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ABSTRACT

Previous studies have indicated that a sea surface temperature anomaly (SSTA) dipole in the subtropical
South Pacific (SPSD), which peaks in austral summer (January—March), is dominated by thermodynamic
processes. Observational analyses and numerical experiments were used to investigate the influence of SPSD
mode on the equatorial Pacific. The model is an atmospheric general circulation model coupled to a reduced-
gravity ocean model. An SPSD-like SSTA was imposed on 1 March, after which the model was free to evolve
until the end of the year. The coupled model response showed that warm SSTAs extend toward the equator
with northwesterly wind anomalies and then grow to El Nifio-like anomalies by the end of the year. SPSD
forcing weakens southeasterly trade winds and propagates warm SSTAs toward the equator through wind-
evaporation-SST (WES) feedback. Meanwhile, relaxation of trade winds in the eastern equatorial Pacific
depresses the thermocline and upwelling. Eastward anomalous currents near the equator cause warm hori-
zontal advection in the central Pacific. Further experiments showed that thermodynamic coupling mainly acts
on but is not essential for SSTA propagation, either from the subtropics to the equator or westward along the
equator, while oceanic dynamic coupling alone also appears to be able to initiate anomalies on the equator
and plays a critical role in SSTA growth in the tropical Pacific. This is consistent with observational analyses,
which indicated that influence of WES feedback on SSTA propagation associated with the SPSD is limited.
Finally, the warm pole close to the equator plays the dominant role in inducing the El Nifio-like anomalies.

1. Introduction

El Nifio-Southern Oscillation (ENSO), which occurs
in the tropical Pacific, is the strongest interannual cli-
mate variation in the global climate system. ENSO is
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thought to impact mid-to-high-latitude climate vari-
ability through an atmospheric bridge (e.g., Alexander
et al. 2002); however, variability in mid-to-high latitudes
could potentially influence ENSO through both oceanic
and atmospheric processes. Many studies have consid-
ered North Pacific air-sea coupled variability and have
shown that the North Pacific Oscillation (NPO; Rogers
1981; Linkin and Nigam 2008), the second leading mode
of atmospheric variability during boreal winter, can
trigger ENSO-like variability in the following winter
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(Vimont et al. 2001, 2003a,b, 2009; Alexander et al.
2010). The southern part of the NPO can induce an
anomalous sea surface temperature (SST) “footprint”
in the subtropical North Pacific via changes to northeast
trade winds and thereby the surface heat fluxes. The SST
footprint interacts with the trade winds and persists
throughout summer in the subtropics. The subtropical
SST anomalies (SSTAs) propagate southwest toward
the equator under the feedback between the surface
wind, evaporation, and SSTA (WES feedback). These
coupling processes extend to the western and central
equatorial Pacific through wind stresses and SST
anomalies and can trigger a winter ENSO event via
oceanic dynamic processes. This process, which is
known as the seasonal footprinting mechanism (SFM),
has been diagnosed from observations (Vimont et al.
2003b), coupled general circulation model simulations
(Vimont et al. 2001, 2003a), and numerical model ex-
periments (Vimont et al. 2009; Alexander et al. 2010).
Meanwhile, these SSTAs can also modify the tropical
SST meridional gradient across the mean latitude of the
intertropical convergence zone (ITCZ) and displace the
ITCZ toward the warm water. This phenomenon,
termed the North Pacific meridional mode (NPMM;
Chiang and Vimont 2004), has been shown to be a
thermodynamic coupled mode independent of ENSO. It
is argued that the NPMM effectively serves as a conduit
through which the extratropical atmosphere influences
ENSO. Both observations and model simulations show
that most El Nifio events are preceded by an NPMM
event (Chang et al. 2007; Zhang et al. 2009) and that the
NPMM plays a fundamental role in the seasonal phase-
locking behavior of ENSO (Chang et al. 2007).

Air-sea coupled variability in the South Pacific (SP)
also exerts an influence on the tropical Pacific. Some
studies have already linked the undeveloped El Nifio of
2014 to negative SSTAs in the southeastern Pacific
during early 2014 (Min et al. 2015; Zhu et al. 2016), in
which wind anomalies over the eastern equatorial Pa-
cific caused by the negative SSTAs hindered growth of
the warm SSTA into El Nifio after the summer of 2014.
Recently, a meridional mode was also identified in the
South Pacific (SPMM; Zhang et al. 2014a). The SPMM is
generated by changes in surface latent heat flux modu-
lated by off-equatorial southeast trade winds, a mecha-
nism that is nearly identical to that of NPMM. The SPMM
has also been found to lead to ENSO-like variability in a
slab ocean model (Zhang et al. 2014a; Clement et al.
2011). WES feedback is strongest when anomalous winds
and mean wind are in opposite directions. The equator-
ward propagation of SSTAs of meridional modes does not
go beyond the location of the convergence zone of mean
northeasterly trades and mean southeasterly trades. With
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the mean ITCZ located north of the equator in the eastern
Pacific and southeasterly trade winds extending across
the equator, the SPMM has a stronger expression in the
equatorial Pacific than the NPMM (Zhang et al. 2014b).
Statistical analyses suggests that the Pacific-South
American (PSA) pattern could induce an SSTA foot-
print in the South Pacific, leading to zonal wind anom-
alies in the equatorial Pacific that ultimately trigger a
winter ENSO event (Ding et al. 2015).

Some of the above studies did not consider that ENSO
also influences the atmospheric circulation, despite that
the PSA pattern can be regarded as a tropical—
extratropical teleconnection triggered by convective
heating related to ENSO (e.g., Mo and Paegle 2001).
Wang (2010a) showed that the leading mode of SSTA
variability in the SP after removing the ENSO signal is a
dipole pattern in the southeastern subtropical Pacific.
Asshownin Fig. 1, the dipole SSTA pattern is associated
with trade wind anomalies in the tropics and may in-
teract with the westerlies in midlatitudes. Its formation
mainly reflects wind-induced latent heat flux (LHF)
changes and cloud-induced solar radiation changes
(Zheng and Wang 2017). This coupled mode arises in
the analytical solution of a simple atmosphere-slab
ocean model (Wang 2010b). In the southeastern Pacific
off the equator, the South Pacific subtropical dipole
mode (SPSD) exhibits similar SSTA spatial structure to
the SPMM or the SP SSTA footprint described in pre-
vious studies. Composite analysis of SPSD has also
shown ENSO-like variability in the tropical Pacific
during boreal winter following the SPSD (Zheng and
Wang 2017).

The results of past studies suggest that subtropical
South Pacific variability is dominated by thermody-
namic coupling, while it is generally thought that dy-
namic interactions play a critical role in ENSO evolution
(Neelin et al. 1998). However, the specific role of ther-
modynamic and dynamic coupling in linking the sub-
tropical South Pacific to ENSO remains unclear because
the two processes are blended in observations and in
fully coupled models. In this study, we combined ob-
servational analyses and coupled model simulations to
investigate the equatorial Pacific response to SPSD-like
SSTA forcing. Two additional experiments were de-
signed to separate and compare the relative roles of
thermodynamic and dynamic interactions. The details of
observation datasets and coupled model and model ex-
periments are described in next section. The major
evolutions of air-sea coupled variability are first briefly
described from observation datasets (section 3), and
then detailed processes are diagnosed from model ex-
periments (section 4). Finally, a summary and conclu-
sions are presented in section 5.
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FIG. 1. (a) First singular vector decomposition (SVD) mode of
SSTA (shading; °C) and surface wind anomalies (vectors; ms 1) from
JEM! of spatial patterns (correlation maps) and (b) expansion co-
efficients (black for SSTA and red for wind). The number at the top-
right corner of (a) denotes the squared covariance fraction for the
leading SVD mode. The stars and ellipses in (a) indicate the centers
and regions of the idealized dipolar forcing used in the model exper-
iments. The correlation between the expansion coefficients of SSTA
and wind is 0.79. ENSO signals were removed before SVD analysis.

2. Data and methodology
a. Observational datasets

Observational and reanalysis datasets were used to
describe the impacts of SPSD on ENSO. The Hadley
Centre Sea Ice and SST dataset (HadISST), which is on a
1° X 1° grid (Rayner et al. 2003), was analyzed for SST
variability. Simple Ocean Data Assimilation (SODA),
version 2.2.8 (Carton and Giese 2008), and Twentieth
Century Reanalysis, version 2 (20CR; Compo et al. 2006),
were used to diagnose ocean dynamic and thermody-
namic processes, respectively. Sea surface height (SSH)
data from SODA were used as a proxy for thermocline
change, since SSH fluctuations are a good measure of
thermocline depth perturbations (e.g., Rebert et al. 1985).
Ocean model surface boundary conditions of SODA
were provided from 20CR, and the monthly SST and sea
ice distribution used in 20CR were from HadISST. Ob-
servational analyses were based on data from 1950 to
2012, except for SODA, which is available only until 2011.

!One could get a similar SPSD pattern using monthly data
(Fig. S4 in the supplemental material), and the lead-lag correlation
between the SST and wind expansion coefficients peaks at lag 0.

ET AL. 2199

Monthly anomalies were derived relative to the cli-
matological annual cycle over the entire period after
removing the linear trend at each grid point. Since
ENSO dominates interannual variability, to get the
SPSD mode, ENSO influences were removed by sub-
tracting anomalies calculated using a multiple linear
regression (Wang 2010a; Zheng and Wang 2017):

L L
Y(t)= ,:21 aN,(t—1)+ /:21 b,N,(t 1)

where Ni(¢) and N,(¢) are the principal components of
the first two empirical orthogonal functions of SSTAs in
the tropical Pacific (12°S-12°N, 160°E-80°W), and a and
b are regression coefficients. This procedure is applied
to SST and atmospheric variables separately for each
grid point in the domain concerned. As in previous
studies we considered the lagged effects of ENSO on SP,
where the maximum lag L was set to 6 months; however,
the results were not sensitive to the value of L (test from
1 to 6; Zheng and Wang 2017).

b. Coupled model

The coupled model consisted of a Community At-
mosphere Model, version 3.1 (CAM3.1), and a 1.5-layer
reduced-gravity ocean (RGO) model. CAM3.1 is the
atmosphere component of Community Climate System
Model, version 3 (CCSM3), developed by the National
Center for Atmospheric Research (NCAR; Collins et al.
2006a,b). The CAM3.1 has a Eulerian spectral dynam-
ical core with spectral T42 truncation in the horizon-
tal (~2.8° latitude by ~2.8° longitude grid) and 26
vertical levels.

The 1.5-layer RGO model has been successfully used
to investigate tropical ocean processes and ENSO
(Zebiak and Cane 1987; Clement et al. 1996). The for-
mulation and parameters of the ocean model are de-
scribed in Chang (1994). It consists of an upper layer
overlaying a deep motionless layer. The upper layer is
further divided into a fixed-depth surface mixed layer
and a subsurface layer. The mixed layer depth is obtained
from the annual mean depth estimated by Monterey and
Levitus (1997). The mixed layer temperature (equivalent
to the SST) depends on heat fluxes from the atmosphere,
advection by surface currents, and upwelling. Surface
currents include a surface Ekman component and a
geostrophic component related to the gradient of the
thermocline located at base of the upper layer. Upwelling
is calculated by divergence of the surface currents. The
temperature of entrained water beneath the mixed layer
is parameterized in terms of variations in thermocline
depth using a multivariate linear relationship (Fang
2005). The RGO model covers a global domain extending
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FIG. 2. Dipolar SSTA pattern added to the CAM3.1-RGO model (shading; °C). The warm
and cold centers are located at 15°S, 108°W and 31°S, 135°W (marked as stars in Fig. 1a),
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respectively.

from 80°S to 80°N with a 1° latitude by 2° longitude res-
olution; however, the thermocline outcrops at high lati-
tudes during winter and cannot be handled in the RGO
model. Where this is the case, thermocline depth was set
to the mixed layer thickness. Finally, since vertical en-
trainment is considered less important than the surface
heat flux in the heat budget of the mixed layer ocean
outside the tropics, the vertical entrainment term in the
thermodynamic equation of the mixed layer was ignored
poleward of 30°N and 30°S (Chiang et al. 2008; Fang et al.
2008), where the model resembles a slab ocean.

The RGO model and CAM3.1 were fully coupled
rather than anomalously coupled. They exchanged data
once per day, at which time wind stress and surface heat
fluxes were passed to the RGO model, and the RGO
model transferred SST back to the atmosphere. A flux
correction, which was predetermined and cycles through a
12-month climatology, was applied to the ocean to keep
the SST climatology close to observation. The CAM3.1-
RGO model simulated the mean state in the tropics
reasonably well, including thermocline depth, wind stress,
and SST (Jia and Wu 2013). The variability and phase
locking of ENSO were also well reproduced in this model.
Previous versions of this model were used to investigate
the impacts of NPMM and NPO on ENSO (Chang et al.
2007; Zhang et al. 2009; Alexander et al. 2010).

¢. Model experiments

Based on the SPSD spatial pattern (Fig. 1a), we defined
indices (area-averaged SSTA) to represent the northern
pole (10°-25°S, 90°~125°W) and southern pole (25°-38°S,
120°-150°W) of the SPSD. Then we calculated the cor-
relation of these indices with tropical Pacific SSTAs in the
following winter (Fig. S1 in the supplemental material).
The northern pole had larger correlations with tropical

Pacific SSTAs, while the southern pole was also associ-
ated with an in phase SSTA change in eastern Pacific, but
with low correlations. The correlation between the
January-March (JFM) SPSD index and ENSO in the
following winter was reduced relative to just northern pole
was included. These results suggested that the equator-
ward pole of the SPSD was the one critical for triggering
ESNO events. However, the linear regression method
used here may not fully remove the ENSO signal and may
not exclude the influence of the ENSO cycle on the
atmosphere—ocean system. Thus, experiments initialized
with idealized forcing pattern were designed to represent
the SPSD pattern and each pole of SPSD, respectively. In
addition, experiments initialized with observed SPSD
pattern were also performed (Fig. S2 in the supplemental
material). The SST evolutions in these experiments were
similar to those in idealized dipole experiments.

The pole of idealized dipolar SSTA forcing was

Gaussian-shaped (Fig. 2):
_(0_60)2 _(A _’\0)2
L, L

where 6 and A are latitude and longitude, respectively.
Here, Ly = 8% and L, = 22°. For the positive pole, Ty =
1°C, 6y = 15°S, and A = 108°W. For the negative pole,
Ty = —1°C, 6y = 31°S, and Ay = 135°W. The idealized
forcing is similar to the observed SPSD pattern (Fig. 1a).
We set the positive and negative poles covering the same
size for easily comparing their separate contribution, al-
though the positive pole occupied a larger region in ob-
servations. We also tested specified anomalies of SSTAs
with amplitudes of 0.5° and 2°C; the results showed sim-

ilar SSTA evolutions to those of the 1°C experiment, but
the signal-to-noise ratio increased with larger-amplitude

T =T, exp exp
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TABLE 1. Experiment design.

Experiment Model setting SST forcing
CTRL Freely fully coupled. None
FDipole Freely fully coupled. Dipolar SSTA
DDipole Equatorial oceans forced by a prescribed seasonal Dipolar SSTA
cycle of surface heat flux.
CTRL_Dyn Equatorial oceans forced by a prescribed seasonal None
cycle of surface heat flux.
TDipole Equatorial oceans forced by a prescribed seasonal Dipolar SSTA
cycle of wind stress.
CTRL_Therm Equatorial oceans forced by a prescribed seasonal None
cycle of wind stress.
SEPexp Freely fully coupled. Positive SSTA in the southeastern Pacific
SCPexp Freely fully coupled. Negative SSTA in the south central Pacific

SSTA (Fig. S3 in the supplemental material). Thus, only
the results of 1°C were analyzed in detail. The dipole
forcing experiment consisted of 60 branch simulations,
and ensemble averaging these simulations greatly re-
duced the effects of internal variability. Given that the
SPSD mode peaks during JFM, each simulation was ini-
tialized with conditions on 1 March from the last 60 years
of a 70-yr control (CTRL) run. A dipolar SSTA was
added to the SST field (i.e., the mixed layer temperature)
in the ocean model component at the initial time step and
the model simulations continued to run freely until the
end of the year (December; i.e., 10 months in total). The
differences between these anomaly ‘forced” experi-
ments and the corresponding periods from the same
1 March in the CTRL were taken as the responses. This
fully coupled dipole experiments was termed FDipole.
Previous studies have shown that extratropical varia-
tions can extend to the equatorial Pacific through ther-
modynamic processes, but that oceanic dynamic
coupling drives ENSO. To better diagnose the roles of
thermodynamic and dynamic coupling near the equator,
we performed two additional experiments with 30
members each. The first was a dynamically coupled di-
pole experiment (DDipole), which was the same as
FDipole except that the equatorial oceans (within 10°N
and 10°S) were forced by a prescribed seasonal cycle of
surface heat flux (derived from the CTRL) rather than
by the varying atmosphere above. Between 10° and 15°,
heat flux is linearly interpolated based on seasonal cycle
and atmospheric model output. In this case, thermody-
namic forcing through the surface heat flux on the
equatorial ocean was eliminated, while dynamic cou-
pling through wind stress remained active (as in FDipole).
Similarly, in a thermodynamic coupled dipole experi-
ment (TDipole), wind stress was prescribed to have
its climatological seasonal cycle and the surface heat
flux was kept as normal values from the varying
coupled atmosphere. We also performed two parallel

sets of 30-member ensemble experiments, where no
additional anomalies were added to the initial condi-
tions as in the forced run (CTRL_Dyn and CTRL_
Therm in Table 1). The ensemble mean differences
between the corresponding sets of experiments rep-
resent the responses to the imposed dipole SST
anomalies.

Finally, two experiments forced by either the positive
SSTA in the southeastern Pacific (SEPexp) or the
negative SSTA in the south central Pacific (SCPexp)
are performed. Each experiment had 20 branch simu-
lations and the atmosphere and ocean were fully cou-
pled. To avoid additional net energy input into the
coupled model, the global mean SSTA was removed
from the SST forcing field before being imposed into
the model. All model experiments conducted here are
summarized in Table 1.

d. Methods

SSTA evolution can be diagnosed in the heat balance
equation:

aT aT
pCh—=0 . — pCph (u -VT + wa—) + residual,
Z

P ot
3)

where the SST tendency is balanced by the net surface air—
sea heat flux Q,,, horizontal and vertical advection, and a
residual resulting from all other factors not explicitly cal-
culated (e.g., mixing and diffusion). In Eq. (3), variables 7, u,
and w denote temperature and the horizontal and ver-
tical ocean current velocities, respectively; p is seawater
density, C, is ocean specific heat, and 4 is the mixed
layer depth. In such form, advection terms have units of
watts per meter squared, which can be compared di-
rectly to the heat flux.

To further assess the effects of oceanic advection and
vertical entrainment, the three-dimensional currents
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TABLE 2. Positive and negative SPSD years. Positive and negative SPSD events are defined as values of the normalized SPSD index that
exceed *1. Superscripts E and L respectively indicate that El Nifio and La Nifia appear at the end of that year (ENSO years are from
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml).

Positive SPSD
Negative SPSD

1960, 1963.F 1972.F 1979,F 1980, 1983, 1984," 1993, and 2012
1950,% 1958.F 1967, 1971,- 1974.- 1975, 1976,% 1978, 1991,F 1998.% 2010," and 2011*

and temperature were split into their mean and anom-
alous components, and then Eq. (3) can be rewritten as
follows:

aT®
”CphT =08 — pCphu’” -VT* — pCphu“ -vT”
a a maTa aaTm
—pCphu -VT —pCphw 7z —pCphw 7
0T
_pCphW PP 4)

where superscripts a and m indicate the anomaly and
climatological mean, respectively.

To better illustrate the WES process, we decomposed
the wind speed term of LHF based on the standard bulk
formula:

Q,=p,L,C:W(g,—q,), (5)

where Qp is the surface LHF, p, is the surface air density,
L, is the latent heat of evaporation, Cg is the transfer
coefficient, W is the surface wind speed, g, is the surface
specific humidity, and g, is the saturation specific hu-
midity. Following Richter and Xie (2008), the contribu-
tion of wind speed change to LHF can be estimated as

00, 0y

=—L="Lw 6
Qpy = 3y = SEW, ©)
where the overline and the prime denote the time mean
and departure from the mean, respectively.

3. Influence of SPSD from observations

We used statistical analyses to investigate the influ-
ence of SPSD on the tropical Pacific in observations.
Based on the SPSD time series (Fig. 1b), typical SPSD
events were selected using the criterion that values of
the normalized time series should exceed *1 (Table 2).
Among these events, there were only three positive
SPSD (pSPSD) events followed by an El Nifio but eight
negative events followed by a La Nifia. Seasonal mean
atmospheric and oceanic conditions were separately
composited for pSPSD and negative SPSD (nSPSD)
events (Figs. 3 and 4). ENSO signals were not removed
when performing composites since the impact of SPSD
on ENSO was the major concern.

The dipolar SSTAs of pSPSD peaked in JFM and
were overlaid by lower sea level pressure anomalies
(SLPAS). On the northeastern branch of the anomalous
cyclone, northwesterly wind anomalies weakened the
trade winds west of South America and would warm the
SSTs there via LHF changes (10°-30°S, 100°-140°W;
LHF was defined as downward positive; Fig. 3bl).
During the following season [April-June (AMJ)], warm
SSTAs increased rapidly in the eastern equatorial Pa-
cific, which might be related to cross-equator north-
westerly wind anomalies. The winds could deepen the
equatorial thermocline and thus suppress upwelling in
the eastern equatorial Pacific (Figs. 3b2,c2). Concur-
rently, surface currents were anomalously eastward in
response to the westerly winds in the equatorial Pacific,
which induces warm horizontal advection (Fig. 3d2);
therefore, it was suggested that both vertical and hori-
zontal advection contribute to warm SSTAs in the
eastern equatorial Pacific. In addition, northwesterly
wind anomalies and positive LHF anomalies expanded
northwestward and reached the equator west of 150°W,
which slightly increased the SSTA there (Figs. 3a2,b2).
This thermodynamic coupling, where the anomalous
winds oppose the mean trade winds generating LHF
anomalies, is similar to WES feedback in the subtropi-
cal North Pacific. These processes persisted to July—
September (JAS) and would lead to the development of
warm SSTAs in the eastern equatorial Pacific. However,
in October-December (OND), both dynamic and ther-
modynamic processes weakened, and the warm SSTAs
in the eastern tropical Pacific decayed. The cross-
equator wind anomalies were weak during JAS and
OND in the eastern Pacific, which reduce the thermo-
cline depth and horizontal advection anomalies. Mean-
while, LHF anomalies should be dominated by the
SSTA-induced Newtonian cooling effect as a result of
the weak wind anomalies (Fig. 3b3). As a result, the
negative LHF anomalies also would suppress the SSTAs
west of the South American coast from JAS to OND.
Therefore, the pSPSD starts to induce SST warming in
the equatorial eastern Pacific, but an El Nifio event did
not fully develop. However, with only three members
followed by El Nifio in the composite, internal vari-
ability may dominate the evolution, and it might not be
possible to determine the true influence of the SPSD on
ENSO by observations alone.
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During JFM of nSPSD, the SSTA and SLPA patterns
were similar to those during pSPSD but with opposite
signs (Fig. 4al). In the southeastern Pacific, enhanced
southeast winds and upward LHF anomalies are con-
sistent with the negative SSTAs. During JAS, cold
SSTAs appeared in the equatorial central Pacific, ac-
companied by easterly winds, lower SSH (shallower
thermocline), and cold horizontal advection (Figs. 4a3-d3).
The cold SSTAs continued to decrease from JAS to
OND and formed a La Nifia-like pattern (Fig. 4a4).

Previous studies have shown that WES feedback was
responsible for propagating SSTAs from the subtropics
to the equator in both the North and South Pacific (e.g.,
Alexander et al. 2010; Zhang et al. 2014a). To better
illustrate the role of thermodynamic coupling in equa-
torward development of SSTAs from the eastern SP to
the equator, we presented Hovmoller diagrams along a
straight line from the eastern SP (20°S, 110°W) to the
equator (0°, 160°W). For pSPSD, the equatorward de-
velopment of warm SSTAs was accompanied by lower
SLPAs (Figs. 5a,b). The associated northwesterly wind
anomalies also expanded to the northwest (Fig. 5b),

which decelerated the wind speed and weakened the
surface evaporation. The resultant downward LHF
warms the ocean and further induced lower SLPAs,
which are indicative of WES feedback. For nSPSD,
the equatorward extensions of higher SLPAs, south-
easterly wind anomalies, wind-induced LHF anoma-
lies, and negative SSTAs could be observed from the
Hovmoller diagrams (Figs. 5c,d), but they are appar-
ent only south of 8°S. The strong SSTAs near the
equator without obvious LHF anomalies imply that
dynamic processes link equatorial anomalies to
the SPSD.

The observations suggest that SSTAs could be prop-
agated from the subtropics to the equator but do not
clearly show that SPSD triggered ENSO events. How-
ever, given the small sample size, especially for the
positive SPSD composite, and the difficulty in separat-
ing causes and effects between ENSO and the SPSD in
observations, we performed model experiments to
evaluate the link between the SPSD and ENSO and to
separate the role of thermodynamic and dynamic cou-
pling in the potential linkages.
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FIG. 4. As in Fig. 3, but for negative SPSD.

4. Model responses to SPSD
a. Fully coupled model response to SPSD

Figure 6 shows the ensemble mean differences be-
tween the FDipole and CTRL experiments. In March,
the SSTA displayed the imposed dipolar anomaly
(pSPSD pattern). The SLP also showed a dipole pattern,
with lower (higher) pressure over warm (cold) SSTAs
(Fig. 6al).> The center of lower SLPA was located
westward relative to the warm SSTA center; therefore,
there were northwesterly wind anomalies northwest of
the warm SSTA (Fig. 6b1). The results indicate weak-
ening southeast trade winds and decreased ocean LHF
loss. Such a situation leads to warm SSTAs extending
westward and equatorward. Propagation resulting from
phase differences between wind and SST anomalies was
consistent with previous analytical solutions (Wang
2010b) and WES feedback. Negative (90°~110°W) and

% This SLP response is the difference from the SLPA pattern in
observation (Fig. 3al). One possible reason is that observational
results in Figs. 1 and 3al mainly represent atmospheric forcing on
SSTAs. Another reason could be that the response has seasonality.
The SSTA dipole and overlying SLPA pattern develop from Oc-
tober in observations (Zheng and Wang 2017), but the model re-
sponse was set and shown in March.

positive (120°-150°W) LHF anomalies were also found
over the warm and cold SSTAs (Fig. 6b1), respectively,
likely reflecting the damping of SSTAs by Newtonian
cooling (Xie 1999) or a local cooling effect (Wang
2010b). At the same time, weak westerly wind anoma-
lies in the eastern equatorial Pacific deepened the
thermocline and weakened surface westward currents
(Figs. 6c1,d1). The anomalous positive vertical and
horizontal advection anomalies warm the eastern
equatorial Pacific.

Warm SSTAs extended westward and intensified in
the equatorial eastern Pacific in AMJ, with maximum
values between 110° and 140°W (Fig. 6a2). At the same
time, northwest wind anomalies and downward LHF
also moved northwestward. The maximum LHF was
located at around 150°W, which will help warm SSTAs
to develop westward (Fig. 6b2). The developments of
wind, LHF, and SST anomalies along the mean trade
wind are consistent with WES feedback. Negative LHF
anomalies at the equator near 120°W represent a New-
tonian cooling response to the warmest local SSTA
(Figs. 6a2,b2). Oceanic dynamic processes were also
enhanced in AMIJ. The thermocline clearly deepened
(shallowed) on the equator westward (eastward) to
about 140°W (Fig. 6¢2). The deeper (shallower) ther-
mocline resembled downwelling Kelvin (upwelling
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from the subtropical southeastern Pacific (20°S, 110°W) to the central equatorial Pacific (0°, 160°W): (a) SSTA
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(shading; hPa) and surface wind anomalies (vectors; ms™ ') during positive SPSD events. (c),(d) As in (a),(b), but

for negative SPSD events. Only the values exceeding a 90% confidence level are plotted.

Rossby) waves responding to wind curl induced by
westerly wind anomalies. The strongest vertical advec-
tion anomalies were located between the positive and
negative thermocline depth anomalies, which is also
consistent with theoretical solutions of the tropical
ocean to wind forcing (e.g., Cane et al. 1986; Neelin et al.
1998). Strong eastward surface current anomalies, ap-
pearing between the pair of thermocline Rossby waves
(130°-150°W), induced horizontal advection of warm
water (Fig. 6d2).

In JAS, the westerly wind and downward LHF
anomalies continued to move westward (centered at
~150°W in Fig. 6b2 and ~180° in Fig. 6b3). Corre-
spondingly, deeper thermocline depth anomalies ex-
tended to about 160°W with enlarged amplitude. Warm
vertical advection nearly covered the whole central and
eastern equatorial Pacific (Fig. 6¢3). Both the amplitude
and meridional extension of horizontal advection were
enhanced and shifted westward (Fig. 6d3). The feedback
among warm SSTAs, relaxed trade winds, and a deep-
ening thermocline represented a sustained Bjerknes
feedback (Bjerknes 1969). In such cases, El Nifio-like
SSTAs intensified both in amplitude and zonal range
(Fig. 6a3). This evolution persisted to the end of the

year, forming an El Nifio-like SSTA pattern. Maximum
anomalies were located in the central Pacific (Fig. 6a4),
which is similar to El Nifio in CTRL (not shown) but
differs from observations, which show a maximum in the
eastern Pacific (Fig. 3a3). This difference probably re-
flects the CAM3.1-RGO model bias (Zhang et al. 2009;
Jia and Wu 2013).

To test the asymmetry in the responses to pSPSD and
nSPSD in the model, we performed 40 additional sim-
ulations with nSPSD SSTA forcing (opposite sign of
Fig. 2). The SST and SLP anomalies were very similar to
those in FDipole (Figs. 6al-a4) but with opposite signs
(Fig. 7). For example, in both pSPSD and nSPSD runs,
the maximal SSTA appeared between 120° and 130°W in
the equatorial Pacific in AMJ, and then the maximum
moved to 150°W in JAS and the date line in OND. Thus,
we mainly analyzed the model results with pSPSD
forcing from here on.

The maps in Figs. 6al-a4 suggest that warm SSTAs
propagate northwestward from the eastern SP to the
equator and then develop westward along the equator.
To further illustrate the mechanisms of SSTA change,
we plotted Hovmoller diagrams to display air-sea cou-
pling with time. From the first Hovmoller diagram
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(Fig. 8), which represented a straight line connecting the
eastern SP (15°S, 110°W; near the warm center of the
imposed SSTA) to the equator (0°, 180° blue dashed
lines in Figs. 6al-a4), it is clear that the northwestward
development of warm SSTAs is led by downward LHF
(Fig. 8a). In turn, this downward LHF is caused by lower
SLPAs and associated northwesterly wind anomalies
that form as responses to warm SSTAs (Fig. 8b). This
result clearly demonstrates the role of WES feedback in
propagating SSTAs from the eastern SP into the equa-
tor, similar to the mechanism of the SPMM (Zhang
et al. 2014a).

The second Hovmoller diagram shows the develop-
ment of equatorial SSTAs. Warm SSTAs in the equa-
torial Pacific exhibited westward propagation from
March to December (Fig. 9a). Positive net heat flux
anomalies (which were dominated by LHF), the anom-
alous current (—pC,hu®-VT™), and the anomalous
entrainment (—pC,Aw*dT™/dz) terms also extended
westward (Figs. 9b,d,g). These processes are all related
to relaxed trade winds. LHF and horizontal advection

changes were basically simultaneous with SSTA ten-
dency (Figs. 9b,d) and were responsible for the west-
ward expansion of warm SSTAs. The anomalous vertical
advection mainly contributed to the enhancement of
SSTA amplitude since it lagged SSTA tendency
(Fig. 9g). Warm equatorial SSTAs further induced
westerly wind anomalies west of the warm SSTAs, which
intensified the above three processes (see discussion
about Fig. 6). In addition, the mean current term also
contributed to an increase of the SSTA west of the date
line starting in July (Fig. 9c). In the eastern equatorial
Pacific, mean upwelling helped to maintain the warm
SST (Fig. 9f), reflecting the rising subsurface tempera-
ture induced by the anomalous deeper thermocline
(Figs. 6¢cl1—c4; recalling that subsurface temperature is
parameterized in terms of thermocline depth).

In summary, when initializing the CAM3.1-RGO
model with an SPSD-like SSTA in March, ENSO-like
SSTAs developed and matured at the end of the year
in the equatorial Pacific. WES feedback works on
spreading SSTAs northwestward from subtropical SP
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to the equator. Both thermodynamic and dynamic
couplings facilitated the expansion and growth of
SSTAs along the equator.
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b. Dynamic and thermodynamic coupling

The role of dynamic (thermodynamic) coupling was in-
vestigated with the DDipole (TDipole) experiment by re-
storing heat flux (wind stress) to climatology near the
equator. SST evolution in DDipole resembled that in
FDipole, with an El Nifio-like SSTA pattern in the tropical
Pacific at the end of the year (Figs. 10al-a4). In compari-
son, the SST response and ocean dynamic processes in
DDipole were much stronger than those in FDipole,
mainly reflecting the elimination of heat flux variations
near the equator in DDipole, which inhibited SSTA
damping by oceanic heat transfer to the atmosphere.

Similarly to FDipole and DDipole, a warm SSTA in
the tropical Pacific was observed at the end of the year in
TDipole simulations; however, amplitudes were much
weaker and the maxima were located south of the
equator (Figs. 11al-a4). This is different from the result
in FDipole or DDipole, which show maxima on the
equator resulting from dynamical processes. This result
is consistent with previous studies of the slab ocean
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model (Wang 2010b; Zhang et al. 2016), which show
SSTA maxima in the subtropics rather than on the
equator. In TDipole, the warmer SSTAs in the tropical
eastern Pacific were observed to propagate westward via
wind and LHF variations.

Hovmoller diagrams for both the DDipole and TDipole
experiments are shown in Fig. 12. Similar to FDipole,
the TDipole simulations include WES feedback that
sustains relatively slow SSTA propagation from the
subtropical southeastern Pacific to the equatorial
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FIG. 10. As in Fig. 6, but for the DDipole experiment. The response is shown for (al)-(a4) SST (shading) and surface wind stress
(vectors; Nm™2), (b1)-(b4) vertical advection (shading; W m?) and thermocline depth (contours; int: 2m), and (c1)—(c4) horizontal
advection (shading; W m~2) and surface currents (vectors; cms '). Stippled regions denote thermocline depth anomalies that are sig-
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Pacific. However, the results from DDipole runs indicate  FDipole run, leading to the fastest westward extension
a rapid propagation of the dipole-induced signal from among the three experiments. During September, the SST
around 10°S to the equator from approximately July tendency maxima extended to 170°W in FDipole, while it
through September. Thus, ocean dynamical processes only reached 160°W in DDipole (Figs. 9a and 13c).
may also be operating in initiating ENSO events; for In summary, thermodynamic processes play a role in
example, a lower pressure response to dipolar SSTA  SSTA propagation from the subtropics to the equator
forcing could weaken cross-equator winds in the eastern  and westward along the equator. However, ocean dy-
equatorial Pacific (Fig. 10al), after which westerly wind namical processes can induce equatorial anomalies
stress could warm the ocean through oceanic vertical when thermodynamic coupling is absent. Oceanic hori-
and horizontal advection (Figs. 10b1,c1). zontal advection contributes to SSTA westward expan-
With regards to SST development along the equator, sion along the equator. Both horizontal and vertical
we found that SSTAs spread westward in both runs advection enhance SSTAs in the tropical Pacific.
Figs. 13a,c). LHF was the major contributor to west-
S)vargd sprea()i in TDipole (Fig.J 13b), while horizontal ¢ Role of each pole of SPSD
advection played the dominant role in DDipole The results of experiments with either positive SSTA
(Figs. 13d,e). Both processes were apparent in the in the southeastern Pacific (SEP) or negative SSTA in
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the south central Pacific (SCP) show that ENSO-like re-
sponses in SEPexp are nearly identical to those in FDipole,
but with slightly stronger amplitudes (Figs. 14al-a4). In
contrast, the tropical Pacific SST response in SCPexp
was found to be much weaker (Figs. 14b1-b4). In March,
the cold SSTAs in SCP caused higher pressure south of
20°S, with little signal near the equator. The cold SSTAs
in SCP decayed rapidly, with only about —0.1°C in

June. SST decreased in the equatorial eastern Pacific,
but only reached about —0.1°C. After this point, the
cold SSTAs continued to decay but had no further
impact on the tropical Pacific. Although the two poles
constitute SPSD as a thermodynamic coupling mode
(Wang 2010a,b), the pole near the equator dominates
the impact on ENSO, based on comparison of SEPexp
and SCPexp.
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FIG.12. Asin Fig. 8, but for (a) SSTA in the DDipole experiment
and (b) SSTA (shading) and LHF anomalies (contours) in the
TDipole experiment. Horizontal lines indicate 10°S.

5. Summary and discussion

In this study, the impact of the SPSD mode on the
development of ENSO events was investigated using
observational analyses and numerical coupled model
experiments. First, an SPSD-like dipolar SSTA pattern
(i.e., warm SSTA west of South America and cold SSTA
in the central subtropical South Pacific during the posi-
tive phase) was added to the initial step of a coupled
model. The results showed dipolar SSTAs coinciding
with lower SLPAs south of the equator and a relaxation
of climatological southeasterly trade winds northwest of
the warm SSTAs, which led to a reduction in upward
LHF. Consequently, thermodynamic coupling pro-
cesses, namely, WES feedback, act to extend the warm
SSTAs southwestward toward the equator. Reduced
trade winds in the equatorial eastern Pacific also
excited a downwelling equatorial Kelvin wave that
deepened the thermocline, which contributed to the
development of warm SSTAs and is consistent with the
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Bjerknes feedback. Surface westward currents weakened
under the relaxation of equatorial wind stress and produced
warm horizontal advection that promoted warm SSTA
growth. Through these thermodynamic and dynamic pro-
cesses, warm SSTAs in the eastern Pacific were able to
develop and extend westward to finally form an El Nifio—
like event. The model response to nSPSD was similar to
pSPSD, but in observation nSPSD induced a stronger
equatorial cooling than the warming induced by pSPSD.

To separate roles of dynamic and thermodynamic
process, two additional experiments were performed. In
the dynamic (thermodynamic) coupling run, heat flux
(wind stress) was restored to climatology between 10°S
and 10°N. In both simulations, warm SSTAs developed
in the tropical central and eastern Pacific. In the dy-
namic coupling run, weakened trade winds in the east-
ern equatorial Pacific induced by pSPSD can lead to
SSTA warming through changes in horizontal and ver-
tical advection. Positive SSTAs in the equator extend
westward under oceanic horizontal advection. In the
thermodynamic coupling run, warm SSTAs spread into
the equator from the subtropics, after which warm
SSTAs in the tropical eastern Pacific extended westward
through WES feedback induced by background easterly
trade winds. This mechanism was similar to the west-
ward propagation of climatological latitudinal asym-
metry in the Pacific (Xie 1996). The warm SSTA
amplitude was much weaker than those in the fully
coupled run and dynamic coupling run, reflecting the
lack of dynamic processes. Both thermodynamic cou-
pling and oceanic horizontal advection contribute to the
westward extension of SSTAs along the equator. SSTAs
spread westward fastest in the fully coupled run and
slowest in the dynamic coupling run. For the dynamic
coupling run, we observed rapid SSTA propagation and/
or a reformation of anomalies of SSTAs on the equator,
suggesting that other processes besides WES feedback
may be able to initiate ENSO events from off-equatorial
SST anomalies. Additionally, while the positive and
negative SPSD composites exhibited equatorward ex-
tension of wind and LHF anomalies, their effect on
SSTAs was modest and did not clearly extend to the
equator. Thus, WES feedback may not be necessary for
propagating anomalies from the subtropical southeast-
ern Pacific to the equator. It was suggested that NPO-
generated variations in the North Pacific trade winds
could induce subsurface equatorial Pacific heat content
anomalies to initiate an ENSO event (Anderson et al.
2013). This mechanism involves more than one active
layer in an ocean model to represent a vertical circula-
tion and thus is not able to be simulated by the model
used here. It might contribute to link the observed SPSD
to equatorial anomalies.
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The respective contribution of each pole of SPSD was
examined through two experiments. SSTAs in the
lower-latitude pole played a major role in inducing
ENSO-like SSTA patterns in the tropical Pacific. In
contrast, SSTAs in the other pole only caused a very
weak anomaly in the equatorial Pacific. The lower-
latitude pole of SPSD was similar to the SPMM of
Zhang et al. (2014a); however, the difference (i.e., the

physical relationship between two poles of SPSD) needs
to be investigated in a future study.

There are some discrepancies between the observed
composite and model experiments. In the observations,
more nSPSD events were followed by a La Nifia, com-
pared to the number of pSPSD events that were fol-
lowed by an El Nifio. However, the model showed
nearly antisymmetric responses to positive and negative
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dipole forcing. One possible reason for this difference is
that there are so few cases in the pSPSD composite and the
influences from other processes or other remote regions
may not have been filtered out. Approximately 72%
members in the experiment of 1°C forcing tended to sim-
ulate warmer (positive dipole forcing run) or colder
(negative dipole forcing run) SSTAs in the Nifio-3.4 region
compared with CTRL. For the experiment of 0.5°C forc-
ing, the ratio reduces to 60% and 40 ensemble members
were needed to get a similar response to 1° or 2°C forcing.

Another reason for the observation-model differ-
ences is that the model has biases. The CAM3.1-RGO
model used here is a relatively simple model, especially
with regards to the oceanic component. One limitation
of the oceanic component is that the simulated maximal
SSTA during ENSO is shifted westward compared to
observations (Zhang et al. 2009). In addition, the simu-
lated El Nifio and La Nifia do not show an obvious
asymmetry, although the observed asymmetry is likely
due in part to the very few members in the composite.
One possible important flaw for this is that the tem-
perature of entrained water is parameterized in terms of
the variation of thermocline depth through a linear re-
lationship. Both limitations should be responsible for
symmetric responses to positive and negative SPSD in
the model (Figs. 6al-a4 and 7). The formulation of the
oceanic component may overemphasize the contribu-
tion of thermodynamic process in the CAM3.1-RGO
coupled model. The equatorward extensions of sub-
tropical anomalies are more obvious in the simulations
(Fig. 8) than those in observed composite (Fig. 5) when
considering the few cases of SPSD events. In view of
this, the results shown in this study, especially the
comparison of dynamic and thermodynamic coupling,
should be further tested in more sophisticated models,
although fully coupled GCMs also displace ENSO far-
ther west relative to observations (Capotondi et al.
2006) and have difficulty simulating the SFM (Lin et al.
2015) and the meridional mode (Amaya et al. 2017).

The influence of the subtropical North and South Pa-
cific on ENSO shares both similarities and differences.
Many studies have linked the NPMM to the equatorial
central Pacific (Yu and Kim 2011; Yu et al. 2011, 2012,
2015; Kim et al. 2012; Lin et al. 2015; Vimont et al. 2014;
Yeh et al. 2015), but SPSD is more likely related to SST
variability in the tropical eastern Pacific (Figs. 3al-a4).
While Min et al. (2017) examined this topic using obser-
vations, the impact of extratropical processes on ENSO
characteristics requires further study through the use of
numerical models.
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