appear likely to be the most appropriate 
models to use in PDO pseudoproxy analyses and other pale-
oclimate model/data comparisons.

5  Summary and conclusions

We have evaluated the spatiotemporal and spectral proper-
ties of the Pacific decadal oscillation as simulated by model 
experiments of the past1000 years. All the models produce 
spatial loading patterns similar to the observed PDO, and 
most produce a leading mode of North Pacific temperature 
variability with significant decadal and multidecadal power. 
There is no indication, either within individual simulations 
nor across the ensemble, of a coherent forced response, sug-
gesting the PDO as defined here and as simulated in the 
models reflects predominantly internal climate system vari-
ability. Interestingly, all the models considered here show 
temporal changes in the power associated with decadal-
scale variability (Figs. 7, 8), which suggests the magnitude 
of the influence of the PDO on Pacific Ocean basin climate 
may indeed wax and wane through time. This review of the 
characteristics of North Pacific decadal variability in the last 
millennium (past1000) CMIP5 simulations and of the ability 
of this current generation of long forced GCM simulations 
to reproduce climate features of the observed ocean–atmos-
phere system now allows us to now apply these simulations 
toward evaluating how this variability may be imprinted on 
terrestrial or distal marine proxies of the last millennium.
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