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Abstract

Reproducibility of the Pacific Decadal Oscillation (PDO) is evaluated in the sea surface temperature (SST)
anomaly field in “the 20th century climate in coupled models” (20C3M) simulations of the 24 CMIP3 models.
In this evaluation, we examine how well patterns of the PDO match between the observations and simulations
by calculating a metric of the patterns that is a function of their spatial correlation and their standard deviation.
Among the CMIP3 models, the models with the high PDO metric reproduce the decadal SST variability with
opposing polarities between the central North Pacific and the tropical Pacific. As observed, temporal correlation
between the PDO and decadal-ENSO indices in those simulations are negatively correlated at the statistically-
significant level. The sea level pressure and outgoing longwave radiation anomalies onto the decadal-ENSO
index in those simulations are realistic both in the tropical Pacific and North Pacific, indicating that this tropics-
extratropics linkage in the SST anomaly field is induced by atmospheric teleconnection. This notion is consistent
with the previous studies for the natural climate variability. In contrast, the models with the low PDO metric fail
to reproduce those characteristics.

In the simulations under a middle-range TPCC greenhouse gas emissions scenario (A1B), the PDO indices dur-
ing the 21st century still represent SST variations on the decadal timescales with superimposition on a linear
warming trend. Several models which reproduce the observed PDO pattern in the 20th century record tend to
simulate a similar pattern over the 21st century. This indicates that the models with the high PDO metric have
their own properties that tend to simulate the natural climate variations with the observed pattern under the
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global warming condition.

1. Introduction

Anthropogenic impacts were detected in surface
air temperature (SAT, e.g., Tett et al. 1999; No-
zawa et al. 2005), precipitation (Zhang et al. 2007)
and moisture content in the atmosphere (Santer
et al. 2007) by examining coupled general circula-
tion model (CGCM) simulations forced by ob-
served greenhouse gas and aerosol for the 20th cen-
tury. Besides the anthropogenic impact, external
(solar activity and volcanic eruption) and internal
natural variability (e.g., El Nifio-Southern Oscilla-
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tion, ENSO, Pacific Decadal Oscillation, PDO,
and North Atlantic Oscillation, NAO) are involved
in observed long-term climate variations. Therefore
reproducibility of the long-term natural variability
in the CGCMs is important to evaluate the global
warming trend by the anthropogenic forcing from
the climate variations.

The PDO is one of the most dominant variability
of sea surface temperature (SST) on decadal time-
scales in the North Pacific (Fig. 1) and results in
basin-scale changes in SAT, the precipitation and
ecosystem in and around the North Pacific (e.g.,
Trenberth and Hurrell 1994; Mantua and Hare
2002). Associated with the positive (negative)
SST anomalies of the PDO in the North Pacific,
negative (positive) SST anomalies (Fig. 2a) and
positive (negative) outgoing longwave radiation
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Fig. 1. Time-series of the observed PDO
(solid line) and decadal-ENSO indices
(dashed line) from 1900 to 1999. The PDO
and decadal-ENSO indices are defined as
area averaged SSTA over the central North
Pacific (30-45°N, 150°E-150°W, dashed
inset box in Fig. 2a) and over the tropical
Pacific (5°S—5°N, 170-120°W, dashed inset
box in Fig. 2b), respectively. These indices
are normalized by their temporal standard
deviations. Temporal correlation coeffi-
cient between the two indices is —0.53.

(OLR) anomalies were observed in the tropical
Pacific (Nitta and Yamada 1989; Trenberth 1990;
Zhang et al. 1997). These results suggest a linkage
of the SST variability between the extratropics and
the tropics via changes in the atmospheric circula-
tion. Lau (1997) and Alexander et al. (2002) pro-
posed a role of the atmospheric teleconnection pat-
tern in the North Pacific induced by the tropical
SST variability on the decadal timescales using
atmospheric general circulation models (AGCM),
supporting the observed tropics-extratropics link-
age. While air-sea interaction in the mid-latitudes
(e.g., Latif and Barnett 1994; Tanimoto et al. 2003;
Wu et al. 2003) and/or ocean dynamical processes
(e.g., Nonaka et al. 2006; Schneider et al. 2002) are
involved in the PDO, we will examine the tropics-
extratropics linkage in the CGCMs as the first step
on the evaluations of the reproducibility of the
PDO.

Outputs of the CGCM simulations conducted
by seventeen international institutes are available.
Those datasets are archived by PCMDI (Program
for Climate Model Diagnosis and Intercompari-
son) as the World Climate Research Programme’s
(WCRP’s) Coupled Model Intercomparison Project
phase 3 (CMIP3). The CMIP3 model simulations
are conducted for the Fourth Assessment Report
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Fig. 2. Regressed SSTA onto the observed
(a) PDO index and (b) decadal-ENSO in-
dex. Solid and dashed lines denote posi-
tive and negative values, respectively. Con-
tour interval is 0.05°C. Dashed inset box
over the central North Pacific (30-45°N,
150°E-150°W) and that over the tropical
Pacific (5°S-5°N, 170-120°W) represent
the area for the PDO and decadal-ENSO
indices, respectively. Solid line box (20—
60°N, 140°E-110°W) indicates the area
for the evaluation of the PDO metric.

of the Intergovernmental Panel on Climate Change
(IPCC AR4, IPCC 2007). Using “the 20th century
climate in coupled models” (20C3M) simulations,
Overland and Wang (2007) evaluated the repro-
ducibility of the PDO. They calculated a spatial
correlation between observed and model-simulated
PDO spatial patterns and compared their temporal
standard deviations. Among the eighteen CMIP3
models, they evaluated that ten models reproduced
the PDO patterns in the first modes of empirical or-
thogonal function (EOF) in the 20C3M simula-
tions. While the first modes of the EOF in the 21st
century simulations show a pronounced upward
trend, the second modes depict the similar spatial
pattern of the PDO.

In the present study, we evaluate reproducibility
of the PDO in respect of its spatial pattern and
standard deviation for the 20C3M simulations in



August 2009

Table 1.

K. OSHIMA and Y. TANIMOTO

757

A list of the 24 CMIP3 models (Models A—X) used in this study. The horizontal and vertical resolution in the

atmospheric and oceanic component models, and metrics of the PDO in the 20C3M simulations are shown.

Model Atmosphere Ocean Metric (20C3M)
A BCCR-BCM2.0 (Norway) T63 (1.9° x 1.9°) L31 0.5-1.5° x 1.5° L35 0.54
B CGCM3.1_T47 (Canada) T47 (~2.8° x 2.8°) L31 1.9° x 1.9° 129 0.55
C CGCM3.1_T63 (Canada) T63 (~1.9° x 1.9°) L31 0.9° x 1.4° L29 0.50
D CNRM-CM3 (France) T63 (~1.9° x 1.9°) L45 0.5-2° x 2° L31 0.58
E CSIRO-MK3.0 (Australia) T63 (~1.9° x 1.9°) L18 0.8° x 1.9° L31 0.46
F CSIRO-MK3.5 (Australia) T63 (~1.9° x 1.9°) L18 0.8° x 1.9° L31 0.44
G GFDL-CM2.0 (USA) 2.0° x 2.5° L.24 0.3-1.0° x 1.0° L50 0.44
H GFDL-CM2.1 (USA) 2.0° x 2.5° L.24 0.3-1.0° x 1.0° L50 0.54
1 GISS-AOM (USA) 3° x4° L12 3° x4° L16 0.39
J GISS-EH (USA) 4° x 5° L.20 2°x 2° L16 0.17
K GISS-ER (USA) 4° x 5° L20 4° x 5° L13 0.41
L FGOALS-gl1.0 (China) T42 (~2.8° x 2.8°) L26 1.0° x 1.0° L16 0.53
M INGV-SXG (Italy) T106 (~1.1° x 1.1°) L19 1-2° x 2° 0.72
N INM-CM3.0 (Russia) 4° x 5° L21 2°x2.5° L33 0.35
(@) IPSL-CM4 (France) 2.5° % 3.75° L19 2° x 2° L31 0.44
P MIROC3.2_hires (Japan) T106 (~1.1° x 1.1°) L56 0.2° x 0.3° L47 0.46
Q MIROC3.2_medres (Japan) T42 (~2.8° x 2.8°) L20 0.5-1.4° x 1.4° L43 0.68
R ECHO-G (Germany/Korea) T30 (~3.9° x 3.9°) L19 0.5-2.8° x 2.8° L20 0.56
S ECHAMS5_MPI-OM (Germany) T63 (~1.9° x 1.9°) L31 1.5° x 1.5° L40 0.59
T MRI-CGCM2.3.2 (Japan) T42 (~2.8° x 2.8°) L30 0.5-2.0° x 2.5° L23 0.67
U NCAR-CCSM3 (USA) T85 (1.4° x 1.4°) L26 0.3-1° x 1° L40 0.53
\ NCAR-PCM1 (USA) T42 (~2.8° x 2.8°) L26 | 0.5-0.7° x 1.1° L40 0.68
W UKMO-HadCM3 (UK) 2.5° % 3.75° L19 1.25° x 1.25° L20 0.67
X UKMO-HadGEM1 (UK) ~1.3° x 1.9° L38 0.3-1.0° x 1.0° L40 0.45

the 24 CMIP3 models. Our focus of the evaluations
is on a tropics-extratropics linkage and its role on
the reproducibility of the PDO. We also see the
linkage and its role under the global warming con-
dition.

In the rest of the paper, Section 2 introduces da-
tasets and evaluation method. Section 3 shows the
reproducibility of the PDO and the relationship be-
tween the PDO and the tropical climate variability
in the 20C3M simulations among the 24 CMIP3
models. Section 4 examines the PDO in the 21st
century under the global warming condition. Fi-
nally, Section 5 is summary.

2. Data and evaluation method

a. Data

We employed the 20C3M simulations from 1900
to 1999 and A1B simulations from 2000 to 2099
under a middle-range IPCC greenhouse gas emis-
sions scenario (A1B), based on the 24 CMIP3
models (Table 1, Meehl et al. 2007). For simplicity,
we named Model A to X as listed in Table 1 and

1 Several models start the A1B simulation in 2001 or
2004.
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hereafter employ these names. Monthly products of
SST, sea level pressure (SLP) and OLR in those
simulations were analyzed. Among the CMIP3
models, spatial resolution is various in the atmo-
sphere and ocean, respectively (Table 1). Hence
grid points were bilinearly interpolated onto 5° lon-
gitude x 5° latitude for all of the models to avoid
the systematic bias depending on the resolution in
evaluations of the spatial patterns.

We used Hadley Centre sea ice and sea surface
temperature (HadISST, Rayner et al. 2003) and
Hadley Centre sea level pressure (SLP, Allan and
Ansell 2006) for the 100-year observational refer-
ence to the 20C3M simulations. Though a lim-
ited period in the satellite era from 1975 onward,
NOAA interpolated OLR (Liebmann and Smith
1996) was also available at monthly intervals.
Those monthly products were bilinearly interpo-
lated onto 5° x 5°.

We calculated monthly climatologies over the
20th century for each of the variables in the ob-
servations and 20C3M simulations, respectively.
Monthly anomalies as departures from the respec-
tive climatologies were averaged over boreal winter
(December, January and February). To extract the
decadal variability, we removed a linear trend from
the 100-year anomaly records and then smoothed
them with the 5-year running mean. For the A1B
simulations, the monthly climatologies were sepa-
rately calculated during the 21st century. Then, the
anomaly records were processed in the same proce-
dure for the 20th century record.

We defined an area weighted average of the dec-
adal SST anomalies (SSTAs) over the central North
Pacific (30-45°N, 150°E-150°W, dashed inset box
in Fig. 2a) as PDO index. This area for the PDO in-
dex is a center of action in the observed PDO pat-
tern in the first mode of EOF (e.g., Mantua and
Hare 2002, Overland and Wang 2007). The large
variances of decadal SST variations in the North
Pacific are found in this area for the PDO index
both in the observation and CMIP3 model simula-
tions. To represent the decadal SST variability in
the tropical Pacific, we defined an area weighted av-
erage of the SSTAs over the eastern-central tropical
Pacific (5°S—5°N, 170-120°W, dashed inset box in
Fig. 2b) as decadal-ENSO index. This area is re-
ferred to as the Nino3.4 region, commonly used
for representing SST variability associated with the
ENSO (e.g., Trenberth 1997) and its long-term
variations. The large variance of decadal SST vari-
ation in the tropical Pacific is found in this area
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both in the observation and 20C3M simulations.
While the area for the decadal-ENSO index does
not correspond to the negative center of action of
the regressed SSTA onto the PDO index (Fig. 2a),
the significant positive SSTAs regressed onto this
decadal-ENSO index cover most of the eastern
tropical Pacific (Fig. 2b).

The two indices were normalized by their tem-
poral standard deviation, respectively. Standard de-
viations of the SSTA over the area for the PDO
index and over the area for the decadal-ENSO in-
dex in the 20C3M simulations are 0.15 to 0.37°C
and 0.08 to 0.58°C, respectively. They correspond
roughly to the observed standard deviations that
are 0.31°C for the PDO and 0.29°C for the
decadal-ENSO, respectively. The simulated decadal
SST variance of the regressed SSTA onto the PDO
index account for 5-15% and 15-67% of the total
SST variance based on the unfiltered and low-pass
filtered SST variability in the entire North Pacific
(north of 20°N), which is comparable to the ob-
served ratios of 15% and 42%, respectively.

To examine a dominant timescale of the indices,
we calculated a power spectrum for the PDO and
decadal-ENSO indices in the observation and in
the 20C3M simulations. The spectral analysis for
the observed PDO index shows a significant peak
(above the 90% red noise confidence level) at 20-
year and two minor peaks at 9- and 14-year (Fig.
3a). While the spectral peaks of the simulated
PDO indices differ from model to model, the domi-
nant variance is found in 10-25 year time scales for
each of the simulations (not shown). The ensemble
mean of the PDO’s power spectrum based on the
24 models presents a large variance in 10-20 year
time scales with a significant spectral peak at 20-
year above the 90% red noise confidence level (Fig.
3a) because every single model has at least one sig-
nificant peak in 10-25 year time scales. The spec-
trum of the observed decadal-ENSO index shows a
significant peak at 12.5-year and a minor peak at
25-year (Fig. 3b). As in the simulated PDO indices,
the dominant variance of the simulated decadal-
ENSO indices is found in 8-20 year time scales,
while the individual spectra are different to one an-
other (not shown). As a result, the ensemble mean
of the power spectrum of the decadal-ENSO index
has much variance 10-20 year time scales with a
significant peak at 10-year (Fig. 3b). Therefore, we
will apply the 5-year running mean low-pass filter
to extract the long-term SST variability associated
with the PDO and decadal-ENSO indices.
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Power spectrum for the (a) PDO and (b) decadal-ENSO indices in the observation and in the 20C3M

simulations. Thick solid lines represent the spectrum of the observed indices. Thick dashed lines represent
the ensemble mean of the individual spectrum of the simulated indices based on the 24 models. Thin solid

line represents the 90% red noise confidence level.

b.  Evaluation method

We calculated the regressed SSTA field of the
observation onto the observed PDO index (field r)
and that of the 20C3M simulations onto the simu-
lated PDO index (field /). The standard deviation
in space of the field f () and that of the field r
(g+) in the North Pacific (20-60°N, 140°E—110°W,
solid inset box in Fig. 2a) are defined as:

where f and 7 are the mean values of the regressed
SSTAs in the respective area. N is the total number
of grid points in the area. The spatial correlation
coefficient R; between the field f and field r in the
North Pacific is defined as:

1 & . i}
. ﬁ;m—fxrn—r)

3

gray ( )
These statistics of R, and gr/g, are represented in
the Taylor diagram (Taylor 2001), as described
in Section 3. The Taylor diagram provides useful

information regarding the pattern similarity between
the model simulations and the observation, and
therefore has been applied to evaluate the repro-
ducibility of the model simulations (e.g., [IPCC TAR,
IPCC 2001; Kusunoki et al. 2006; AchutaRao and
Sperber 2006). Following Taylor (2001), the metric
of the PDO (S), which is a measure of its repro-
ducibility in the model simulations, was calculated
as follows,
4
S_ 4(1 + R;) . (4)
(a7/or +ar/ar)"(1 + Ro)

where Ry is the maximum correlation attainable. In
our evaluations, Ry is expected to be unity.

3. Reproducibility of PDO in 20C3M simulations

a. Metric

To evaluate and rank the reproducibility of the
PDO in the 20C3M simulations of the 24 CMIP3
models, we plotted the R, and o//a, of the indi-
vidual models in the Taylor diagram as shown in
Fig. 4. In the diagram, the azimuthal positions
give the spatial correlation coefficient R, and the ra-
dial distance from the origin is proportional to the
ratio of the standard deviations oy /g,. An observa-
tional reference point (REF) locates at gy/c, =1
on the horizontal line (R; = 1.0) as in Fig. 4. The
Ry is greater than 0.6 in most of the models except
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Fig. 4. Taylor diagram for the PDO metric
in the 20c3m simulations. Labels of A-X
represent the CMIP3 models as listed in
Table 1. The azimuthal positions give spa-
tial correlation R; and the radial distance
from the origin is proportional to ratio of
standard deviation g/ /0,. An observational
reference point (REF) locates at /g, =1
on the horizontal line (R; = 1.0). Dashed
contours denote the PDO metrics.

for the Model J and is greater than 0.7 in 18 models.
The o//0, is scattered from 0.5 to 1.5 among the
models.

The dashed contours in the diagram indicate the
metrics of the PDO reproduced in the 20C3M sim-
ulations. The metrics of the Models M, V, Q and W
are higher than 0.67, because their R, exceeds 0.8
and oy /0, are close to the unity. While the a7 /g, of
the Model T (1.44) departs from the unity, the
metric is high (0.67) due to the highest R, (0.87)
among the models. On the other hand, the metrics
of the Models J, N, K and I are less than 0.41, be-
cause their R, tends to be low and or/g, depart
from the unity. The metrics of the PDO in each of
the 20C3M simulations are listed in the last column
in Table 1.

In the later sections, we will examine the re-
gressed SSTA patterns onto the PDO and associ-
ated tropics-extratropics linkage of the 20C3M sim-
ulations with the high (Models M, V, Q, W and T)
and low PDO metrics (Models J, N, I and K).
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Fig. 5. Scatter plot of the PDO metric and

temporal correlation between the PDO
and decadal-ENSO indices R; in the
20C3M simulations (Models A—X). Obser-
vational reference point (S =1 and R, =
—0.53) is plotted at the upper right corner.
Black line indicates the fitting line of least
mean square (S = —0.48 x R, + 0.46). Cor-
relation of the scatter plot is —0.58 above
the 99% significant level. Note that hori-
zontal axis is reversed.

b.  Reproducibility of PDO and tropics-extratropics
linkage

As shown in Fig. 2a, an observational analysis
for the 20th century records shows that the re-
gressed SSTAs in the central North Pacific onto
the PDO index have opposite polarity to those in
the tropical Pacific. The observed PDO index is
negatively correlated with the decadal-ENSO index
(temporal correlation coefficient R, = —0.53 above
the 99% significant level). This coherent horseshoe-
like pattern of the regressed SSTAs onto the PDO
and statistically-significant R, have been revealed
in the previous studies (Nitta and Yamada 1989;
Zhang et al. 1997, Nakamura et al. 1997). How-
ever, the correlation R, between the simulated
PDO and decadal-ENSO (horizontal position in
Fig. 5) is not always statistically significant in the
24 CMIP3 models (R, ranges from —0.39 to 0.32).
Among the five models with the high PDO metric,
four models (Models M, T, V and W) have signifi-
cant correlation R,, while the correlation is weaker
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for all of the four simulations than for the observa-
tion. While the PDO metric is high in the Model Q,
the R, of the Model is nearly zero (—0.03). The cor-
relation R; in the four models with the low PDO
metric is not so high as in the four models with the
high PDO metric.

We made a scatter plot of the metrics of the PDO
and temporal correlation R, in the 20C3M simula-
tions (Fig. 5). The observational reference point
(the PDO metric=1 and R,= —0.53) is also
plotted at the upper right corner in Fig. 5. A fitting
line of the least mean square is S = —0.48 x R, +
0.46 and the correlation of the scatter plot is —0.58
above the 99% significant level. The Models M, V,
W and T with the high PDO metric are plotted in
the upper right area of Fig. 5, while the Model Q
is plotted far from the fitting line. On the other
hand, the Models J, I, N and K with the low PDO
metric are plotted in the lower left area or far from
the fitting line. Thus the scatter plot implies that the
high reproducibility of the tropics-extratropics link-
age in the decadal SST variability plays some roles
for the high PDO metric in the 20C3M simulations.

We examine the regressed SST, SLP and OLR
anomalies in the Indo-Pacific sector of the tropics
onto the decadal-ENSO index for the models with
the high PDO metric and significant correlation R,
(Models M, V, W and T) and with the low PDO
metric and weak correlation R, (Models J, N, I
and K). We also employ the Model Q as an excep-
tional example because of the high PDO metric but
weak correlation R;.

As expected from the negative R, in the ob-
served record, the regressed SSTA pattern onto the
decadal-ENSO index (Fig. 6a) shows the similar
pattern of Fig. 2a but with opposite polarities to
one another. In association with the negative
SSTAs in the central North Pacific, there is a nega-
tive center of action in the observed SLP anoma-
lies in the eastern North Pacific, which act to en-
hance surface westerlies in the southern part of its
center and then cool the underlying upper ocean.
In tropics, there is a zonal dipole in the observed
SLP anomalies in which positive (negative) anoma-
lies prevail over the western tropical Pacific and
Indian Ocean (the central and eastern tropical Pa-
cific, Fig. 6b), respectively, indicative of the weak-
ened Walker circulation in the warm phase of the
decadal-ENSO. In this warm phase, the observed
OLR anomalies are negative (positive) over the
central tropical Pacific (the western tropical Pacific,
Fig. 6¢). As also revealed in the previous studies,
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Fig. 6. Regressed (a) SST (°C), (b) SLP
(hPa) and (c) OLR (W/m?) anomalies
onto the observed decadal-ENSO index.
Solid and dash lines denote positive and
negative values, respectively. Coloring con-
vention is represented at the bottom in
each of the panels.

these results in the observations indicate that the
basin-wide warming in the tropical Pacific induces
an eastward shift of the convective area and weak-
ens a zonal gradient of the SLP in the tropical Pa-
cific (e.g., Deser et al. 2004; Burgman et al. 2008),
and then that these zonal changes in the tropical
Pacific (also presented by thick solid lines in Figs.
9a, c, e) induce negative SLP anomalies in the
North Pacific via the atmospheric teleconnection
(Lau 1997; Alexander et al. 2002) that is involved
in the tropics-extratropics linkage of SSTAs.

The regressed SSTAs onto the simulated decadal-
ENSO index in the Models M, V, W and T (Fig.
7a) are mostly positive (negative) in the tropical Pa-
cific (the central North Pacific), as expected from
their high metrics and significant correlation R,. As
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Fig. 7. Same as in Fig. 6, but for the models with the high PDO metric and significant correlation R,

(Models M, V, W and T) in the 20C3M simulations.

observed, there is a zonal dipole in the simulated
SLP anomalies in the tropical Pacific as well as a
negative center of action in the eastern North Pa-
cific in these four models (Fig. 7b). Coherent nega-
tive OLR anomalies around 180°E/W are common
in the four models, while the positive anomalies in
the western tropical Pacific are not well simulated
as observed (Fig. 7c). These results on the simula-
tions with the high PDO metric and the significant
correlation R, indicate that the changes in the OLR
and SLP over the tropical Pacific during the warm
phase of the simulated decadal-ENSO induce the

atmospheric teleconnection pattern involved in the
tropics-extratropics linkage of SSTAs, which is con-
sistent with the observational analysis.

On the other hand, the models with the weak
correlation R, (Models J, N, K, I and Q) fail to re-
produce above-mentioned characteristics in the ob-
served SLP and OLR anomalies during the warm
phase of the decadal-ENSO (Figs. 8b, c), while
they are still successful in simulating the basin-scale
warming in the tropical Pacific SSTA field (Fig.
8a). Specifically, a zonal dipole of the SLP anoma-
lies (Fig. 8b) and negative OLR anomalies in these
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Fig. 8. Same as in Fig. 6, but for the models with the weak correlation R, (Models J, N, I, K and Q) in the

20C3M simulations.

five models (Fig. 8c) are much weaker in the Models
J, I and K or locate at an inappropriate area in the
Models N and Q, compared to the observations.
We attempt a closer look at the simulated zonal
variations of the SST, SLP and OLR anomalies
over the tropical Pacific. An eastward increase in
the simulated SSTAs is mostly represented (Fig.
9a) and common in the models with the high PDO
metric and significant correlation R, (Models M, V,
W and T). Meanwhile, the increase of the simu-
lated SSTA is much weaker in the Models J, K, 1
and Q or is anomalously enhanced in the 140°E—

180°E/W sector in the Model N (Fig. 9b). Accom-
panying these differences in the simulated SSTAs,
the four models with the high PDO metric repro-
duce a zonal dipole of the SLP anomalies in the
tropical Pacific as observed (Fig. 9c). However the
SLP anomalies over the tropical Pacific are weaker
in the Models J, K, I and Q, and emerge in the in-
appropriate location in the Model N, compared to
the observed SLP (Fig. 9d). The negative OLR
anomalies around 140°W-180°E/W in the four
models with the high PDO metric mostly corre-
spond to the observed anomalies, while the positive
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Fig. 9. Zonal plots of (a, b) regressed SST, (c, d) SLP and (e, f) OLR anomalies onto the decadal-ENSO
index averaged over 10°S—10°N in the tropical Pacific. Thick solid line indicates the observed anomalies.
Colored dashed lines in the left panels represent the anomalies in the Models M, V, W and T. Colored
dot lines in the right panels represent the anomalies in the Models J, N, I, K and Q. Note that the vertical

axes of OLR anomalies (e, f) are reversed.

OLR anomalies simulated in the four models
emerge around 90-110°E, 40° west of the observed
(Fig. 9e). The OLR anomalies in the five models
with the weak correlation R, are much weaker
(Models J, K, I and Q) or anomalously enhanced
in the 120-160°E sector (Model N), compared to
the observations (Fig. 9f).

Thus the large differences in the simulated SST,
OLR and SLP anomalies associated with the
decadal-ENSO are found in the tropical Pacific be-
tween the models with the high PDO metric and the
others. Reproducibility of the zonal variations in
the simulated SST, SLP and OLR anomalies over
the tropical Pacific associated with the decadal-
ENSO is likely needed for the realistic atmospheric

teleconnection pattern that will form the horseshoe-
like pattern of the simulated SSTA as in the Models
with the high PDO metric and significant correla-
tion R,.

4. PDO under the global warming condition

In this section, we examine characteristics of the
PDO under the global warming condition using the
A1B simulations in the same way as conducted for
the 20C3M simulations.

Figure 10a shows the 200-year time-series of the
area weighted SSTA averaged over the dashed inset
box of the central North Pacific in Fig. 2a, based
on the 20C3M simulations and A1B simulations.
A warming trend in the individual time-series is
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Fig. 10. (a) Time-series of area weighted

SSTA averaged over the dashed inset box
of the central North Pacific in Fig. 2a
from 1900 to 2099 and (b) their temporal
standard deviation over the running 20-
year window. Thick solid line represents
observed time-series over the 20th century.
Thin solid lines represent the time-series in
the 20C3M and the A1B simulations of the
24 CMIP3 models.

enhanced in the 21st century. An increase rate of
the trend over the 21st century varies from 1.1 to
4.0°C/100 years among the 24 CMIP3 models. The
indices still represent variations on the decadal
timescales in the 21st century with superimposition
on the warming trend (Fig. 10a). After removing
the linear warming trend from the indices, temporal
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Fig. 11. Scatter plot of the PDO metrics in
the A1B simulations and the 20C3M simu-
lations. Black solid and dashed lines indi-
cate fitting lines of least mean square for
the 24 CMIP3 models and for nine models
marked with circles (Models M, V, W, T,
Q, J, N, T and K), respectively. Correlation
of the scatter plot for the 24 models is 0.64
above the 99% significant level and that for
nine models is 0.87 above the 99% signifi-
cant level.

standard deviations for the detrended (i.e., residual)
PDO indices over the running 20-year windows are
calculated. Those standard deviations in the AIB
simulations are as much as those in the 20C3M
simulations (Fig. 10b). A scatter plot of the increase
rates of the trend and standard deviations of the
PDO indices during the 21st century for the indi-
vidual A1B simulations is unlikely to show any de-
pendence between these two statistics (not shown).

To compare regressed SSTA patterns onto the
PDO index in the A1B simulations with those in
the observation, we calculated the metric of the
PDO for the A1B simulations onto the observation
as evaluated for the reproducibility of the 20C3M
simulations. The spatial correlation coefficient R;
in the A1B simulations is greater than 0.7 in 22
models. The ratios of the standard deviations o/ /0,
are scattered from 0.5 to 1.8 among the models. As
a result, the metric in the A1B simulations ranges
from 0.30 to 0.76 (vertical position in Fig. 11). We
made a scatter plot of the PDO metrics in the A1B
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Fig. 12. Same as in Fig. 6, but for the five models with the high PDO metric (Models M, V, W, T and Q) in

the A1B simulations.

simulations and those in the 20C3M simulations
(Fig. 11). The five models with the high PDO met-
ric in the 20C3M simulations (Models M, V, W, Q
and T) are plotted in the upper right area in the
scatter plot, while the four models with the low
PDO metric in the 20C3M simulations (Models J,
N, K and I) are plotted in the lower left area. While
a correlation coefficient of the scatter plot based on
the 24 CMIP3 model simulations is 0.64 above the
99% significant level, that based on the nine model
simulations (Models M, W, V. T, Q, I, J, K and N)
is much higher (0.87 above the 99% significant

level). Thus, the model with the higher PDO metric
in the 20C3M simulations tends to simulate the
similar PDO pattern in the A1B simulations, which
is in agreement with the results in Overland and
Wang (2007).

As expected from the high PDO metric in the
A1B simulations by Models M, V., W, T, and Q,
the regressed SSTAs onto the decadal-ENSO index
show the horseshoe-like pattern (Fig. 12a). Com-
pared to the 20C3M simulations, negative SST
anomalies over the central North Pacific are en-
hanced in the Model Q, but weaken in the Model
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Fig. 13. Same as in Fig. 6, but for the four models with the low PDO metric (Models I, N, J and K) in the

A1B simulations.

M, respectively. In association with this SSTA pat-
tern, the regressed SLP anomalies show a zonal
dipole in the tropics and a negative center of action
in the eastern North Pacific in these five models
(Fig. 12b) as shown in Fig. 7b for the 20C3M simu-
lations. Likewise, the negative (positive) OLR
anomalies in the central (western) tropical Pacific
are similar to the observed pattern over the 20th
century (Fig. 12¢). In contrast, while the four mod-
els with the low PDO metric simulate the basin-
scale warming over the tropical Pacific (Fig. 13a),
the SLP (Fig. 13b) and OLR (Fig. 13c) anomalies

over the tropic Pacific are weak (Models J, K
and I) or locate at an inappropriate area (Models
N), compared to the observations.

As examined for the 20C3M simulations, the
zonal variations of SST, SLP and OLR anomalies
over the tropical Pacific for the A1B simulations
are plotted in Fig. 14. In the Models M, V, W, T
and Q with the high PDO metric, those zonal varia-
tions are similar to those in the observed over the
20th century (Figs. 14a, c, e). Specifically, the nega-
tive OLR anomalies in the Model Q in the A1B
simulation become significant and are almost twice
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Fig. 14. Same as in Fig. 9, but for the A1B simulations. The plot of the Model Q is moved into the left

panels.

as much as in the 20C3M simulations. Meanwhile,
the tropical SLP and OLR anomalies in the Models
J, N, K and I with the low PDO metric are largely
different from the observations (Figs. 14b, d, f).
These results suggest that the high PDO metric in
the Models M, V, W, T and Q is given by the fact
that the zonal variations of the tropical ocean and
atmosphere in the A1B simulations are simulated
as observed over 20th century.

5. Summary

Reproducibility of the PDO is evaluated for the
20C3M simulations in the 24 CMIP3 models, based
on the PDO metric in the Taylor diagram and tem-
poral correlation coefficient R; between the PDO
and decadal-ENSO indices. The PDO metric for
the 20C3M simulations is high in the five Models
M, V, Q, W and T (greater than 0.67) and low

in the four Models J, N, T and K (less than 0.41).
Among the five models with the high PDO metric,
the four models (Models M, T, V and W) with
significant correlation R, indicate the tropics-
extratropics linkage, while the Model Q failed to re-
produce the linkage. The R, in the four models with
the low PDO metric (Models J, N, I and K) is not
so high as in the four models with the high PDO
metric. This indicates that the high reproducibility
of the tropics-extratropics linkage in the decadal
SST variability plays some roles for the high PDO
metric in the 20C3M simulations.

The models with the high PDO metric and sig-
nificant correlation R, (Models M, V, W and T)
mostly reproduce natural climate variation on the
decadal timescales in the Pacific. Associated with
the warm (cold) phase of the decadal-ENSO, the
negative (positive) SSTAs with the horseshoe-like
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pattern and negative (positive) SLP anomalies are
reproduced in the North Pacific, while the zonal di-
pole of SLP anomalies with negative (positive) in
the east and positive (negative) in the west, and
negative (positive) OLR anomalies over the tropi-
cal Pacific. These results indicate successful simula-
tion of the tropical climate variations over the 20th
century, where weakened (enhanced) Walker circu-
lation over the basin-scale SST warming (cooling)
induces the atmospheric teleconnection pattern
that acts to form strong (weak) westerlies over the
North Pacific and thereby enhance (weaken) cool-
ing of the ocean surface, as revealed in the observa-
tional analysis (Nitta and Yamada 1989; Trenberth
1990; Zhang et al. 1997). In contrast, the models
with the weak correlation R, (Models, J, N, K, I
and Q) fail to reproduce the realistic SST, OLR
and SLP anomalies associated with the decadal-
ENSO. Thus, the PDO reproducibility needs realis-
tic tropics-extratropics linkage via the atmospheric
teleconnection induced by the decadal SST varia-
tion in the tropical Pacific.

In the 21st century, while the SSTAs in the North
Pacific in the A1B simulations show a pronounced
warming trend, they still represent variations on
the decadal timescales. The models with the high
PDO metric in the 20C3M simulations tend to sim-
ulate the observed PDO pattern in the A1B simula-
tions, which is consistent with the results by Over-
land and Wang (2007). This is because the tropical
SST, SLP and OLR anomalies associated with the
simulated decadal-ENSO index are still similar to
the observed pattern even in the A1B simulations.
Meanwhile, the models with the low PDO metric
in the 20C3M simulations still failed to simulate
the observed PDO pattern in the A1B simulations
probably because the tropical anomalies are largely
different from those in the observation. However,
these results are not able to guarantee that the
horseshoe-like pattern of the Pacific SSTA field
would be formed in the natural future climate.
Rather, it is a model property that tends to simulate
the natural climate variations with observed pat-
terns under the global warming condition.
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