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ABSTRACT: The Pacific–North American (PNA) teleconnection pattern is one of the prominent atmospheric circulation
modes in the extratropical Northern Hemisphere, and its seasonal to interannual predictability is suggested to originate
from El Niño–Southern Oscillation (ENSO). Intriguingly, the PNA teleconnection pattern exhibits variance at near-annual
frequencies, which is related to a rapid phase reversal of the PNA pattern during ENSO years, whereas the ENSO sea sur-
face temperature (SST) anomalies in the tropical Pacific are evolving much slower in time. This distinct seasonal feature of
the PNA pattern can be explained by an amplitude modulation of the interannual ENSO signal by the annual cycle (i.e.,
the ENSO combination mode). The ENSO-related seasonal phase transition of the PNA pattern is reproduced well in an
atmospheric general circulation model when both the background SST annual cycle and ENSO SST anomalies are pre-
scribed. In contrast, this characteristic seasonal evolution of the PNA pattern is absent when the tropical Pacific back-
ground SST annual cycle is not considered in the modeling experiments. The background SST annual cycle in the tropical
Pacific modulates the ENSO-associated tropical Pacific convection response, leading to a rapid enhancement of convection
anomalies in winter. The enhanced convection results in a fast establishment of the large-scale PNA teleconnection during
ENSO years. The dynamics of this ENSO–annual cycle interaction fills an important gap in our understanding of the sea-
sonally modulated PNA teleconnection pattern during ENSO years.
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1. Introduction

As a prominent mode of atmospheric variability in the extra-
tropical Northern Hemisphere, the Pacific–North American
(PNA) teleconnection pattern was originally identified by
Wallace and Gutzler (1981) based on the one-point correla-
tion method. It is characterized by a quadrupole pattern in
the 500-hPa height field, with four wavelike action centers
located over the vicinity of Hawaii, south of the Aleutian
Islands, western Canada, and the southeastern United States.
The PNA teleconnection pattern exhibits substantial impacts
on weather and climate anomalies in the North Pacific and
North American regions and beyond (e.g., Leathers et al.
1991; Leathers and Palecki 1992; L’Heureux et al. 2008), espe-
cially during the boreal winter season. For instance, a positive
PNA phase is usually accompanied by above-average sur-
face air temperatures over western Canada and the western
United States and below-average temperatures across the
south-central and southeastern United States. Given its exten-
sive and pronounced climate impacts, much attention has
been paid to understanding the PNA dynamics and its possible
drivers (e.g., Mori and Watanabe 2008; Hoskins and Karoly 1981;

Feldstein 2000; Horel and Wallace 1981; Riddle et al. 2013). It
has been documented that PNA variability is driven by both
internal atmospheric dynamics and external forcings such as
sea surface temperature (SST), the Madden–Julian oscilla-
tion, solar activity, and volcanic eruptions (e.g., Feldstein
2000; Horel and Wallace 1981; Liu et al. 2017, 2014; Mori and
Watanabe 2008). Among these proposed external forcings,
El Niño–Southern Oscillation (ENSO) is known to be the
most reliable source of the seasonal to interannual predict-
ability of the PNA teleconnection pattern (e.g., Younas and
Tang 2013; Li et al. 2019; Horel and Wallace 1981; Trenberth
et al. 1998).

It has been long established that the ENSO-related SST
anomalies can induce anomalous convection in the central to
eastern tropical Pacific and thereby affect the large-scale over-
turning of the Walker and Hadley circulations. The anomalous
vertical motion and upper-tropospheric divergence anomalies
in the tropics lead to anomalous vorticity forcing, which can
generate a quasi-stationary Rossby wave train arching from the
tropical Pacific across North America (i.e., PNA pattern) (e.g.,
Hoskins and Karoly 1981; Trenberth et al. 1998; Horel and
Wallace 1981; Webster 1981). The existing body of research
on the impacts of ENSO on the PNA variability primarily
focuses on the ENSO mature phase (i.e., the boreal winter
season) (e.g., O’Reilly 2018; Yeh et al. 2018; Soulard et al.
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2019; Trenberth et al. 1998; Horel and Wallace 1981). Typi-
cally, El Niño winters correspond to a positive phase of the
PNA pattern and La Niña winters exhibit a negative phase.
Several studies showed that the PNA response to ENSO ex-
hibits a seasonal preference, with a distinctive subseasonal
enhancement from early winter to late winter (e.g., Wang
and Fu 2000; Bladé et al. 2008; Kim et al. 2018; Jong et al.
2016; Livezey et al. 1997). Corresponding to the seasonally
varying PNA response, the regional weather and climate
anomalies also experience similar seasonal variations (e.g.,
Montroy et al. 1998; Montroy 1997; Jong et al. 2016; Livezey
et al. 1997). In this case, winter-mean analyses could mask the
important subseasonal enhancement feature of the PNA tele-
connection, which might lead to an underestimation of its
ENSO-associated predictability.

At present, the mechanisms that underpin the seasonal prefer-
ence of ENSO-associated PNA teleconnection remain debated.
Bladé et al. (2008) argued that the tropical western Pacific SST
forcing plays a key role in the North Pacific component of the
PNA pattern in early winter, while the tropical central-eastern
Pacific SST forcing plays a dominant role in late winter. The sea-
sonally varying sensitivity of the North Pacific atmosphere to
SST forcing over different tropical Pacific regions may be related
to the seasonal changes in the background flow and associated

Rossby waveguide (Newman and Sardeshmukh 1998). Besides,
one recent study argued that the seasonal evolution of the
ENSO teleconnection over the North Pacific from early to late
winter could be possibly explained by the competing roles of
the equatorial central Pacific and western North Pacific con-
vection anomalies (Kim et al. 2018). Despite a few potential
mechanisms proposed, a full picture of the seasonal preference
of the PNA response to ENSO and a systematic understanding
of its mechanism are still lacking. In the present work, we in-
vestigate the temporal evolution of the PNA pattern through-
out the whole ENSO life cycle. We demonstrate that the PNA
teleconnection pattern displays deterministic variance on near-
annual time scales that explains the fast changes in the PNA
pattern under the slow evolution of ENSO SST anomalies.

In the remainder of this paper, section 2 describes the data,
methods, and our experiment designs. Section 3 presents the
seasonal preference of the PNA response to ENSO. Section 4
illustrates the role of ENSO interaction with the background
annual cycle in the PNA temporal evolution. In section 5,
we describe the model experiments utilized to further
investigate the role of the background annual cycle in the
ENSO impacts on the PNA variability and possible physical
mechanisms. The major conclusions and discussion are pre-
sented in section 6.

TABLE 1. El Niño and La Niña years.

El Niño 1979/80, 1982/83, 1986/87, 1987/88, 1991/92, 1994/95, 1997/98, 2002/03, 2004/05, 2006/07, 2009/10, 2014/15, 2015/16
La Niña 1983/84, 1984/85, 1988/89, 1995/96, 1998/99, 1999/2000, 2000/01, 2005/06, 2007/08, 2008/09, 2010/11, 2011/12,

2016/17, 2017/18

FIG. 1. Maps of 500-hPa geopotential height (shading; m) and horizontal wind (vectors; m s21) anomalies regressed
upon the normalized monthly (a) PNA and (b) Niño-3.4 indices. Shading represents height anomalies that are
statistically significant at the 90% confidence level. The wind anomalies are shown only when they are significant
at the 90% confidence level. The four green boxes in (a) are the domains used to define the PNA index. (c) Time
series of the normalized monthly Niño-3.4 (shading), PNA (gray line), and 3-month running-mean PNA (yellow line)
indices. El Niño and La Niña years are indicated by red and blue vertical lines, respectively.
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2. Data, methodology, and experimental designs

a. Data and methodology

Monthly 500-hPa geopotential height and horizontal wind
data with a horizontal resolution of 2.58 3 2.58 are obtained
from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis (Kalnay et al. 1996). The monthly SST data on a
18 3 18 grid are provided by the Met Office Hadley Centre
(Rayner et al. 2003). Our analyses cover the period of
1979–2019, and anomalies for all variables are derived rel-
ative to the monthly mean climatology for the entire study
period.

Based on the Climate Prediction Center definition, the
PNA index is defined as a linear combination of area-averaged
500-hPa geopotential height anomalies over four centers of
the PNA pattern, as follows:

PNA 5 Z*(158–258N, 1808–1408W)
2 Z*(408–508N, 1808–1408W)
1 Z*(458–608N, 1258–1058W)
2 Z*(258–358N, 908–708W),

where Z* denotes the standardized 500-hPa geopotential
height anomaly. We use the Niño-3.4 index (SST anomalies
averaged over 58S–58N, 1208–1708W) as a measure of ENSO

intensity. Thirteen El Niño and twelve La Niña events (Table 1)
are identified based on a threshold of 60.58C of the Niño-3.4
SST anomalies for five consecutive overlapping seasons, accord-
ing to the definition of the Climate Prediction Center. ENSO
years are labeled year(0)/year(1), where 0 and 1 refer to the
ENSO developing and decaying years, respectively. The mul-
titaper method (MTM) is used for spectral analysis with
three tapers (Thomson 1982). All statistical significance tests
are performed based on the two-tailed Student’s t test. The
effective number of degrees of freedom (Neff 5N/T) is calcu-
lated to remove the influence of autocorrelation on the
correlation significance (Davis 1976), where N denotes the
sample size and T 5∑‘

j52‘Rxx(j)Ryy( j), where Rxx(j) and
Ryy(j) are the autocorrelation of two sample series at the lag
time of j.

b. Experimental design

To test the impact of the seasonal modulation of ENSO on
the PNA variability, two sets of numerical experiments are
conducted with the Geophysical Fluid Dynamics Laboratory
(GFDL) Atmospheric Model, version 2.1 (AM2.1), with a
horizontal resolution of 2.58 3 2.58 (Anderson et al. 2004). In
the first set of experiments (EXP1), the observed SST anoma-
lies are imposed on the climatological annual cycle of SSTs in
the tropical Pacific region (308S–308N, 1108E–908W). The sec-
ond set of experiments (EXP2) has the same SST anomaly
forcing, but the climatological SSTs in the tropical Pacific are

FIG. 2. (a) Lead–lag correlation coefficients (CCs) of the monthly Niño-3.4 index with the monthly PNA index.
Composite monthly evolution of Niño-3.4 (black line) and PNA (yellow line) indices for (b) El Niño years and
(c) La Niña years. The abscissa indicates 14 months fromMay of year(0) to June of year(1).
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specified as the September equinox conditions when the sun
is located directly over the equator. The EXP2 experiment
is designed to investigate the importance of the background
SST annual cycle to the seasonal characteristics of the PNA
teleconnection during ENSO years through intercompari-
son with the results of the EXP1. Each of these two sets
of experiments consists of an ensemble of 10 simulations
with perturbed initial conditions, which are integrated from
January 1979 to December 2019. The ensemble mean is used
to remove the possible influence of internal atmospheric
variability.

3. Seasonal preference of the observed PNA response
to ENSO

To better understand the relationship between ENSO and
the PNA teleconnection, we first show the regressed 500-hPa
geopotential height anomalies on the monthly PNA and
Niño-3.4 indices, respectively (Figs. 1a,b). Figure 1a shows the
typical PNA spatial structure, characterized by four wavelike
action centers arching from the tropical Pacific across North
America. The ENSO-associated geopotential height anoma-
lies are, as expected, highly similar to the PNA spatial pattern
(Fig. 1b), with a pattern correlation of 0.86. This supports
the notion that ENSO-associated SST anomalies in the tropi-
cal Pacific can trigger the PNA teleconnection via shifts in

tropical convection, as established in many previous studies
(e.g., Trenberth et al. 1998; Hoskins and Karoly 1981; Horel
and Wallace 1981). Figure 1c shows the time evolution of the
monthly Niño-3.4 and PNA indices with a 3-month running-
mean filter applied to remove high-frequency noise from the
PNA index. The monthly Niño-3.4 index is positively corre-
lated with the monthly PNA index (R 5 0.45, statistically sig-
nificant at the 99% confidence level), indicating that El Niño
years usually correspond to a positive PNA index and La
Niña years to a negative PNA index.

Of particular interest is that the peak of the PNA index
tends to lag the peak of the Niño-3.4 index by about 2 months
during ENSO years (Fig. 1c). It is evidenced by their lead–lag
relationship, showing that the maximum positive correlation
(R 5 0.54) occurs when the Niño-3.4 index leads the PNA in-
dex by 2 months (Fig. 2a). It should be noted that the ENSO
and PNA linkage cannot be simply described as the relation-
ship of a 2-month phase shift, since the time-evolution struc-
ture of the PNA teleconnection pattern is distinctively
different from that of the ENSO SST. As shown in Figs. 2b
and 2c, the Niño-3.4 SST anomalies during both ENSO warm
and cold phases are typically characterized by a slow evolu-
tion from developing to decaying summers with the peak be-
ing in December. In contrast, the PNA teleconnection pattern
exhibits a relatively sharp temporal behavior, rapidly intensifying

FIG. 3. (a) MTM power spectra of the observed PNA index
(black thick line) and reconstructed PNA index using both the
Niño-3.4 and C-mode indices (red thick line). Gray and red solid
lines indicate their respective 90% confidence levels to autoregres-
sive lag-1 [AR(1)] null hypotheses (gray and red dashed lines). The
gray-shaded area indicates the ENSO dominant frequency band
(fE). The left and right yellow-shaded areas represent the fre-
quency bands of 1 2 fE and 1 1 fE, respectively. (b) Coherence
spectrum between the observed PNA index and reconstructed
PNA index using both the Niño-3.4 and C-mode indices. The solid
line denotes the 90% confidence level.

FIG. 4. (a) MTM power spectrum for the C-mode index (black
line). The gray solid line denotes the 90% confidence level and
the gray dashed line corresponds to the AR(1) null hypothesis.
(b) 500-hPa geopotential height (shading; m) and horizontal wind
(vectors; m s21) regressed upon the normalized monthly C-mode
index. Shading represents height anomalies that are statistically sig-
nificant at the 90% confidence level. The wind anomalies are
shown only when they are significant at the 90% confidence level.
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from November, reaching its peak in February, and decaying
after May.

4. Role of the ENSO combination mode in the PNA
temporal evolution

To understand the characteristics of the PNA teleconnec-
tion temporal evolution, we next apply an MTM spectral anal-
ysis to examine the power spectra of the observed PNA index
(Fig. 3a). The PNA index exhibits statistically significant spec-
tral peaks at the ENSO-dominant interannual frequency band
(fE ’ 0.2–0.4 yr21), evidence of the direct impact of ENSO
on the PNA teleconnection. In addition, the PNA index

also exhibits statistically significant spectral peaks at around
0.6–0.8 yr21 and 1.2–1.4 yr21, corresponding to the frequency
bands of 1 2 fE and 1 1 fE, respectively. Similar fast near-
annual time-scale variability has been found in several previous
studies (Stuecker et al. 2013, 2015), which can be explained
by the ENSO combination mode (C-mode). The C-mode is
found to occur in the Pacific region, arising from the nonlinear
atmospheric interaction between the warm-pool SST annual
cycle and ENSO SST variability (Stuecker et al. 2013, 2015).
It usually enters its peak phase during early spring, approxi-
mately 1 to 3 months after ENSO peaks, which strongly af-
fects the northwest Pacific anticyclone and thereby the East
Asian monsoon.

FIG. 5. (a) Time series of the observed PNA index [PNA(obs); black solid line], the PNAr1 (blue dashed line), and
the PNAr2 (red solid line). The correlation coefficients of the PNAr1 with the observed PNA indices during all years
and during ENSO years only are 0.52 and 0.63, respectively. The correlation coefficients of the PNAr2 with the
observed PNA indices during all years and during ENSO years only are 0.59 and 0.73, respectively. The gray solid
and dashed vertical gray lines correspond to El Niño and La Niña years, respectively. Composite monthly evolution
of the PNA(obs) (black solid line), PNAr1 (blue dashed line), and PNAr2 (red solid line) for (b) El Niño years and
(c) La Niña years. The abscissa indicates 12 months from July of year(0) to June of year(1).

FIG. 6. The 500-hPa geopotential height (shading; m) and horizontal wind (vectors; m s21) anomalies regressed upon the normalized
monthly (a) PNA and (b) Niño-3.4, and (c) C-mode indices for the EXP1. Shaded areas represent anomalies that are statistically signifi-
cant at the 90% confidence level. The wind anomalies are shown only when they are significant at the 90% confidence level.
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On the basis of the PNA index’s spectral characteristics, we
hypothesize that the near-annual variance of the PNA pattern
is due to the C-mode. To test our hypothesis, we consider the
following theoretical approximation for the C-mode based on
Stuecker et al. (2013):

C-mode(t) 5 Niño3:4(t) cos(vat 2 u), (1)

where the annual cycle is represented by cos(vat 2 u) that
has its maximum in February and its minimum in August, va

denotes the angular frequency of the annual cycle, and u is its
phase. In Fig. 4a, we show the power spectrum for this ideal-
ized C-mode index, which exhibits most of its spectral vari-
ance at the ENSO–annual cycle difference (1 2 fE) and sum
(1 1 fE) tones, consistent with the fast near-annual time-scale
variability in the PNA index. We next display regressed atmo-
spheric circulation anomalies at 500 hPa with respect to the
defined C-mode index (Fig. 4b). It reveals that the C-mode-
associated circulation pattern is almost identical to the PNA
spatial pattern (Fig. 1a), with a pattern correlation of 0.91,
suggesting that the C-mode dynamics might contribute to the
PNA time evolution.

To provide a more comprehensive understanding of the
ENSO–annual cycle nonlinear interaction impacts on the PNA
pattern variability, we linearly reconstruct the observed PNA
index using the Niño-3.4 index alone (PNAr1) and using the
Niño-3.4 and C-mode indices together (PNAr2), as follows:

PNAr1(t) 5 0:59 3 Nino3:4(t 2 1) (2)

PNAr2(t) 5 0:52 3 Nino3:4(t 2 1) 1 0:48 3 C-mode(t 2 1):
(3)

Here, a 1-month lag is used to accommodate the delayed time
of the atmospheric response over the mid–high latitudes to
tropical Pacific heating (Deser et al. 2017; Alexander et al.
2002). The corresponding regression coefficients are derived
using the least squares estimation method. As displayed in
Fig. 5a, a positive correlation of 0.52 exists between the
PNAr1 and the observed PNA indices for all years, and a cor-
relation of 0.63 for ENSO years only. The PNAr1 index is
characterized by a slow temporal evolution, with its magni-
tude being about half of the observed PNA index. Consider-
ing the additional role of the C-mode, the PNAr2 has a
correlation of 0.59 with the observed PNA index for all years
and a correlation of 0.73 for ENSO years only. Despite a lim-
ited increase in the correlation coefficients, the temporal evo-
lution structure and amplitude of the observed PNA pattern
are much better reproduced by the PNAr2 than the PNAr1

during ENSO years. This is clearly seen in the composite sea-
sonal evolution of the observed and reconstructed PNA indi-
ces for El Niño and La Niña years (Figs. 5b,c). The PNAr1 is
characterized by a slow evolution from ENSO developing
to decaying summers, whereas the PNAr2 well captures the
abrupt phase transition of the observed PNA index during

FIG. 7. (a) Time series of the observed PNA index [PNA(obs), black solid line], the simulated PNAEXP1 (dark gray
solid line), the PNAr3 (blue dashed line), and the PNAr4 (red solid line). The correlation coefficients of the PNAr3

with the observed PNA indices during all years and during ENSO years only are 0.81 and 0.83, respectively. The cor-
relation coefficients of the PNAr4 with the observed PNA indices during all years and during ENSO years only are
0.90 and 0.92, respectively. The light gray shading represents the ensemble spread. The gray solid and dashed vertical
gray lines correspond to El Niño and La Niña years, respectively. Composite monthly evolution of the PNA(obs)
(black solid line), PNAEXP1 (dark gray line), PNAr3 (blue dashed line), and PNAr4 (red solid line) for (b) El Niño
years and (c) La Niña years. The abscissa indicates 12 months from July of year(0) to June of year(1).
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El Niño years and La Niña years. Moreover, the power spec-
trum of the PNAr2 reveals statistically significant peaks at the
90% confidence level in the frequency bands of fE, 1 2 fE,
and 1 1 fE, similar to that shown in the observed PNA index
(Fig. 3a). A cross-spectral analysis between the two indices
further reveals potential coherence in these frequency bands
(Fig. 3b), suggesting that the ENSO–annual cycle nonlinear
interaction is a key component of the PNA response to
ENSO.

5. PNA seasonal preference and associated mechanisms
in numerical experiments

To further support our arguments based on the above ob-
servational analyses, we further conduct two sets of sensitivity
experiments based on the GFDL AM2.1 atmospheric model
(EXP1 and EXP2; see the experimental design in section 2).
Figure 6a shows the 500-hPa geopotential height anomalies
regressed upon the monthly PNA index in EXP1, which in-
cludes the tropical Pacific background SST annual cycle.
Here, we use the same definition for the simulated PNA index
as for the observations. This atmospheric model well reprodu-
ces the observed PNA spatial pattern, with a pattern correla-
tion of 0.93. The simulated PNA index in this experiment
shows a statistically significant correlation (R 5 0.63, statisti-
cally significant at the 99% confidence level) with the ob-
served PNA index during 1979–2019 (Fig. 7a). In particular,
the observed sharp phase transition of the PNA pattern dur-
ing ENSO years is well captured in the EXP1 (Figs. 7b,c).

We also show the simulated extratropical teleconnection
patterns corresponding to ENSO and its C-mode variability in
the EXP1, highly resembling the PNA pattern over the North
Pacific and North America (Figs. 6b,c). As done for the obser-
vations, we reconstruct the time series of the PNAEXP1 using
the Niño-3.4 index alone (PNAr3) and using both the Niño-3.4
and C-mode indices (PNAr4). There is a slight increase in the
linear correlation coefficient of the PNAEXP1 with the PNAr4

compared to that with the PNAr3 (R 5 0.81"0.90 for all
years; R 5 0.83"0.92 for ENSO years). Figures 7b and 7c
next display the composite time evolution of the observed
PNA, PNAEXP1, PNAr3, and PNAr4 indices for El Niño and
La Niña years, respectively. Consistent with the observed PNA
teleconnection pattern, the PNAEXP1 exhibits the abrupt phase
transition during both El Niño and La Niña events, which can-
not be reproduced based on the ENSO SST information alone
(PNAr3). Once we additionally consider the ENSO–annual cycle
nonlinear interaction, the distinct seasonal synchronization of
the simulated PNA pattern in the EXP1 can be well reproduced
(Figs. 7b,c). Thus, our model experiments further support our
hypothesis that the ENSO–annual cycle nonlinear interaction
plays a crucial role in the PNA temporal evolution during
ENSO years.

To highlight the importance of the annual cycle to the
seasonal preference of PNA teleconnection, we also con-
duct a sensitivity experiment in which we exclude the annual
cycle of the tropical Pacific SST. Relative to the EXP1, the
simulated PNA pattern in the EXP2 (PNAEXP2) displays a
much weaker correlation (R 5 0.37, statistically significant at

FIG. 8. (a) Time series of the observed PNA index [PNA(obs), black solid line] and the PNAEXP2 (red solid line).
The correlation coefficient of the PNAexp2 with the observed PNA indices during all years is 0.37. The red shading
represents the ensemble spread. The gray solid and dashed vertical gray lines correspond to El Niño and La Niña
years, respectively. Composite monthly evolution of the PNA(obs) (black solid line) and PNAEXP2 (red solid line) for
(b) El Niño years and (c) La Niña years. The abscissa indicates 12 months from July of year(0) to June of year(1).
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the 99% confidence level) with the observed PNA index. The
PNAEXP2 reconstructed with the direct ENSO forcing exhibits
a slower temporal evolution and weaker amplitude compared
to the PNAEXP1, which includes the effect of the annual cycle
modulation. This difference can be more clearly shown in
the composite of El Niño and La Niña events (Figs. 8b,c),
where EXP2 fails to reproduce the abrupt phase transition of
the PNA teleconnection that is seen both in the observations
and EXP1. The above results highlight the importance of the
tropical Pacific SST annual cycle in causing the seasonally
modulated response of the PNA teleconnection pattern to
ENSO. These results also provide a plausible explanation for
the overestimation of ENSO teleconnection over the North
Pacific in models (Chen et al. 2020, 2022). Since our experimental
designs for the EXP1 and EXP2 differ only in the background
SST, the model bias in simulating the ENSO teleconnection may
be related to the model’s ability to reproduce the realistic
background SST annual cycle over the tropical Pacific and its
interaction with ENSO.

One issue that deserves further attention is how the tropical
Pacific SST annual cycle exerts impacts on the temporal evo-
lution of the PNA teleconnection during ENSO years. Previ-
ous studies demonstrated that the nonlinear interaction of
ENSO with the local background SST annual cycle is usually
manifested in the ENSO-associated precipitation and low-
level wind fields (Stuecker et al. 2015, 2013; Fukuda et al.
2021). The related convection then provides a crucial bridge
to connect the tropical SST anomalies and extratropical at-
mospheric teleconnection (e.g., Cai et al. 2014; Chiodi and
Harrison 2015, 2013). This can be clearly seen by comparing
the tropical central-eastern Pacific convection response in
the two experiments with and without consideration of the
background SST annual cycle. Based on the composite differ-
ence pattern of precipitation anomalies between El Niño and
La Niña events (not shown), our focus lies on the analysis of
convection anomalies in the region of 108S–58N, 1508–2108E,
as ENSO-related precipitation anomalies predominantly occur
in this area.

FIG. 9. Composite monthly evolution of the ENSO-associated tropical precipitation anomalies (mm day21) in
EXP1 (PrEXP1; black solid line), the linearly reconstructed PrEXP1 index using only Niño-3.4 index as the independent
variable based on regression analysis (Prr1; blue dashed line), and the linearly reconstructed PrEXP1 index using
both the Niño-3.4 and C-mode indices as independent variables based regression analysis (Prr2; red solid line) for
(a) El Niño years and (b) La Niña years. Composite monthly evolution of the ENSO-associated tropical precipitation
anomalies (mm day21) in EXP2 (PrEXP2 (black solid line), the linearly reconstructed PrEXP2 index using only Niño-3.4
index as the independent variable based on regression analysis (Prr1; blue dashed line) for (c) El Niño years, and
(d) La Niña years. The corresponding regression coefficients are derived using the least squares estimation method.
The abscissa indicates 12 months from July of year(0) to June of year(1).
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In EXP1, with the SST annual cycle included, the anomalous
convection over the central-eastern tropical Pacific exhibits also
an abrupt phase transition with rapid enhancement in boreal
winter, which is well explained by the combination of the ENSO
SST anomalies and the SST annual cycle–ENSO interaction
(Figs. 9a,b). In contrast, the background SST annual cycle in the
tropical Pacific is not considered in EXP2; hence, the tropical
Pacific anomalous convection keeps pace with slow ENSO SST
anomaly evolution (Figs. 9c,d). Since the SST annual cycle is not
considered in this experiment, the role of nonlinear interaction
between the ENSO and the annual cycle is absent and, there-
fore, the abrupt phase transition of the tropical Pacific convec-
tion anomalies cannot be reproduced. Figure 10 further displays
the scatterplot of monthly precipitation anomalies and the Niño-
3.4 SST index. In both EXP1 and EXP2, a robust correlation ex-
ists between monthly precipitation anomalies and ENSO SST
anomalies, with correlation coefficients of R1 5 0.91 and R2 5
0.94, respectively. However, in contrast to that in EXP2, more
dots in EXP1 are located far from the linear fitting line, due to
the modulation of the background SST annual cycle.

Next, we reconstruct linearly PNAEXP1 and PNAEXP2 using
the anomalous convection over the central-eastern tropical
Pacific in EXP1 and EXP2, respectively, based on regression
analysis. As displayed in Fig. 11, a positive correlation of 0.85
(statistically significant at the 99% confidence level) is shown
between PNAEXP1 and its reconstruction, whereas there is
a positive correlation of 0.64 (statistically significant at the
99% confidence level) between PNAEXP2 and its reconstruc-
tion. These significant correlations between the simulated and
reconstructed PNA indices during ENSO years both in EXP1
and EXP2 indicate the direct connection between the ENSO-
associated anomalous tropical convection and the PNA tele-
connection pattern. The slightly weakened correlation in EXP2
is possibly related to our experimental design in which the SST
boundary forcing is fixed to September equinox conditions
(no annual cycle). The cold tongue is strongest in September,
which could lead to a weaker ENSO-associated tropical con-
vection response and, thus, weaker control of ENSO on the
extratropical atmospheric teleconnection, compared to EXP1.
The above results suggest that suggests that the ENSO-associated

FIG. 10. Scatterplots of monthly tropical Pacific precipitation anomalies against monthly Niño-3.4 SST anomalies in
(a) EXP1 and (b) EXP2. The black line denotes the corresponding linear fitting line for all months.

FIG. 11. Time series of the PNAEXP1 (black solid line), the PNAEXP2 (gray dashed line), and the linearly recon-
structed PNAEXP1 and PNAEXP2 indices using the PrEXP1 and PrEXP2 as the independent variable based on regression
analysis, respectively (PNAPr1, yellow solid line; PNAPr2, green dashed line). The correlation coefficient of the
PNAexp1 with the PNAPr1 indices is 0.85. The correlation coefficient of the PNAexp2 with the PNAPr2 indices is 0.64.
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tropical Pacific convection modulated by the background SST
annual cycle is of critical importance in the seasonal synchro-
nization of the PNA teleconnection pattern during ENSO
years.

6. Conclusions and discussion

In the present study, we investigated the temporal evolution
of the PNA teleconnection during ENSO years using observa-
tions along with targeted, atmospheric general circulation model
experiments. Different from the relatively slow evolution of the
ENSO SST anomalies, the PNA teleconnection pattern exhibits
much faster time scales, including its rapid establishment in
late winter during ENSO years. The PNA pattern displays statis-
tically significant spectral peaks in the frequency bands of fE,
12 fE, and 1 1 fE. The fast near-annual time-scale variability of
the PNA pattern is due to ENSO’s C-mode originating from
nonlinear interactions between ENSO and the annual cycle. The
PNA temporal evolution during ENSO years is reproduced well
in the atmospheric general circulation model when both ENSO
SST anomalies and the SST annual cycle are prescribed as
boundary conditions. However, the observed temporal evolution
of the PNA teleconnection pattern cannot be reproduced when
we exclude the SST annual cycle in the tropical Pacific. We have
shown that the background SST annual cycle in the tropical
Pacific strongly modulates the ENSO-associated precipitation
response, thereby determining the temporal evolution of the
PNA teleconnection during ENSO years.

This work investigates the crucial role of ENSO-associated,
tropical central Pacific convection in the temporal evolution
of the PNA teleconnection pattern, highlighting the effect of
the interaction between ENSO and the background SST an-
nual cycle. Recent studies also pointed out the potential im-
pact of anomalous convection over the tropical western
Indian Ocean on the ENSO-related PNA pattern seasonality
(Park et al. 2023; Abid et al. 2021). These findings underscore
the need for further research to understand the possible link-
age between convection anomalies in other tropical regions
and the C-mode, as well as their role in the teleconnection of
ENSO. On the other hand, the seasonal preference of climate
phenomena is commonly linked to the seasonally varying ba-
sic state (Newman and Sardeshmukh 1998; Branstator and
Frederiksen 2003). We here emphasize that the tropical Pacific
SST annual cycle plays a crucial role in the seasonal preference
of the PNA response to ENSO. Other components of the
annual cycle have also been proposed to be of importance
(e.g., Branstator 1985; Sardeshmukh and Hoskins 1988; Hoskins
and Karoly 1981). For instance, it has been shown that the
propagation of atmospheric Rossby waves is modulated by
the climatological basic flow in the extratropics. The possible
impacts from the basic flow, in particular, the annual cycle
of the midlatitude jet stream, need to be considered to fully
understand the PNA variability in the future in addition to
the tropical Pacific SST annual cycle.
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