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ABSTRACT

The response of the Pacific Decadal Oscillation (PDO) to global warming according to the Fast Ocean Atmosphere
Model (FOAM) and global warming comparison experiments of 11 IPCC AR4 models is investigated. The results show that
North Pacific ocean decadal variability, its dominant mode (i.e., PDO), and atmospheric decadal variability, have become
weaker under global warming, but with PDO shifting to a higher frequency. The SST decadal variability reduction maximum
is shown to be in the subpolar North Pacific Ocean and western North Pacific (PDO center). The atmospheric decadal
variability reduction maximum is over the PDO center.

It was also found that oceanic baroclinic Rossby waves play akey role in PDO dynamics, especially those in the subpolar
ocean. As the frequency of ocean buoyancy increases under a warmer climate, oceanic baroclinic Rossby waves become
faster, and the increase in their speed ratio in the high latitudes is much larger than in the low latitudes. The faster baroclinic
Rossby waves can cause the PDO to shift to a higher frequency,and North Pacific decadal variability and PDO to become
weaker.
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1. Introduction

The Pacific Decadal Oscillation (PDO), as the domi-
nant mode of North Pacific decadal variability, is character-
ized by a horseshoe-like SST anomaly, with a negative SST
anomaly in the western and central North Pacific and a pos-
itive SST anomaly in the central and eastern equatorial Pa-
cific, along the North American coast, and in the Gulf of
Alaska (Fig. 1b). The PDO comprises two modes with ap-
proximate bidecadal (15–25 yr) and multidecadal (50–70 yr)
periods, as indicated by the PDO index (Mantua et al., 1997),
the 20th century North Pacific sea level pressure index (Mi-
nobe, 1999), and model simulation results (Latif and Barnett,
1994; Wu and Liu, 2003; Kwon and Deser, 2007; Zhong and
Liu, 2009). In addition, the Hadley Centre Global Sea Ice
and Sea Surface Temperature dataset (HadISST) (Rayner et
al., 2003) PDO index (Fig. 1c) shows decadal to multidecadal
power spectra (Fig. 1d), with spectrum peaks at about 50–70
and 15–25 yr.

A number of different mechanisms through which PDO
modes are forced have been reported. For example, by the
tropics through atmospheric teleconnection (Trenberth and
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Hurrell, 1994; Deser et al., 2004), by tropical and midlati-
tude interaction (Jacobs et al., 1994; Gu and Philander, 1997;
Kleeman et al., 1999; Wu et al., 2007), by midlatitude lo-
cal air–sea interaction (Latif and Barnett, 1996; Saravanan
and McWilliams, 1998; Seager et al., 2001; Wu and Liu,
2003), and by midlatitude and subpolar interaction (Miller
and Schneider, 2000; D’Orgeville and Peltier, 2009; Zhong
and Liu, 2009). Regardless, for all of these PDO mecha-
nisms, oceanic baroclinic Rossby wave adjustment plays a
crucial role, and sets the PDO time scale.

The PDO has wide-ranging impacts on global climate,
marine ecosystems and fisheries on the decadal time scale
(Mantua et al., 1997; Mantua and Hare, 2002; Miller et al.,
2004). In addition, as the decadal background, it can mod-
ulate seasonal and interannual climate variability, and isvi-
tal to short- and long-term climate prediction. The PDO in-
fluences ENSO onset and frequency (Wang, 1995; An and
Wang, 1999), and enhances (cancels) ENSO climate telecon-
nections when they are in- (out-of-) phase (Gershunov and
Barnett, 1998; Hu and Huang, 2009). The PDO also wields
influence on summer rainfall patterns over China and Amer-
ica (Gershunov and Barnett, 1998, Huang et al., 2006). Over-
all, the PDO is an important element in the prediction of
short- and long-term climate, marine ecology, and fisheries.

Global warming since the second Industrial Revolution
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Fig. 1. (a) Hadisst SST decadal STD, (b) EOF first mode (units:◦C), (c) standardized time coefficient series, and (d) the
MTM raw power spectrum with 50% and 90% confidence level linesshown.

in the 1870s has led to persistent and irreversible climate
changes. The impact of global warming (mean climate
change) on climate variability has become a key scientific is-
sue, as reflected by the establishment and efforts of organiza-
tions such as CLIVAR (Climate Variability and Predictabil-
ity) and the IPCC. Work thus far using model ensemble sim-
ulations predicts a weaker Atlantic Meridional Overturning
Circulation (AMOC) (Schmittner et al., 2005; Stouffer et al.,
2006), but sufficient and reliable observations to verify these
results are not available. The ENSO period might become
shorter by 5%, but its amplitude change remains inconclusive
(Merryfield, 2006; Guilyardi et al., 2009).

In the context of improving the climatic evaluation of
global warming, as well as short- and long-term climate pre-
diction, it is imperative to investigate the response of the
PDO and the possible underlying mechanism. Superimpos-
ing decadal and interannual variability on the warming trend
using historical instrumental data can only stretch back 100
years, so it is very difficult to separate decadal variability
from the warming trend. Therefore, such data are insufficient
for studying the PDO response to global warming, mean-
ing we instead turn to paleoclimate data and global warm-
ing model simulations for greater insight. In paleoclimate
research, northeastern Pacific tree-ring series and the recon-
structed PDO index since 1700 A.D. have revealed evidence
for less pronounced interdecadal variability after about the
1850s (D’Arrigo et al., 2001, Figs. 6 and 7). However, re-
sults based on other paleoclimate data are diverse (Mantua
and Hare, 2002), and even opposite (Biondi et al., 2001).
D’Orgeville and Peltier (2009) studied the PDO response to
global warming using the low resolution version of the Com-
munity Climate System Model Version 3 (CCSM 3). In the
1870 control run, the PDO showed a typical period of about
20 years, determined by subpolar ocean processes in which
salinity played an active role. When CO2 concentration in-

creased by 1% every year, with an integration length of 200
years, the typical 20-yr period could no longer be detected,
and there was a larger multidecadal power spectrum. The
disappearance of the 20-yr period was ascribed to the to-
tal melting of the Arctic ice cap, and speculation was made
that global warming might modulate the PDO to a lower fre-
quency (multidecadal period). However, their results were
questionable. Their global warming spin-up run was only 200
years, with CO2 concentration increasing by 1% every year,
and the global climate did not reach equilibrium. Therefore,
the larger multidecadal power spectrum might be a global
warming residual caused by linear warming trend removal
(Mann and Lees, 1996).

In the present study, the PDO response to global warm-
ing in the National Center for Atmospheric Research-
Community Climate System Model Version 3 (NCAR
CCSM 3.0) IPCC Fourth Assessment Report (AR4) Picn-
trl and A1B experiments was investigated, and the results
showed, as reported in section 4.2, the PDO getting weaker
and shifting to a higher frequency under a warmer climate.
We examined the PDO response to global warming in a dou-
ble CO2 equilibrium run of 400 years (2CO2) and a corre-
sponding control run of 400 years (Ctrl) (Table 1), so our re-
sults are more convincing. In addition, IPCC Picntrl and A1B
simulations (Meehl et al., 2007) were used to validate the re-
sults. For most PDO mechanisms, the PDO time scale is set
by the baroclinic Rossby wave speed (ocean adjustment pro-
cess). Saenko (2006) conjectured that, under global warm-
ing, ocean stratification would enhance, Rossby waves would
speed up, and the interannual and decadal variability periods
might become shorter. Here, we report that global warming
does indeed weaken the PDO and modulate it to a higher fre-
quency.

The remainder of the paper is organized as follows. An
introduction to the models used, the experiments, and anal-
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Table 1.Global warming experiments used in the study.

Model Experiment name CO2 concentration (ppm) Experiment length

FOAM Ctrl 355 400 years
2CO2 710 400 years
PBnp 355 400 years
PBstp 355 400 years

IPCC AR4 models Picntrl 290 200 years

A1B
Increase from 365 to 720 From 2000 to 2100

720 From 2100 to future

ysis procedures are provided in section 2. Sections 3 and
4 present the results of the North Pacific decadal variability
and PDO response to global warming, as simulated by the
Fast Ocean Atmosphere Model (FOAM) and global warming
simulations from eleven IPCC AR4 models. Section 5 eluci-
dates the possible mechanism for the PDO response, and then
a final discussion and conclusions are provided in section 6.

2. Methods

2.1. Observation data, models and global warming exper-
iments

HadISST data from 1870 to 2010 with a resolution of
1◦ × 1◦ (Rayner et al., 2003) were used to show the ob-
served PDO spatial pattern and power spectrum. Details of
the models and experiments used in the study are listed in
Table 1. The main model used was the Fast Ocean Atmo-
sphere Model, version 1.5 (FOAM1.5) (Jacob, 1997), which
is a fully coupled ocean–atmosphere GCM without flux ad-
justment, consisting of atmosphere, ocean, land, ice and cou-
pler components. FOAM has shown good performance in
research on Pacific and Atlantic decadal variability, climate
change and paleoclimate, as indicated at http://www.mcs.anl.
gov/research/projects/foam/publications.html. In the FOAM
control run of 400 years (Ctrl), greenhouse gas concentra-
tions were fixed at 1990 levels, with a CO2 concentration of
355 ppm. In the FOAM double-CO2-equilibrium simulation
(2CO2), only the CO2 concentration was doubled compared
to Ctrl (i.e., at 710 ppm). The 2CO2 simulation was inte-
grated for 760 years, with the last 400 years—during which
the climate reached equilibrium—used for the analysis.

The IPCC’s Picntrl (pre-industry experiment) and sce-
nario A1B (global warming experiment) simulations are
archived and provided by the Program for Climate Model Di-
agnosis and Intercomparison (PCMDI). The CO2 concentra-
tion is fixed at 280 ppm in Picntrl. Under the A1B scenario,
the CO2 concentration is increased from 365 ppm in the year
2000 to 720 ppm by the year 2100, and remains constant
thereafter. Eleven models with the A1B simulation extending
to 2300 were selected to study North Pacific decadal standard
deviation (section 3) and the PDO characteristic response
to global warming. These were: NCARCCSM 3.0, CC-
CMA CGCM3 1, CCMA CGCM3 1 T63, CNRM CM3,
CSIRO MK3 5, GFDL CM2 0, GFDL CM2 1, GISS
MODEL E R, MIROC3 2 MEDRES, MIUB ECHO G,

and MRI CGCM2 3 2A. The details of these models
and experiments are introduced in the PCMDI web-
site (http://www-pcmdi.llnl.gov/ipcc/modeldocumentation/
ipcc modeldocumentation.php).

In order to exclude the impact of the global warming
trend, it is better to study the PDO response to global warm-
ing in stable climate equilibrium. The CO2 concentration is
fixed in the Ctrl, 2CO2 (the last 400 years), Picntrl, and A1B
(from 2100) experiments, and so North Pacific decadal vari-
ability and the PDO response to global warming was studied
(sections 3 and 4) between the FOAM Ctrl and 2CO2 exper-
iments (both with 400-yr equilibrium climate), and between
the Picntrl and A1B experiments. The magnitude of warm-
ing (CO2 concentration increase) of the IPCC AR4 experi-
ments (A1B minus Picntrl) is 440 ppm, which is larger than
that (355 ppm) of the FOAM experiments (2CO2 minus Ctrl),
and so the baroclinic Rossby wave increase ratio is also more
obvious in the IPCC AR4 models, as shown later in section
5.3.

2.2. Partial blocking experiments

Two Partial blocking (PB) experiments (Liu et al., 2002),
namely PBnp and PBstp (Table 1), were carried out to inves-
tigate the role of oceanic baroclinic Rossby wave adjustment
in the PDO, by comparison with Ctrl. The PBnp (PBstp) ex-
periments were designed as follows. From 10◦ to 60◦N (10◦

to 35◦N), from 175◦ to 185◦E, and at a depth of 100 m, ocean
temperature and salinity are permanently fixed at the clima-
tology. The North Pacific (subtropical North Pacific only)
westward baroclinic Rossby waves were blocked and elimi-
nated near the partial blocking region in PBnp (PBstp). Sub-
polar baroclinic Rossby waves still worked in PBstp.

2.3. Analysis procedure

The analysis procedure was the same for all variables in
Figs. 1–8. Decadal variability in this study was generally
regarded as variability with a period longer than eight years.
Data procedures included the following four steps. (1) Win-
ter annual mean (from October to the following March) time
series were first linearly detrended to remove the warming
trend and minor model drift. (2) Low-pass filtering (> 8 yr)
was performed to focus on the decadal variability. (3) The
detrended and filtered field was then used to calculate the
standard deviation (STD), derive the PDO mode and its time
coefficient series through EOF analysis and Singular Value
Decomposition (SVD) analysis. Grid variables were area-
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weighted before EOF and SVD analysis. (4) The power spec-
trum of the PDO was calculated using a multitaper spectrum
method (Mann and Lees, 1996). To exclude the nonphysi-
cal power peaks caused by filtering, the power spectrum was
based on the unfiltered time coefficient obtained by project-
ing the derived PDO mode onto the unfiltered field derived in
step (1) (Wu and Liu, 2003).

3. Response of North Pacific decadal variabil-
ity to global warming

The detrended and low-pass filtered time series were used
to calculate decadal STD. The SST STD and 500-hPa geopo-
tential height (GPH) STD response to global warming are
shown in Figs. 2 and 3, respectively.

3.1. SST decadal STD change

SST decadal STD in the observational HadISST data, as
well as the FOAM and IPCC AR4 model control runs, is
shown in Figs. 1a, 2a and 2b respectively, with the maximum
in the western and central North Pacific, labeling the PDO
center (Figs. 1b, 4a and 7a). From 20◦ to 50◦N, the North
Pacific SST decadal variability in FOAM (Fig. 2a) is overall
consistent with that in the observation (Fig. 1a), with a maxi-
mum decadal STD of about 0.4◦C. The ensemble mean of the
IPCC AR4 models has much larger decadal variability, with

a STD of 1◦C in the Kuroshio-Oyashio Extension (KOE) re-
gion (Fig. 2b), compared to the observation and FOAM (Figs.
1a and 2a). The subpolar North Pacific ocean decadal vari-
ability in both FOAM and the IPCC AR4 models is larger
than that in HadISST.

Under a warmer climate, North Pacific decadal variabil-
ity (SST decadal STD) weakens in FOAM (Fig. 2c), the en-
semble mean (Fig. 2d), and every one of the 10 IPCC AR4
models (not shown). North Pacific SST decadal STD de-
creases by 0.05◦C–0.2◦C (Figs. 2c and d), with a ratio of
decrease from 10% to 40% (Figs. 2e and 2f). The North Pa-
cific decadal variability reduction maximum is in the western
and central North Pacific (PDO center) and subpolar North
Pacific (especially the western subpolar North Pacific), im-
plying a weaker PDO. Overall, as the latitude increases and
longitude decreases in the North Pacific, the magnitude of
SST decadal STD reduction and the reduction ratio increase,
which might be related to the magnitude of ocean warming
and the speed-up ratio of oceanic baroclinic Rossby waves
(section 5.3). The magnitude of warming in the higher lati-
tudes and in the west is larger than that in the lower latitudes
and in the west (Fig. 9). The Rossby wave speed-up ratio in
the high latitudes is larger than that in the low latitudes (Fig.
10).

When the climate warms, in the western half of the North
Pacific, the magnitude of SST decadal variability reduction
in FOAM (Fig. 2c) is almost equal to that in the IPCC AR4

Fig. 2. SST decadal STD (units:◦C) (a, b) in Ctrl and Picntrl, its change (c, d) under global warming, and the
change ratio (e, f), in FOAM (left column) and 10 IPCC AR4 models (right column).
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Fig. 3. 500-hPa GPH decadal STD (units: m) (a, b) in Ctrl and Picntrl,its change (c, d) under global warming,
and the change ratio (e, f), in FOAM (left column) and 10 IPCC AR4 models (right column).

models (Fig. 2d), with 0.1◦C in the KOE region and 0.2◦C
in the western subpolar region. Since the IPCC AR4 mod-
els have a larger decadal variability in the KOE region (men-
tioned above), the SST decadal variability reduction ratioin
the FOAM KOE region (western North Pacific) is a little
larger than that in the IPCC AR4 models (Figs. 2e and f).
Incidentally, global warming might shift mid-latitude storm
tracks and the KOE northward (Yin, 2005; Sato et al., 2006),
so there is a regional gap of minor SST decadal STD increase
in the north of the KOE in the IPCC AR4 model results (Figs.
2d and f).

3.2. 500-hPa GPH decadal STD change

For 500-hPa GPH, the results for the IPCC AR4
models is the ensemble mean of five IPCC AR4 mod-
els with available Picntrl and A1B data; namely, CC-
CMA CGCM3 1, CCMA CGCM3 1 T63, CSIROMK3 5,
GFDL CM2 0, and GFDLCM2 1. Similar to North Pacific
Ocean decadal variability, North Pacific atmosphere decadal
variability also weakens in response to global warming (Fig.
3). In FOAM and IPCC AR4 model control runs, 500-hPa
GPH decadal STD maxima are all over the PDO center (Figs.
3a and b). North Pacific 500-hPa GPH decadal STD reduces
under global warming (Figs. 3c and d) by 5%–25% (Figs.
3e and f). The 500-hPa GPH decadal STD reduction maxi-
mum is also over the western North Pacific, consistent with

the SST decadal STD reduction maximum. The 850-hPa and
250-hPa GPH decadal variability response to global warming
is similar to the 500-hPa GPH response (not shown).

Overall, North Pacific Ocean and atmosphere decadal
variability weaken under global warming. The ocean decadal
variability weakening maximum is in the western North Pa-
cific Ocean (PDO center) and subpolar North Pacific Ocean.
The atmosphere decadal variability weakening maximum is
mainly over the western North Pacific Ocean (PDO center).
The following section further validates this result of a weaker
PDO under global warming.

4. PDO amplitude and frequency response to
global warming

This section reports the results from studying the effect
of global warming on PDO spatial structure and frequency
(period). The PDO is the dominant mode (EOF mode one)
of North Pacific SST, upper ocean heat content and 500-hPa
GPH decadal variability, in both FOAM and the IPCC AR4
models.

4.1. PDO change in FOAM

PDO spatial structure in FOAM (Figs. 4a and d) is con-
sistent with that in the observation (Fig. 1b) and other model
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Fig. 4. (a) SST EOF first mode (units:◦C), (b) the standardized time coefficient series, and the (c)MTM raw
power spectrum with the 50% and 90% significance level lines shown in FOAM Ctrl. (d–f) The same as (a–c),
but for FOAM 2CO2.
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Fig. 5. The same as Fig. 4, but for upper-ocean (400 m) heat content (units: 108 J m−2).
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Fig. 6. The same as Fig. 4, but for 500-hPa GPH (units: m).

results (Figs. 7a and d): SST changes out-of-phase between
the western and central North Pacific and the surrounding re-
gion. The PDO power spectrum in FOAM (Fig. 4c) shows
substantial variance at decadal to multidecadal time scales,
with two peaks at about 11–15 years and 30–70 years (Wu
and Liu, 2003). Under a warmer climate (2CO2 compared
with Ctrl), the SST amplitude of the PDO weakens signif-
icantly, from 0.2◦C to 0.05◦C in the western North Pacific
(Figs. 4a and d). The decadal to multidecadal spectra peaks
all decrease significantly (Figs. 4c and f). In contrast, thein-
terannual frequency power spectrum increases. The variance
contribution of the PDO mode (SST first EOF mode) to North
Pacific decadal variability decreases from 31% in Ctrl to 24%
in 2CO2. Therefore, global warming weakens the PDO and
shifts it to a higher frequency.

The PDO is not only a sea-surface phenomenon, but also
an upper-ocean and atmosphere decadal variability dominant
mode. The effect of global warming on the PDO is further
validated and more clearly presented by upper-ocean (400 m)
heat-content dominant mode change (Fig. 5): the maximum
center in the western and central North Pacific weakens by
50% (form 3×108 to 1.5×108 J m−2); the peaks in the time
coefficient series get closer in 2CO2 compared to Ctrl (Figs.
5b and e); and the power spectrum peaks shift to a higher
frequency (the dominant periods shorten) (Figs. 5c and f).
The variance contribution of the PDO heat content mode de-
creases from 33% in Ctrl to 26% in 2CO2.

As the counterpart of the PDO in the ocean (Fig. 4),
the dominant decadal mode of North Pacific 500-hPa GPH
(Figs. 6a and c) is characterized by a negative anomaly in the
western and central North Pacific and a surrounding positive
anomaly, with a dominant period of about 11 years. Consis-
tent with the SST and heat content dominant mode changes,
the 500-hPa GPH dominant mode also weakens and shifts
to a higher frequency under global warming (Fig. 6). GPH
over the western and central north Pacific decreases by 2–3
m and the 11-yr power spectrum peak disappears. The vari-
ance contribution of the 500-hPa GPH first EOF mode de-
creases from 39% in Ctrl to 31% in 2CO2. The SVD first
modes (the ocean–atmosphere coupled PDO mode) between
SST and surface wind, and between SST and 500-hPa GPH,
also weaken and shift to the higher frequency (not shown).

In conclusion, the dominant modes of North Pacific
Ocean decadal variability (PDO) and North Pacific atmo-
sphere decadal variability weaken and the PDO shifts to a
higher frequency in the FOAM global warming comparison
experiments.

4.2. PDO change in the IPCC AR4 models

Overall, the IPCC AR4 model results are consistent
with those of FOAM. Two hundred years’ data in Pic-
ntrl and A1B (from year 2101 to 2300, or from year
2150 to 2349) were used to study the PDO response to
global warming. Eight of the 11 selected IPCC AR4
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models showed the PDO getting weaker and shifting to
a higher frequency under a warmer climate; namely,
NCAR CCSM 3.0, GFDLCM2 0, GFDL CM2 1, CC-
CMA CGCM3 1, CCMA CGCM3 1 T63, CNRM CM3,
MIROC3 2 MEDRES and MIUBECHO G.

Since NCARCCSM 3.0 has the longest extension of
A1B experiment simulation data (to the year 2349), we focus
on its results here. Figure 7 shows the PDO response to global
warming in the NCARCCSM 3.0 Picntrl and A1B experi-
ments (both are from the year 2150 to 2349). The PDO in the
NCAR CCSM 3.0 Picntrl experiment (Fig. 7a) has a similar
spatial pattern to that in the observation (Fig. 1b) and FOAM
(Fig. 4a), but the SST magnitude in the KOE region is a little
larger. The PDO periods are about 10–15 years and 20–30
years (Fig. 7c). Under a warmer climate (A1B scenario),
the PDO amplitude gets weaker in the western North Pacific
Ocean (Figs. 7a and d), and the spectrum peaks decrease and
shift to a higher frequency (Figs. 7c and f). Compared to that
in Picntrl, it is clear that the time coefficient series gets closer
in A1B, indicating shorter periods. The variance contribu-
tion of the PDO mode (SST first EOF mode) to North Pacific
decadal variability decreases from 46% in Picntrl to 39% in
A1B.

Both FOAM and the eight IPCC AR4 model experiment
results show that global warming weakens the PDO and shifts
it to a higher frequency, with the PDO maximum weakening
center in the western North Pacific. The following section
investigates the relationship between the change in speed of
oceanic baroclinic Rossby waves and the PDO response to
global warming.

5. Rossby wave speed and the response of the
PDO to global warming

5.1. The role of baroclinic Rossby waves in the PDO

Oceanic baroclinic Rossby waves represent one of the
dominant ways through which the ocean adjusts over long
time scales (months to decades), determining the period of
ocean variability. There are many PDO mechanisms, which
may play a role individually or collectively. However, ocean
adjustment through baroclinic Rossby waves is the criti-
cal process in many PDO mechanisms (Latif and Barnett,
1996; Münnich et al., 1998; Kleeman et al., 1999; Pierce
et al., 2001; Seager et al., 2001; Kwon and Deser, 2007;
D’Orgeville and Peltier, 2009; Zhong and Liu, 2009). Thus,
the role of North Pacific baroclinic Rossby waves in the PDO
and its response to global warming were investigated, the re-
sults of which are reported below in sections 5.2 and 5.3. Sec-
tion 5.4 then provides a conclusion to this part of the study.

5.2. Results of the PBnp and PBstp experiments

Figure 8 shows the SST dominant modes and multi-taper
method (MTM) spectra in PBnp and PBstp. No North Pa-
cific baroclinic Rossby waves were applied in Pbnp, and only
subpolar North Pacific baroclinic Rossby waves (35◦–60◦N)
were applied in Pbstp. Compared to the counterpart in Ctrl

(Fig. 4), the PBnp SST dominant mode weakens obviously
in the western and central North Pacific and subpolar North
Pacific, and its decadal power spectrum decreases signifi-
cantly to below the 90% confidence level, suggesting no PDO
without North Pacific baroclinic Rossby waves. With only
subpolar North Pacific baroclinic Rossby waves, the Pbstp
SST dominant mode also weakens in the western and cen-
tral North Pacific, but its two decadal power spectrum peaks
(bidecadal and multidecadal) still exist and show no obvi-
ous change. The PBnp and PBstp experiments suggest that
North Pacific baroclinic Rossby waves, especially subpolar
North Pacific baroclinic Rossby waves (35◦–60◦N), are vital
to the PDO (including two PDO modes, bidecadal and mul-
tidecadal). The study by Zhong and Liu (2009) also demon-
strated that subpolar North Pacific Rossby waves are critical
for Pacific multidecadal variability.

The PDO SST amplitude in PBnp (Fig. 8a) and PBstp
(Fig. 8d) is less than that in Ctrl (Fig. 4a), and that in Pbnp
is less than that in PBstp, indicating the role of North Pacific
Ocean baroclinic Rossby wave adjustment in the PDO SST
amplitude. Therefore, when oceanic baroclinic Rossby waves
speed up under global warming, the PDO SST amplitude will
decrease (Figs. 4a and d). Overall, North Pacific Ocean baro-
clinic Rossby waves are important to both the PDO period
and PDO SST amplitude.

5.3. Change in Baroclinic Rossby wave speed under
global warming

This section presents the results of changes in baroclinic
Rossby waves with and without consideration of background
mean current. Without considering background mean cur-
rent, in absence of buoyancy forcing, wind stress and fric-
tional forces, the standard linear theory for freely propagating
linear waves gives them-order baroclinic Rossby wave phase
speed poleward of 5◦ (Chelton et al., 1998):

Cmx = −β λ 2
m = −β

(

1
mπ | f |

∫ 0

−H
N(z)dz

)2

m > 1, (1)

wherem is the order number,f is the Coriolis parameter,
β = ∂ f /∂y,λm is the m-order baroclinic Rossby wave de-
formation radius,N(z) is buoyancy frequency andH is local
ocean depth. According to Eq. (1), baroclinic Rossby wave
phase speed is proportional to the square of buoyancy fre-
quency integration along depth, and inversely proportional to
the square of the order numberm.

However, the observed first baroclinic Rossby wave speed
according to TOPEX/POSEIDON satellite altimeter data was
found to be faster than the theoretical result (Chelton and
Schlax, 1996), suggesting a deficiency in the standard lin-
ear theory. Further, when baroclinic zonal mean flow is taken
into account and the meridional potential vorticity gradient
is modified (Killworth et al., 1997), discrepancy between ob-
served speed and theoretical speed decreases:

(u− c)Wzz−uzWz +
β N2

f 2 W = 0, (2)
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Fig. 7. The same as Fig. 4, but for SST in the NCARCCSM 3.0 Picntrl and A1B experiments.
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Fig. 8. The same as Fig. 4, but for SST in the FOAM Pbnp and Pbstp experiments.
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whereu is baroclinic zonal mean flow,W is the vertical veloc-
ity eigenvector, and the subscriptz denotes the vertical deriva-
tion. The baroclininc Rossby wave speedc is the eigenvalue
of Eq. (2).

5.3.1. Ocean temperature and buoyancy frequency change

Figure 9 shows North Pacific zonal mean temperature
and buoyancy frequency (140◦E–110◦W), longitudinal mean
temperature (20◦–60◦N), and their change between Ctrl and
2CO2. Under a warmer climate, the enhanced greenhouse
effect permits the Earth’s surface to absorb more radiation,
so the upper ocean warms more than the deep ocean (Fig.
9b). The temperature increase in the high latitudes and west
of the North Pacific Ocean is more than that in the low lati-
tudes and in the east (Figs. 9b and d). Ocean buoyancy fre-
quency, which is mainly influenced by temperature, also in-
creases (ocean becomes more stable) (Fig. 9f). The buoyancy

frequency (temperature) increase in the upper ocean is much
more than that in the deep ocean, and that in the high lati-
tudes much more than that in the low latitudes (Fig. 9f), so
the baroclinic Rossby wave speed increase ratio is larger in
the high latitudes (Fig. 10), according to Eq. (1). The more
stable ocean suppresses vertical convection, allowing theup-
per ocean to warm more than the deep ocean, forming a pos-
itive feedback loop.

5.3.2. Wave speed and transit time change

Figure 10 shows North Pacific zonal mean first baroclinic
Rossby wave speed, wave speed change ratio, transit time
and transit time change ratio, in FOAM and the IPCC AR4
models experiments, with and without baroclinic zonal mean
background flow. The results show that, under global warm-
ing: (1) the first baroclinic Rossby wave becomes faster and
the transit time shortens; and (2) the wave speed increase ra-

Fig. 9. North Pacific zonal mean temperature (140◦E–120◦W) (a, b), longitudinal
mean temperature (20◦–60◦N) (c, d) (units:◦C), and zonal mean buoyancy frequency
(140◦E–120◦W) (e, f) (units: 10−3S−1). The upper and lower panel figures are the Ctrl
results and the difference between the Ctrl and 2CO2 results, respectively. They-axis is
the logarithm of depth (units: m).
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Fig. 10.North Pacific first baroclinic Rossby wave speed, transit time and their changes. Represented from the top to
bottom, respectively, are North Pacific first baroclinic Rossby wave speed, wave speed change ratio, transit time, and
transit time change ratio. Represented from left to right, respectively, are the results from the FOAM experiment, the
10 IPCC AR4 model experiments, and the FOAM experiment considering zonal current.

tio, transit time reduction and transit time reduction ratio of
the first baroclinic Rossby wave in the high latitudes are much
larger than those in the low latitudes.

According to Eq. (1), under a warmer climate, as ocean
buoyancy frequency increases (Fig. 9d), the first oceanic
baroclinic Rossby wave becomes faster (Figs. 10a–f) and the

transit time shortens (Figs. 10g–i). Without baroclinic zonal
mean flow, them-order baroclinic Rossby wave speed in-
crease ism−2 times the first baroclinic Rossby wave speed in-
crease, but them-order speed increase ratio is the same as the
first baroclinic Rossby wave [see Eq. (1); figures not shown].

The first baroclinic Rossby wave speed increases by 10%
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to 24% from 20◦N to 55◦N in 2CO2 compared to Ctrl (Fig.
10d), and by 31% to 60% from 20◦N to 55◦N in A1B com-
pared to Picntrl (Fig. 10e). The first baroclinic Rossby wave
transit time reduces by 9% to 16% from 20◦N to 55◦N in
2CO2 compared to Ctrl (Fig. 10j), and by 23% to 37% from
20◦N to 55◦N in A1B compared to Picntrl (Fig. 10k). The
transit time reduction ratio (wave speed increase ratio) inthe
IPCC AR4 models is more obvious than that in FOAM at the
same latitude (Fig. 10), because the CO2 concentration in-
crease ratio between Picntrl (290 ppm) and A1B (720 ppm)
is larger than that between Ctrl (355 ppm) and 2CO2 (710
ppm; Table 1), which also supports the result that a warmer
climate speeds up baroclinic Rossby waves and shortens their
transit time.

5.4. Rossby wave speed change and the PDO response

North Pacific baroclinic Rossby wave adjustment is vital
to the PDO period and SST amplitude, especially the baro-
clinic Rossby wave between 35◦N and 60◦N. The speed-
ing up of baroclinic Rossby waves under a warmer climate
causes the PDO to shift to a higher frequency, and North
Pacific Ocean decadal variability and the PDO to become
weaker. In addition, ocean buoyancy frequency increases
(ocean stratification enhances) and baroclinic Rossby waves
become faster (most obviously in the high latitudes) (section
5.3). As baroclinic Rossby waves speed up, the decadal vari-
ability (period> 8 years) weakens, and so the PDO shifts to a
higher frequency and becomes weaker. For example, if baro-
clinic Rossby waves speed up by 10 000 times under a much
warmer climate, there will be no decadal variability (period
> 8 years) and PDO.

6. Conclusion and discussion

6.1. Conclusion

The PDO response to global warming in FOAM and
IPCC AR4 model experiments was studied. The results
showed that North Pacific Ocean decadal variability, its dom-
inant mode (PDO), and atmosphere decadal variability get
weaker under global warming, and the PDO shifts to a higher
frequency.

Oceanic baroclinic Rossby wave adjustment is vital to the
PDO, especially in the high latitudes. As the climate warms,
ocean buoyancy frequency increases (ocean stratification en-
hances) and the baroclinic Rossby waves become faster. The
oceanic baroclinic Rossby wave speed increase ratio and tran-
sit time reduction ratio in the high latitudes are much larger
than those in the low latitudes. The faster baroclinic Rossby
waves cause North Pacific Ocean decadal variability and the
PDO to become weaker, and the PDO to shift to a higher fre-
quency.

6.2. Discussion

Faster baroclinic Rossby waves might not be the exclu-
sive reason for the shorter and weaker PDO under global
warming. There are many possible PDO mechanisms, as

mentioned in section 1 (Introduction), so there may well
be another reason for the PDO weakening under global
warming, such as North Pacific local ocean–atmosphere cou-
pling and ocean circulation changes. Follow-up work from
the present group will study the North Pacific local ocean–
atmosphere coupling change and its role in weaker North Pa-
cific Ocean decadal variability under global warming.

Owing to the long ocean memory, North Pacific Ocean
decadal variability (local ocean–atmosphere coupling) influ-
ences atmospheric decadal variability, which has been inves-
tigated in many previous studies (Wu and Liu, 2003; Wu et
al., 2003; Zhong and Liu, 2009). Therefore, the North Pa-
cific Ocean decadal variability (North Pacific local ocean–
atmosphere coupling) weakening might lead to atmospheric
decadal variability weakening, which will be studied further.

Finally, in order to investigate the response of climate
variability to global warming, it is suggested that the IPCC
A1B experiment is run for as long as possible, such as to the
year 2700, when the warmer climate with a CO2 concentra-
tion of 720 ppm reaches a stable equilibrium.
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