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ABSTRACT

Using observational data and the pre-industrial simulations of 19 models from the Coupled Model Intercomparison
Project Phase 5 (CMIP5), the El Niño (EN) and La Niña (LN) events in positive and negative Pacific Decadal Oscillation
(PDO) phases are examined. In the observational data, with EN (LN) events the positive (negative) SST anomaly in the
equatorial eastern Pacific is much stronger in positive (negative) PDO phases than in negative (positive) phases. Meanwhile,
the models cannot reasonably reproduce this difference. Besides, the modulation of ENSO frequency asymmetry by the PDO
is explored. Results show that, in the observational data, EN is 300% more (58% less) frequent than LN in positive (negative)
PDO phases, which is significant at the 99% confidence level using the Monte Carlo test. Most of the CMIP5 models exhibit
results that are consistent with the observational data.
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1. Introduction
The El Niño–Southern Oscillation (ENSO), as the most

important natural variation on the interannual timescale, ex-
erts considerable impacts on global climate. Thus, for sev-
eral decades, great attention has been paid to investigating
the mechanisms of ENSO (Bjerknes, 1969; Jin, 1997; Wang
and Picaut, 2004). In recent years, the decadal modulations
of ENSO have attracted significant attention (An and Wang,
2000). Timmermann (2003) suggested a nonlinear mecha-
nism that generates decadal ENSO amplitude modulations
without invoking extratropical dynamics. Yeh et al. (2004)
stated that the decadal modulation of ENSO is primarily due
to atmospheric noise processes.

The Pacific Decadal Oscillation (PDO) is a climate mode
on the decadal timescale that can influence global and re-
gional climate (Mantua et al., 1997; Newman et al., 2016).
Yeh and Kirtman (2005) investigated the relationship be-
tween Pacific decadal variability and decadal ENSO ampli-
tude modulation and found that the PDO is unrelated to
the modulation of ENSO amplitude. However, others have
argued that the decadal modulations of ENSO variability
are related to decadal climate modes, such as the PDO
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(Kravtsov, 2011). Besides, Feng et al. (2014) claimed that
the PDO can impact the evolution of ENSO, e.g., El Niño
(EN) decays slowly (rapidly) during positive (negative) PDO
phases. Verdon and Franks (2006) investigated the interac-
tion between ENSO and the PDO using proxy climate records
derived from paleoclimate data of the past 400 years.

However, decadal modulation of ENSO frequency asym-
metry has not been intensively studied. For example, are
there more (fewer) EN events than La Niña (LN) events in
positive (negative) PDO phases? In this study, using the out-
put of 19 models from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) experiments combined with obser-
vational data, we investigate the modulation of ENSO fre-
quency asymmetry (EN and LN occurrence frequency) by the
phases of the PDO. Specifically, the following two questions
are addressed: (1) Is the frequency of EN and LN events mod-
ulated by different PDO phases? (2) If so, what is the reason
for this decadal modulation?

2. Data and methods
The following datasets are used in this study: (1)

monthly mean sea surface temperature data provided by the
NOAA’s Extended Reconstructed SST dataset, version 3b
(ERSST.v3b), with a horizontal resolution of 2◦×2◦ (Smith et
al., 2008). This dataset is available from 1854 to the present
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day. (2) The Kalnay et al. (1996) NCEP–NCAR reanalysis
(R1) dataset, with a resolution of 2.5◦×2.5◦ and covering the
period 1948–2014. (3) Global sea level pressure (SLP) data
from the Second Hadley Centre SLP dataset (HadSLP2), with
a resolution of 5◦ × 5◦ (Allan and Ansell, 2006). The period
1900–2014 is used to investigate the modulation of ENSO
frequency asymmetry by the PDO. When the mechanism is
examined, we use the circulation data from R1 over the pe-
riod 1948–2014.

Additionally, outputs from the pre-industrial runs of 19
CMIP5 models are analyzed to validate observational results
(Taylor et al., 2012). Details of the CMIP5 models used in
this study are listed in Table 1. The coupled models are freely
integrated for several hundred years—much longer than the
time span of the observational data. Thus, more robust con-
clusions can be drawn if the results derived from the ensem-
ble mean of the models are consistent with those from obser-
vation.

The commonly used Niño3.4 index associated with
ENSO is defined as the area average of monthly SST anoma-
lies in the region (5◦N–5◦S, 170◦–120◦W) (Trenberth et al.,
2002). The climatology is derived from the whole period of
each dataset. The December–January–February (DJF) aver-
aged Niño3.4 SST anomalies from the ERSST.v3b observa-
tions of 1900–2014 are shown in Fig. 1a. The Niño3.4 index
reveals substantial multi-decadal oscillations superimposed

on interannual variability. Because our focus here is on the
interannual variability of the Niño3.4 index, we apply a nine-
year high-pass filter to the original Niño3.4 index, and obtain
a new result for the Niño3.4 index without multi-decadal vari-
ability (Fig. 1b).

We select EN (LN) events by identifying years when the
Niño3.4 SST index exceeds 1 (is less than −1) standard devi-
ation. Additionally, the an index R is calculated to reveal the
difference between EN and LN event occurrence:

R = (NEN−NLN)×100/NLN , (1)

in which NEN (NLN) denotes the number of EN (LN) events.
R = 0 means that the number of EN events is the same as the
number of LN events.

The monthly PDO index is defined as the time series of
the leading empirical orthogonal function (EOF) of monthly
mean SST anomalies for the Pacific Ocean north of 20◦N
in the observational data (Mantua et al., 1997; Wang et al.,
2012). Before performing the EOF calculation, the global
mean SST anomaly is firstly removed to reduce the influ-
ence of long-term trends. Here, we mainly concentrate on
the decadal modulation by the PDO, as in Feng et al. (2014).
Following Wang et al. (2012), the Pacific decadal variability
considered in this study is the first two EOFs of monthly SST
anomalies in the North Pacific: the PDO and the North Pacific
Gyre Oscillation (NPGO). In the observational data, the first

Table 1. Details of the pre-industrial control simulation experiments of the 19 CMIP5 models chosen in this study.

Atmospheric
component
resolution

No. Model name Institute (s), country (lat×lon) Years

1 ACCESS1.0 Commonwealth Scientific and Industrial Research Organization (CSIRO) and
Bureau of Meteorology, Australia

145×192 250

2 BCC CSM1.1 Beijing Climate Center, China 64×128 500
3 BNU-ESM Beijing Normal University, China 64×128 559
4 CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada 64×128 400
5 CCSM4 National Center for Atmospheric Research (NCAR), USA 192×288 500
6 CESM1-(CAM5) National Science Foundation (NSF), U.S. Department of Energy (DOE) and

NCAR, USA
192×288 309

7 CNRM-CM5 Centre National de Recherches Météorologiques and Centre Européen de
Recherche et de Formation Avancée en Calcul Scientifique, France

128×256 600

8 CSIRO Mk3.6.0 CSIRO and Queensland Climate Change Centre of Excellence, Australia 96×192 500
9 FGOALS-g2 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geo-

physical Fluid Dynamics (LASG) and Center of Earth System Science, China
60×128 900

10 FGOALS-s2 LASG, Institute of Atmospheric Physics, China 128×108 500
11 GFDL CM3 NOAA/Geophysical Fluid Dynamics Laboratory, USA 90×144 500
12 HadGEM2-CC Met Office Hadley Centre (MOHC), UK 145×192 240
13 HadGEM2-ES MOHC, UK 145×192 337
14 IPSL-CM5A-LR L’Institut Pierre-Simon Laplace, France 96×96 1000
15 MIROC5 Model for Interdisciplinary Research on Climate (MIROC), Japan 128×256 670
16 MIROC-ESM MIROC, Japan 64×128 531
17 MPI-ESM-LR Max Planck Institute for Meteorology, Germany 96×192 1000
18 MRI-CGCM3 Meteorological Research Institute, Japan 160×320 500
19 NorESM1-M Norwegian Climate Centre, Norway 96×144 500
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Fig. 1. Time series of (a) unfiltered and (b) nine-year high-pass filtered DJF Niño3.4
index, and (c) yearly PDO index, derived from ERSST.v3b during 1900 to 2014. The
dashed line in (a) is the nine-year low-pass filtered Niño3.4 index. The black lines in
(c) denote 0.2 standard deviations of the yearly PDO index.

(second) EOF is defined as the PDO (NPGO) (Wang et al.,
2012). In the CMIP5 models, we provide the pattern correla-
tion coefficients (PCCs) between two EOF modes of CMIP5
models and the observed PDO mode and NPGO mode (Table
2). We define the mode of a model as the PDO mode when the
PCC of that mode with the observed PDO (NPGO) mode is
higher (lower). According to this criterion, the second mode
of eight models (ACCESS1.0, BCC CSM1.1, CanESM2,
CESM1(CAM5), CNRM-CM5, CSIRO Mk3.6.0, FGOALS-
s2 and MRI-CGCM3) is defined as the PDO mode. The fi-
nal PDO patterns are also shown in Fig. 2. The November–
March (NDJFM) average is regarded as the PDO index (Fig.
1c). Following Feng et al. (2014), positive (negative) PDO
years are identified when the PDO index is greater (less) than
zero. Furthermore, to exclude years when the PDO index is
rather neutral, we select a threshold of the PDO index as 0.2
standard deviations, rather than zero as in Feng et al. (2014).

The black line in Fig. 1c denotes 0.2 standard deviations of
the PDO index. Actually, the main results are insensitive to
our chosen threshold. When identifying the numbers of EN
and LN events, positive (negative) PDO years are considered
as warm (cold) phases in the following analysis.

To test the significance of the modulation of ENSO fre-
quency asymmetry by PDO phases, we use the Monte Carlo
method (Chu and Wang, 1997). In the 115 years of the ob-
served time series (1900–2014), there are 45 positive PDO
years. Thus, we choose 45 years randomly from the observed
time series, one million times, to obtain one million samples.
We then calculate R for each sample. The probability distri-
bution function (PDF) of the one million R values is obtained.
If the observed R is outside the 99% range of the PDF, we
consider it to have reached the 99% level of significance ac-
cording to the Monte Carlo test. The method is similar when
the negative PDO phase is tested.
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Fig. 2. PDO patterns of the (a) observational data and (b–t) simulations of 19 CMIP5 models (names given above each
panel). In ACCESS1.0, BCC CSM1.1, CanESM2, CESM1(CAM5), CNRM-CM5, CSIRO Mk3.6.0, FGOALS-s2 and
MRI-CGCM3, the PDO patterns are defined as the second EOF mode of the North Pacific SST anomalies. In the
observational data and other models, the PDO patterns are defined as the first EOF mode of the North Pacific SST
anomalies.

Table 2. PCCs between the observed EOF1 mode and simulated
EOF1 and EOF2 modes in 19 models.

PDO NPGO

EOF1 EOF2 EOF1 EOF2

ACCESS1.0 0.370 0.283 0.452 −0.203
BCC CSM1.1 0.007 0.603 0.387 0.112
BNU-ESM 0.545 0.543 −0.420 0.377
CanESM2 0.265 0.867 0.395 −0.066
CCSM4 0.425 0.791 −0.388 0.242
CESM1(CAM5) −0.054 0.813 0.545 0.208
CNRM-CM5 0.107 0.412 0.425 0.024
CSIRO Mk3.6.0 0.231 0.595 0.373 −0.001
FGOALS-g2 0.673 0.309 0.125 −0.268
FGOALS-s2 0.220 0.290 0.365 −0.121
GFDL CM3 0.919 −0.016 −0.011 0.784
HadGEM2-CC 0.270 0.264 −0.265 0.444
HadGEM2-ES 0.385 0.051 0.053 0.487
IPSL-CM5A-LR 0.898 0.101 −0.0005 0.551
MIROC5 0.857 −0.271 −0.104 0.684
MIROC-ESM 0.469 0.360 −0.044 0.374
MPI-ESM-LR 0.464 0.541 −0.348 0.310
MRI-CGCM3 −0.038 0.466 0.257 0.204
NorESM1-M 0.716 0.695 −0.118 0.277

3. Results
3.1. SST difference between positive and negative PDO

phases
Before examining the ENSO frequency asymmetry mod-

ulated by PDO phases, we firstly show the differences in
SST, SLP and the wind field at 850 hPa between positive
and negative PDO phases in Fig. 3, in the observational data
and in the multi-model simulations. The observational data
show that the SLP difference between positive and negative
PDO phases mainly occurs at midlatitudes. A notable nega-
tive anomaly occurs in the North Pacific, which is associated
with the deepened Aleutian low in positive PDO phases. Ad-
ditionally, although the PDO is defined as the leading em-
pirical SST mode in the North Pacific, it has a consider-
able influence on the tropical Pacific. According to previ-
ous studies, this influence of the PDO on the tropics takes
place via atmospheric teleconnections associated with the
decadal background change (Barnett et al., 1999; Pierce et
al., 2000; Wang and An, 2002; Feng et al., 2014). In positive
PDO phases, the eastern equatorial Pacific is anomalously
warm. Similar conclusions have also been made by Feng
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Fig. 3. (a) Observed and (b–t) simulated (model names given above each panel) differences in SST (color shading;
units: ◦C), SLP (contours; units: hPa) and 850-hPa wind (vectors; units: m s−1) between positive and negative PDO
phases.

et al. (2014) and Dong and Xue (2016). Additionally, com-
pared to negative PDO phases, in positive PDO phases there
are notable anomalous westerlies over the central equatorial
Pacific. These PDO phase–dependent background westerly
anomalies on the decadal timescale may be associated with
the fact that more EN events tend to occur in positive PDO
phases, although it is well known that westerly wind bursts
are essential to triggering EN events (Lengaigne et al., 2004).

As for the simulation results, most models reproduce the
negative SLP anomaly in the North Pacific, albeit with a
slightly different location of the anomaly center. However,
the magnitude of the SST anomaly—especially in the tropi-
cal eastern Pacific—is underestimated in most of the CMIP5
coupled models, which is associated with the weakly por-
trayed low-level westerly anomaly in the equatorial central
Pacific.

3.2. ENSO composition in positive and negative PDO
phases

To compare the EN/LN events between positive and neg-
ative PDO phases, we examine the spatial pattern of SST
composition in EN/LN mature winter (DJF) in positive and
negative PDO phases, separately (Fig. 4). In positive PDO
phases, in the observational data, with EN events the equato-
rial eastern Pacific is anomalously warm, and in the north-
ern/southern central Pacific and equatorial western Pacific
it is anomalously cool (Fig. 4). The cooling anomaly in the
northern and southern Pacific may be associated with the oc-
currence of a positive PDO phase, while that in the equatorial
western Pacific may be associated with EN events (Shakun
and Shaman, 2009). Most models reproduce this spatial pat-
tern of global SST, with respective regional bias (figure omit-
ted). In negative PDO phases, with the positive SST anomaly
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Fig. 4. Composite SST anomaly spatial pattern (color shading; units: ◦C) in (a, b) EN and (c, d) LN mature winter
(DJF) in (a, c) positive (i.e., warm) and (b, d) negative (i.e., cool) PDO phases, based on the observational data (left-
hand panels) and multi-model ensemble mean (right-hand panels). The oblique lines denote values that exceed the 95%
confidence level in the observational results.
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in the central and eastern equatorial Pacific in EN events, the
positive SST anomaly in the North Pacific is more signifi-
cant than its South Pacific counterpart (Fig. 4). Note that in
positive PDO phases with EN events, the SST near the west-
ern coast of the American continent is anomalously warm;
whereas, in negative PDO phases with EN events there is no
significant signal. Besides, in the observational data, with
EN events the positive SST anomaly in the equatorial east-
ern Pacific is much stronger in positive PDO phases than in
negative PDO phases. Meanwhile, in the simulation results,
models cannot reasonably reproduce this difference. That is,
in the simulation results the contrast in magnitude between
positive and negative PDO phase is negligible.

With respect to LN events, the observational data in Fig.
4c show that in positive PDO phases there are significantly
negative SSTs in the equatorial central and eastern Pacific
and central and western North Pacific. Meanwhile, a positive
SST anomaly is located in most regions of the Pacific Ocean.
The magnitude of the negative SST anomaly in the central
and eastern equatorial Pacific in the multi-model ensemble of
the CMIP5 models is stronger than that in the observational
data. Besides, not all of the CMIP5 models reproduce the
concurrent negative SST anomaly in both the northern and
equatorial Pacific in positive-PDO-phase LN events. Even
in those models that do, the location of the negative SST
anomaly in the northern Pacific is considerablely biased com-

pared to the observed location. Thus, as stated in previous
studies, it is still a difficult task to simulate the connection be-
tween the PDO and ENSO, or between the midlatitudes and
equatorial ocean (Newman et al., 2016). In negative PDO
phases with LN events, the observed positive SST anomaly
in the North Pacific shifts eastward compared to in positive
phases, and a South Pacific counterpart exists (Fig. 4d). Most
of the CMIP5 models reproduce the horseshoe pattern in the
Pacific reasonably. The main deviation of the models is the
overly westward shifted cold tongue in the equatorial Pacific,
which is an unresolved problem in the current CMIP5 mod-
els. In addition, the negative SST anomaly in the equatorial
Pacific is much stronger in negative PDO phases than in pos-
itive PDO phases. As mentioned for the EN events, in the
simulation results, models cannot reproduce this difference
reasonably. The contrast in magnitude between positive and
negative PDO phases in the simulation results is negligible.

Figure 5 shows the SST difference between positive and
negative PDO phases in EN/LN events, separately. The re-
sults for EN and LN events are similar, i.e., a negative (posi-
tive) center in the western and central North Pacific (equato-
rial central and eastern Pacific and coastline of the American
continent). The multi-model ensemble reproduces the neg-
ative center in the North Pacific with only a slight location
bias. However, the SST difference in the equatorial Pacific
is rather weak. This indicates that many climate models suf-

Fig. 5. Composite spatial pattern of SST anomaly differences (color shading; units: ◦C) in (a) EN and (b) LN events be-
tween different PDO phases [positive (i.e., warm) minus negative (i.e., cool)], based on the observational data (left-hand
panels) and multi-model ensemble mean (right-hand panels).
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fer from bias in simulating the connection between the PDO
and ENSO, or between the midlatitudes and equatorial ocean
(Newman et al., 2016).

3.3. ENSO frequency asymmetry in different PDO phases
Next, we investigate the PDO phase–dependent ENSO

frequency asymmetry using the method defined in section 2.
As shown in Fig. 6, results show that in positive (negative)
PDO phases R is positive (negative), indicating that EN is
more frequent than LN in positive PDO phases, while LN is
more frequent than EN in negative PDO phases. In the ob-
servational data, EN is 300% more (58% less) frequent than
LN in positive (negative) PDO phases. That is, positive (neg-
ative) PDO phases are conducive to the occurrence of more
EN (LN) events. Besides, the amplitude of R is also asym-
metric in positive and negative PDO phases. For instance,

in positive PDO phases EN is 300% more frequent than LN,
which is much larger than its counterpart in negative PDO
phases (58%). We also drew the above figure with unfiltered
Niño3.4 index values, and the results were almost the same
(figure not shown).

To test the significance of our results, we apply the Monte
Carlo significant test to the observational data. The PDF of
R in positive and negative PDO phases is shown in Fig. 7.
In positive (negative) PDO phases, the observed R value is
positive (negative), which means that in positive (negative)
PDO phases EN is more (less) frequent than LN. The same
conclusion can be drawn from Fig. 6. Besides, from Fig. 7
it can be seen that the observed R value (red line) is beyond
the threshold in both positive and negative PDO phases, indi-
cating that our above conclusion, i.e., that EN is more (less)
frequent than LN in positive (negative) PDO phases, is signif-
icant at the 99% confidence level. The PDF distributions of

“ ”

“ ”

Fig. 6. The R values (percentage difference between the number of EN and LN events relative
to the number of LN events) based on the observational data (OBS), multi-model ensemble
(MME), and 19 CMIP5 models. The letter “Y” indicates that the R value is statistically signifi-
cant at the 1% level. The vertical line (orange) denotes one standard deviation for the 19 model
results.
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Fig. 7. PDF of R in (a) positive and (b) negative phases of the PDO in the Monte Carlo test
with a sample size of 1 000 000. The red line denotes the observed value of R and the blue
line denotes the threshold [99% percentile for (a) and 1% percentile for (b)] beyond which the
observed R can be regarded as significant.

Fig. 8. PDF of R derived from the observational data (OBS) and 19 CMIP5 models in (a) positive and (b) negative phases of
the PDO in the Monte Carlo test with a sample size of 1 000 000. The red line denotes the value of R and the blue line denotes
the threshold (99% percentile) beyond which R can be regarded as significant.
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Fig. 8. (Continued)

the CMIP5 models are shown in Fig. 8. Most of the CMIP5
model results are consistent with the observational results.
However, there are six (seven) models that cannot reproduce
the significant PDO phase–dependent ENSO asymmetry in
positive (negative) PDO phases. This conclusion can also be
drawn from Fig. 6.

3.4. Discussion on the relationship between the PDO and
ENSO

To examine the possible causes of the ENSO frequency
asymmetry between positive and negative PDO phases, the
differences in SST, SLP and the wind field at 850 hPa be-
tween positive and negative PDO phases can be referred to,
as mentioned in subsection 3.1 (Fig. 3). It can be seen that,
although the PDO is defined as the leading empirical SST
mode in the North Pacific, it has a considerable influence on
the tropical Pacific. In positive PDO phases, the eastern equa-
torial Pacific is anomalously warm. Additionally, compared
to negative PDO phases, in positive PDO phases there are
notable anomalous westerlies over the central equatorial Pa-
cific. This PDO-dependent westerly anomaly over the central
equatorial Pacific on the decadal timescale may be associated

with the fact that more EN rather than LN events tend to occur
in positive PDO phases. However, it should be acknowledged
that, from the evidence shown here, one cannot say for certain
that it is the PDO that results in the occurrence of more EN
events. Notably, previous studies (e.g., Newman et al. 2003)
argue that the PDO is an ENSO-forced signal. In this paper,
using observational data and CMIP5 coupled model results,
we only reveal the phenomenon that there tend to be more EN
events in positive PDO phases. Of course, two possibilities
exist, i.e., that the PDO influences ENSO or vice versa. More
work (e.g., numerical sensitivity experiments) should be car-
ried out to explore the mechanisms involved (i.e., whether the
PDO influences ENSO, or the other way around).

4. Conclusions and discussion
This study examines the modulation of ENSO frequency

asymmetry by the different phases of the PDO. Results from
observational data show that more EN (LN) events tend to
occur in positive (negative) PDO phases. Specifically, EN is
300% more (58% less) frequent than LN in positive (nega-
tive) PDO phases. Monte Carlo testing is used to check the
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significance of the above observational evidence, and the re-
sults show that the conclusion, i.e., that EN is more (less)
frequent than LN in positive (negative) PDO phases, is sta-
tistically significant at the 99% confidence level. Besides the
observational evidence, the pre-industrial simulations of 19
CMIP5 models are analyzed using the same method as with
the observed data. We find that most of the CMIP5 models
exhibit the same results as observed in both positive and nega-
tive PDO phases, indicating that ENSO frequency asymmetry
is indeed modulated by the PDO phases.

The modulation of ENSO frequency asymmetry by the
PDO may be due to the background SST and circulation pat-
terns in different PDO phases. In positive PDO phases there
are notable anomalous westerlies over the central equatorial
Pacific, which are associated with the warming SST east of
the anomalous low-level wind. Thus, this decadal-scale west-
erly wind anomaly associated with positive PDO phases may
encourage more EN events, rather than LN events, to occur.
However, in previous studies (e.g., Newman et al., 2003) it
has been argued that the PDO is an ENSO-forced signal.
Of course, two possibilities exist—that the PDO influences
ENSO or vice versa. In this paper, using observational data
and CMIP5 coupled model results, we only seek to reveal the
phenomenon that there tend to be more EN events in positive
PDO phases, and in doing so we find that this relationship
between the PDO and ENSO is statistically significant based
on the Monte Carlo test.

Besides analysis of observational data and CMIP5 multi-
model pre-industrial control simulations, sensitivity experi-
ments using numerical models are necessary to fully explore
the modulation of ENSO frequency asymmetry by the dif-
ferent PDO phases. Such work has recently begun using
a coupled climate model with assimilated SST in the ocean
component (Dong et al., 2016). Indeed, it has already been
found that this method can reproduce the decadal variation
of the East Asian summer monsoon reasonably well (Lin et
al., 2016). Thus, further study using model experiments to
investigate the associated mechanisms is warranted.
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