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ABSTRACT

The impact of climate change on the PaciÞc decadal oscillation (PDO) is studied using a fully coupled
climate model. The model results show that the PDO has a similar spatial pattern in altered climates, but its
amplitude and time scale of variability change in response to global warming or cooling. In response to global
warming the PDO amplitude is signiÞcantly reduced, with a maximum decrease over the KuroshioÐOyashio
Extension (KOE) region. This reduction appears to be associated with a weakened meridional temperature
gradient in the KOE region. In addition, reduced variability of North PaciÞc wind stress, partially due to
reduced airÐsea feedback, also helps to weaken the PDO amplitude by reducing the meridional displacements
of the subtropical and subpolar gyre boundaries. In contrast, the PDO amplitude increases in response to
global cooling.

In the control simulations the model PDO has an approximately bidecadal peak. In a warmer climate the
PDO time scale becomes shorter, changing from; 20 to ; 12 yr. In a colder climate the time scale of the PDO
increases to; 34 yr. Physically, global warming (cooling) enhances (weakens) ocean stratiÞcation. The in-
creased (decreased) ocean stratiÞcation acts to increase (reduce) the phase speed of internal Rossby waves,
thereby altering the time scale of the simulated PDO.

1. Introduction

The observed 1976/77 climate shift over the North
PaciÞc Ocean featured a decadal-scale transition from
one pattern of sea surface temperature (SST) anomalies
to a comparable pattern of opposite sign (Mantua et al.
1997). Many studies have examined the potential mecha-
nisms inßuencing this decadal variability (e.g.,Deser and
Blackmon 1995; Schneider et al. 1999; Seager et al. 2001;
Wu et al. 2005) and its potential climate impacts (e.g.,
Mantua and Hare 2002; Cayan et al. 2001). Observations
show this decadal SST variability is different from El
NiñoÐSouthern Oscillation (ENSO) and is focused on the
extratropical North PaciÞc with largest decadal SST vari-
ability along the KuroshioÐOyashio Extension (KOE)
region. This decadal variability was called the PaciÞc de-
cadal oscillation (PDO; Mantua et al. 1997).

The PDO is commonly deÞned as the Þrst empirical
orthogonal function (EOF) of SST anomalies in the
North PaciÞc Ocean north of 208N. The positive phase of
the PDO is characterized by a horseshoe-like pattern,
with negative SST anomalies in the western and central
North PaciÞc surrounded by positive SST anomalies
along the North American coast. Note that the PDO
deÞnition is different from the interdecadal PaciÞc os-
cillation (IPO), which focuses on the entire PaciÞc (e.g.,
Power et al. 1999), although the two are very closely
related with similar pattern and time scale (Han et al.
2014). Observations and oceanÐatmosphere fully cou-
pled models consistently show decadal peaks in the
PDO time series. However, the mechanisms explaining
these decadal ßuctuations are quite different in different
models.

In early work, Latif and Barnett (1994) suggested that
the PDO is attributed to an unstable oceanÐatmosphere
interaction between the subtropical ocean gyre circula-
tion and the Aleutian low pressure system in the fully
coupled ECHO-1. The positive feedback arises from
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strong midlatitude airÐsea feedback, while the delayed
negative feedback comes from westward-propagating
Rossby waves in the subtropical region.Schneider et al.
(2002), however, illustrated that the decadal time scale
of the PDO results from the integration along Rossby
waves trajectories of stochastic atmosphere forcing in
ECHO-2. Kwon and Deser (2007) pointed out that the
midlatitude ocean feedback to the atmosphere is weak
but very necessary to the PDO decadal peak in the
NCAR Community Climate System Model version 2
(CCSM2). The PDO decadal time scale is mainly pro-
vided by the westward Rossby wave propagation along
the KOE region. Zhang and Delworth (2015) examined
the PDO behavior in several versions of climate models
from the Geophysical Fluid Dynamics Laboratory
(GFDL). They concluded that the PDO in the GFDL
models is mainly independent of ENSO, and the exis-
tence of a bidecadal spectral peak of the PDO depends
on active airÐsea coupling over the North PaciÞc. In
addition, the bidecadal time scale is strongly inßuenced
by the propagation speed of oceanic Rossby waves in the
subtropical and subpolar gyres, as they provide a de-
layed feedback to the atmosphere.

Despite the diversity of PDO mechanisms in coupled
model analyses, several recent studies agree on some
key points (e.g.,Kwon and Deser 2007; Zhong and Liu
2009; Zhang and Delworth 2015). First, the KOE SST
anomaly is mainly generated by meridional displace-
ment of the subtropical and subpolar gyre boundary,
rather than a change in strength of the subtropical gyre.
This is consistent with observations and ocean-only
model results (e.g.,Seager et al. 2001; Nakamura and
Kazmin 2003). Second, the KOE positive (negative) SST
anomalies can feed back to the overlying atmosphere,
inducing an anomalous high (low) pressure that can
further amplify initial SST anomalies via anomalous
Ekman transport. This positive airÐsea feedback over
the North PaciÞc Ocean is also in agreement with ob-
servations (Frankignoul and Sennéchael 2007; Zhang
et al. 2011). Third, the ocean Rossby wave is the most
important contributor to the PDO decadal time scale
selection, although the relative importance of propaga-
tion is different in different models.

The climatic and ecological inßuences of the PDO are
also widely examined.Mantua et al. (1997)documented
that salmon production decreases in the northwest
United States and Alaska when the PDO shifts from the
negative phase to the positive phase. Positive PDO
phases are associated with a deÞcit of precipitation and
positive air temperature anomalies in the northwestern
and central United States, and an excess of precipitation
and negative air temperature anomalies in the south-
western United States and northern Mexico (e.g.,

Mantua and Hare 2002; Zhang and Delworth 2015).
Opposite conditions occur for the negative phase of the
PDO. In this regard, a change in PDO behavior in re-
sponse to anthropogenic climate change may have very
serious climatic and ecological consequences, particu-
larly in the downstream U.S. region. However, few
studies have focused on this topic.dÕOrgeville and
Peltier (2009) demonstrated that the PDO may have a
longer period in the twentieth-century run compared to
the present day. But, they only used a very short time
series (100Ð200 yr) to study the PDO response to global
warming, which is not statistically signiÞcant. They also
did not explain why the PDO period has such a fre-
quency shift. On the other hand, Fang et al. (2014)ar-
gued that the PDO 50Ð70-yr period disappears in a
warm climate and it seems the period moves to a more
high-frequency band using a very low-resolution model.
However, the frequency shift in their model is not clear.

The purpose of the current study is to examine the
PDO response to changed climate. We attempt to ad-
dress how the PDO responds to global warming in terms
of its spatial pattern, amplitude and spectral character-
istics. We also investigate a ÔÔglobal cooling scenarioÕÕ to
more broadly assess the response of the PDO to various
types of altered radiative forcing.

2. Model description and experimental design

The coupled model used in this study is GFDL Cou-
pled Model version 2.5, using the forecast-oriented low
ocean resolution (FLOR) version (CM2.5_FLOR;
Vecchi et al. 2014). The atmospheric model has a rela-
tively high horizontal resolution of approximately
50 km 3 50 km, with 24 levels in the vertical. The ocean
and sea ice components of this FLOR model are based
on the low-resolution GFDL Coupled Model version 2.1
(CM2.1; Delworth et al. 2006). The horizontal resolution
of the ocean model is 18 in the extratropics, with Þner
meridional grid spacing in the tropics (; 1/38). The ocean
model has 50 levels in the vertical, with 22 evenly spaced
levels over the top 220 m. The coupled model runs for
920 yr with atmospheric constituents and external forc-
ing held constant at 1860. The PDO spatial structure and
spectrum in this long-term control simulation is quite
similar to those found in observational analyses (Zhang
and Delworth 2015), which gives us conÞdence in ex-
amining the PDO response to global warming.

We conduct a double CO2 experiment to simulate a
global warming scenario, in which atmosphere CO2

concentration is suddenly doubled from a preindustrial
value of 286 to 572 ppm. The simulation starts from an
arbitrary point in the control simulation and continues
for 500 yr. This double CO2 experiment is called 2CO2.
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The difference between the 2CO2 experiment and the
control run is interpreted as the response to global
warming. We also perform a half CO2 experiment, in
which the CO2 concentration is suddenly halved from
the original 286 ppm to 143 ppm and held constant
thereafter; this experiment is named 0.5CO2.

3. Simulated global warming and cooling scenarios

Figure 1 shows the SST responses in the 2CO2 and
0.5CO2 experiments. The global mean SST increases
rapidly within the Þrst three decades (Fig. 1a), with an
increase up to 1.48C at the end of the 30th year. After
about 30 yr, the SST continues increasing but at a re-
duced rate. The SST response in the 0.5CO2 experiment
is almost opposite to the 2CO2 run, with a rapid de-
crease in the Þrst several decades and a subsequent
slower decrease thereafter (Fig. 1a).

We now turn our attention to the SST spatial struc-
ture. The SST response shows broad warming over the
global ocean in the 2CO2 experiment except over the
deep convection regions (North Atlantic and Southern
Ocean) (Fig. 1b). A close examination Þnds that the
North Atlantic is characterized by a dipole SST struc-
ture, with a cold anomaly in the subpolar region and a
strong warm anomaly along the Gulf Stream path. These
SST anomalies are accompanied by a strengthened
subpolar gyre and northward shift of the Gulf Stream,
which is a Þngerprint of a weakened Atlantic meridional
overturning circulation (AMOC) ( Zhang 2008; Zhang
and Wang 2013). The AMOC weakening in the 2CO2
run is attributed to the anomalous radiative heating and
Arctic freshwater input as a result of the greenhouse gas
effect (e.g.,Cheng et al. 2013; Zhang et al. 2014; Zhang
and Wu 2012). Similarly, the weak SST cooling over the
Southern Ocean is due to the weakened Antarctic
Bottom Water (AABW) formation because of the
Antarctic sea ice melting under the global warming
scenario (e.g.,Ma and Wu 2011).

The North PaciÞc SST, as expected, shows signiÞcant
and uniform warm responses in the 2CO2 run, with a
primary maximum over the polar Bering Strait along
with a secondary maximum over the midlatitude KOE
region. The former is a classic polar ampliÞcation phe-
nomenon, which can be explained by the sea ice de-
crease and subsequent positive ice-albedo feedback
(e.g., Holland and Bitz 2003). The latter suggests that
the ocean circulation experiences some changes under
global warming scenario.Figure 2a exhibits the zonally
averaged (1408Ð1808E) zonal current response to global
warming, which shows a strong positive (weak negative)
anomaly north (south) of 328N. This implies that the
Kuroshio slightly expands northward in a warm climate

[also seen in Wu et al. (2012)]. We also calculate the
Kuroshio volume transport across the 1408E section and
it shows a 4-Sv (1 Sv[ 106m3s2 1) increase in a warmer
climate as compared to the fully coupled control run.
The accelerated Kuroshio here is consistent with the
atmosphere circulation response (Fig. 1b). The North
PaciÞc subtropical high strengthens in 2CO2 run, which
leads to a spinup of the subtropical gyre and the Kur-
oshio, an enhanced northward warm advection, and
therefore a positive SST anomaly over the KOE region
that is larger than in surrounding areas of the North
PaciÞc. The SST spatial pattern response in the 0.5CO2
experiment is almost anticorrelated with that in the
2CO2 run (Fig. 1c).

The sea level pressure (SLP) response to global warm-
ing indicates that the midlatitude westerly wind enhances
and shifts poleward in both hemispheres in a warm climate
(Fig. 1b). To elucidate how global warming can drive
such a westerly wind shift, we exhibit the vertical structure
of zonal mean air temperature response (Fig. 2c). The
ampliÞed tropical upper tropospheric warming is seen
clearly in Fig. 2c, which is largely due to increased latent
heat release through enhanced moist convection (e.g.,
Frierson 2006; Lu et al. 2008). In the middle and high lat-
itudes, warming anomalies are exhibited in the low and
middle troposphere, whereas cooling anomalies appear
above 350 hPa. These temperature features indicate an
increased static stability in the midlatitudes as well as an
increased equator-to-pole temperature gradient in the
upper troposphere and lower stratosphere, which could
push the westerly jet poleward and strengthen westerly
winds. The opposite conditions occur in a cold climate
(Figs. 1cand 2d).

4. Simulated amplitude response of the PDO in
2CO2 and 0.5CO2

a. PDO spatial pattern and amplitude responses

To understand the PDO amplitude response in warm
and cold climates, we Þrst present the SST standard
deviation (STD) over the North PaciÞc (Fig. 3). Here,
we use data from years 51 to 500, and remove the linear
trend before calculating the STD. The left panels in
Fig. 3are the unÞltered annually averaged SST standard
deviation in the control run, 2CO2, 0.5CO2, and their
differences, while the right panels denote the STD of
7-yr low pass Þltered SST. In the fully coupled control
run, the SST amplitude has its primary maximum center in
the KOE region along with a secondary maximum over
the North American coast ( Fig. 3a). It is interesting to
see that the SST amplitude decreases (increases) in a warm
(cold) climate (Figs. 3c,e). These amplitude characteristics
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and changes are still retained on decadal time scales,
albeit with a smaller magnitude (Figs. 3b,d,f). The STD
difference Þelds further show that the largest decrease
(increase) of SST amplitude occurs in the KOE region

(Figs. 3g,i), which is signiÞcant at 95% level using an F
test. Notable changes are also found over the central
eastern North PaciÞc, the Bering Sea, and the Aleutian
Trench. A comparison between the total STD difference

FIG . 1. (a) Time series of global mean sea surface temperature (SST) response in the 2CO2
and 0.5CO2 experiments. Also shown is the spatial pattern of the time averaged (year 51Ð500)
SST and sea level pressure (SLP) responses in (b) 2CO2 and (c) 0.5CO2. Units are8C for SST
and hPa for SLP. The contour interval is 0.5 hPa for SLP. The solid black (dashed gray) lines
denote the positive (negative) SLP anomalies.
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(Figs. 3g,i) and the decadal STD difference (Figs. 3h,j)
reveals that these SST amplitude changes are mainly
contributed from the decadal variability, while the
interannual variability plays a negligible or even a
damping role.

The KOE SST amplitude has a strong seasonality in
both control run and sensitivity experiments (Fig. 4),
with a maximum in the summer and a minimum in the
winter. This is because the mixed layer depth shallows
(deepens) during the summer (winter), which favors
generating a larger (smaller) than normal SST ampli-
tude with the same atmosphere forcing. In a warm (cold)
climate, the SST amplitude decreases (increases) through-
out the whole year. These amplitude changes are more
signiÞcant on decadal time scales, which is consistent with
the annually averaged analysis (Fig. 3). These results sug-
gest that the PDO, a dominant decadal SST mode over
the North PaciÞc, should have signiÞcant changes in
amplitude in future/past climate.

We show in Fig. 5 the PDO spatial pattern in different
scenarios, which is calculated as the Þrst EOF of SST
anomalies over the North PaciÞc north of 208N. Note
that the principal component is normalized by its

standard deviation, so the magnitude of the spatial
pattern represents the PDO amplitude. The PDO
horseshoe-like patterns in both the warm and cold cli-
mates are very similar to the control run (Figs. 5a,c,e). In
agreement with the STD analysis (Figs. 3 and 4), the
PDO amplitude becomes much weaker (stronger) in the
2CO2 (0.5CO2) run compared to the fully coupled
control experiment ( Fig. 5avsFigs. 5c,e). The maximum
decrease (increase) appears in the KOE region (Figs. 5g,i),
and these changes are signiÞcant at 95% level based
on a t test. Zhang and Delworth (2015) pointed out that
the PDO in CM2.5_FLOR model is generated by cou-
pled airÐsea interaction over the extratropical North
PaciÞc. This implies that the SST variability associated
with the PDO in a changed climate may imprint on the
overlying atmosphere. We therefore plot the sea level
pressure response associated with the PDO in different
runs, as exhibited in the right panels of Fig. 5. As ex-
pected, the Aleutian low response is weaker (stronger)
in the global warming (cooling) simulation ( Figs. 5b,d,f,h,j).
This further conÞrms that the PDO has smaller (larger)
amplitude in a warm (cold) climate as compared to the
present day.

FIG . 2. Zonally averaged (1408Ð1808E) zonal current response in (a) 2CO2 and (b) 0.5CO2.
The black contours in (a) and (b) are the long-term mean zonal current in the fully coupled control
run, while the shading denotes the zonal current difference between the changed climate (2CO2 or
0.5CO2) and the control run. (c),(d) As in (a),(b), but for the zonally averaged (08EÐ08W) atmosphere
temperature. Units are cm s2 1 for zonal current and K for atmosphere temperature.
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