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ABSTRACT: The sea surface temperature anomaly (SSTA) in the tropical Atlantic during boreal spring and summer
shows two dominant modes: a basin-warming mode and a meridional dipole mode, respectively. Observational and coupled
model simulations indicate that the former induces a Pacific La Nifia in the succeeding winter whereas the latter cannot.
The basin-warming forcing induces a La Nifia through a Kelvin wave response and the associated wind—evaporation—
SST-convection (WESC) feedback over the northern Indian Ocean (NIO) and Maritime Continent (MC). An anomalous
Kelvin wave easterly interacts with the monsoonal westerly, leading to a warm SSTA and a northwest—southeast-oriented
heating anomaly in NIO/MC, which further induces easterly and cold SSTAs over the equatorial Pacific. In contrast, the
dipole forcing has little impact on the Indian and Pacific Oceans due to the offsetting of the Kelvin wave to the asymmetric
Atlantic heating. Further observational and modeling studies of the tropical North Atlantic (TNA) and equatorial Atlantic
(EA) SSTA modes indicate that the TNA (EA) forcing induces a CP-type (EP-type) ENSO. In both cases, the Kelvin wave
response and the WESC feedback over the NIO/MC are important in conveying the Atlantic’s impact. The difference lies in
distinctive Rossby wave responses: a marked westerly anomaly appears in the equatorial eastern Pacific (EEP) for the TNA
forcing (due to its westward location) while no significant wind response is observed in the EEP for the EA forcing. The
westerly anomaly prevents a cooling tendency in the EEP through anomalous zonal and vertical advection according to a
mixed layer heat budget analysis.

KEYWORDS: Atlantic Ocean; ENSO; Teleconnections; Atmosphere-ocean interaction; Climate models; Interannual
variability

1. Introduction affects the Pacific is crucial to understand the tropical inter-
basin teleconnection (Cai et al. 2019) and to predict ENSO and
its global impacts.

Processes through which the TNA SSTA affects the Pacific
climate may be separated into two groups (Li et al. 2017). One
is through the Rossby wave response to the west of the
anomalous heat source over the TNA (Ham et al. 2013a,b;
Wang et al. 2017). The other is via the Kelvin wave response to
the east of the anomalous heat source over the TNA (Rong
et al. 2010; Yu et al. 2016).

Ham et al. (2013a) suggested that a March-May (MAM)
TNA warming could serve as a trigger for the subsequent
wintertime La Nifia event. In brief, a MAM TNA warming
would induce a positive heating anomaly over the Atlantic in-
tertropical convergence zone (ITCZ), which would generate a
low-level cyclonic circulation anomaly to the west as a Rossby
wave response. A northerly anomaly in the western flank of the
anomalous cyclone enhances the trade wind over the north-
eastern Pacific, leading to a cold SSTA there. This cooling effect,
together with the atmospheric cold and dry advection, induces
suppressed convection in situ and a low-level anticyclonic flow to
its west. An easterly anomaly in the southern flank of the anti-
cyclone acts as a trigger for the occurrence of La Nifia by in-
ducing upwelling Kelvin wave propagating eastward. However,
as pointed out by Ham and Kug (2015), in CMIP3 and CMIP5

El Nino-Southern Oscillation (ENSO) is the most dominant
mode on the interannual time scale in the Pacific, which can
excite atmospheric teleconnections to influence global weather
and climate (Horel and Wallace 1981; Philander 1983). Many
previous studies pointed out that ENSO could exert a signifi-
cant impact on the tropical Atlantic sea surface temperature
anomaly (SSTA) variability through either a tropical or a
midlatitude teleconnection process (Enfield and Mayer 1997,
Klein et al. 1999; Saravanan and Chang 2000; Alexander and
Scott 2002; Chiang and Sobel 2002; Chang et al. 2006; Lee et al.
2008; Liibbecke and McPhaden 2012; Richter et al. 2013; Park
and Li 2018; Jiang and Li 2019; Wu and He 2019; Wu et al.
2020). Previous studies (e.g., Ding et al. 2012; Ham et al. 2013a;
Keenlyside et al. 2013; Polo et al. 2015; Wang et al. 2017) also
suggested that the tropical Atlantic variability, especially the
tropical North Atlantic (TNA) and equatorial Atlantic (EA)
SSTA, could feed back to the Pacific ENSO variability and
could be used as an additional predictor to improve ENSO
prediction. Therefore, understanding how the tropical Atlantic
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08335 models the TNA-induced Rossby wave process over the sub-
tropical northeastern Pacific is weak and undetected. Therefore,
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In addition to the Rossby wave process, the Kelvin wave
process is also suggested. Rong et al. (2010) pointed out that
the MAM TNA SSTA may act as a “bridge” to link the pre-
ceding wintertime ENSO to East Asian monsoon in subse-
quent summer through the TNA-induced atmospheric easterly
Kelvin wave, which can generate anticyclonic shear over the
western North Pacific (WNP). Besides, Yu et al. (2016) pro-
posed an “Indian Ocean relay effect,” which highlights the role
of the Indian Ocean in conveying the impact from the tropical
Atlantic to the Pacific. Their results show that the cold SSTA in
TNA can induce anomalous low-level westerly in the tropical
Indian Ocean as a Kelvin wave response and this anomalous
westerly flow superimposes on the mean westerly in the
northern Indian Ocean (NIO) during boreal summer, in-
creasing local surface wind speed and surface evaporation to
cool the SST in situ. A cold SSTA in the NIO further sup-
presses local convection, inducing anomalous westerlies to its
east as a Kelvin wave response, leading to enhanced cyclonic
vorticity over the WNP monsoon trough region to favor the
tropical cyclone genesis.

Besides, the equatorial Atlantic SSTA (also called Atlantic
Nifio; Zebiak 1993; Carton and Huang 1994) may also influ-
ence the ENSO evolution in subsequent seasons. The EA
mode is one of the dominant interannual modes in the tropical
Atlantic basin and is characterized by a significant SSTA over
the cold tongue region with maximum variability during boreal
summer [June-August (JJA)] (Keenlyside and Latif 2007; Xie
and Carton 2013). Previous studies pointed out that the EA
SSTA has had a robust influence on ENSO since the 1970s
with a statistically significant negative correlation when the
equatorial Atlantic index leads the ENSO index by approxi-
mately six months (Keenlyside and Latif 2007; Polo et al. 2008;
Rodriguez-Fonseca et al. 2009; Ding et al. 2012; Polo et al.
2015). A descent anomaly appeared in the equatorial central
Pacific (near the date line) in response to the EA SSTA forcing,
and it was hypothesized that this Atlantic impact was through
an anomalous Walker circulation (Rodriguez-Fonseca et al.
2009; Ding et al. 2012; Polo et al. 2015). This raises an issue of
what determines the horizontal length scale of the Walker
circulation. According to Gill (1980), the horizontal length
scale of a Rossby wave response to the west of a heat source is 3
times shorter than that of a Kelvin wave response to the east.
Therefore, if an anomalous descent over the Maritime
Continent is viewed as a direct Rossby wave-induced Walker
circulation response to El Nifio heating over the date line
with a longitudinal distance of 60°, it is unphysical to assume
that the descent over the date line is a direct Rossby wave—
induced Walker circulation response to the EA forcing given
that the longitudinal distance is 2-3 times larger. The argument
above is supported by a Gill model simulation (Figs. Sla,b in
the online supplemental material), which shows that the
Rossby wave response to the EA heating is mostly confined in
the South America continent with a low-level divergence over
90°W, which is far away from the central Pacific. The full-
physics atmospheric general circulation model (ECHAM4)
simulation (Figs. Slc,d) further shows that due to the moderate
magnitude of the EA forcing, the easterly wind associated with
the Kelvin wave response is mostly confined in the tropical
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Indian Ocean and the anomalous divergence over the central
Pacific is negligible. This motivates us to investigate specific
processes through which the equatorial Atlantic heating affects
circulation in the Pacific.

It has been suggested that the TNA and EA SSTA modes
may favor the development of a central Pacific (CP) and an
eastern Pacific (EP) type of ENSO in subsequent seasons, re-
spectively (Ham et al. 2013b), but the physical mechanisms
through which the Atlantic modes affect the ENSO evolution
are unclear. While most of the previous studies examined the
composite TNA or EA SSTA impacts, in reality these two
SSTA patterns may coexist, either with the same sign or an
opposite sign. This motivates us to further examine the ba-
sinwide SSTA modes in the tropical Atlantic in addition to the
TNA and EA indices.

The overall objective of the current study is to re-examine
the impacts of basinwide SSTA modes and individual TNA and
EA indices on the Pacific ENSO evolution and pattern diver-
sity and to reveal the physical mechanisms through which the
different Atlantic SSTA modes affect the wind and SST in the
tropical Pacific.

The remaining part of the paper is organized as the follow-
ing. Section 2 describes the datasets, methods, and models used
in this study. Section 3 shows the impacts of the tropical
Atlantic basinwide SSTA modes on ENSO. The impacts of the
composite TNA and EA SSTA patterns on subsequent ENSO
evolution and pattern diversity are examined in section 4. A
discussion section is presented in section 5, and conclusions are
given in section 6.

2. Data, methods, and numerical experiments
a. Data and methods

The datasets used in this study include 1) monthly precipi-
tation data from the Global Precipitation Climatology Project
(GPCP; Adler et al. 2003); 2) monthly SST data from the
Hadley Centre Global Sea Ice and Sea Surface Temperature
(HadISST; Rayner et al. 2003); and 3) monthly horizontal
winds from National Centers for Environment Prediction
(NCEP)-Department of Energy (DOE) AMIP II reanalysis
(NCEP2; Kanamitsu et al. 2002).

To determine the leading patterns of interannual SST vari-
ability over the tropical Atlantic (30°S-30°N, 70°W-20°E)
during 1981-2018, empirical orthogonal function (EOF) anal-
ysis is applied to decompose the spatiotemporal SSTA into
orthogonal modes in terms of EOF patterns, and each EOF
pattern is associated with a principal component (PC) time
series, which describes the temporal evolution of the EOF
patterns. To further identify the impact of the Atlantic leading
EOF modes on subsequent ENSO evolution while attempting
to remove the oscillatory effect of ENSO itself, a linear lagged
partial regression analysis is applied to show the linear rela-
tionship between the normalized PCs and the subsequent
Pacific circulations after excluding the possible influence of the
preceding wintertime Nifio-3.4 (5°S-5°N, 170°-120°W) SSTA,
following Saji and Yamagata (2003) and Ham et al. (2013a).
Moreover, to understand the physical processes that cause the
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TABLE 1. List of numerical experiments conducted by CESM1.2.2. Positive and negative forcing added in the model are exactly in

mirror image.

Experiments

Description

Integration time

EXP_ATL_CTRL

The Atlantic basin within 50°S-50°N is
prescribed with the observed climato-
logical mean SST annual cycle averaged
during 1980-2010, and the ocean and
atmosphere is freely coupled elsewhere.

The tropical Atlantic (30°S-30°N, 70°W—
20°E) is prescribed with positive (neg-
ative) phase of EOF-1 SST anomaly
pattern plus observed climatological
SST annual cycle. The configuration for
the remaining regions is the same as the

The tropical Atlantic (30°S-30°N, 70°W-
20°E) is prescribed with positive (neg-
ative) phase of EOF-2 SST anomaly
pattern plus observed climatological
SST annual cycle. The configuration for
the remaining regions is the same as the

The tropical Atlantic (30°S-30°N, 70°W-
20°E) is prescribed with composite
positive (negative) TNA SST anomaly
pattern plus observed climatological
SST annual cycle. The configuration for
the remaining regions is the same as the

The tropical Atlantic (30°S-30°N, 70°W-

Integrating continuously for 100 years.

The SST anomaly patterns added for these
eight sensitivity experiments are from 1
Mar to 31 Sep each year, and each
experiment is repeated for 30 times with
different initial condition obtained
randomly from the EXP_ATL_CTRL.

EXP_EOFI1 EXP_EOFI(+)
EXP_EOFI(~)
EXP_ATL_CTRL.
EXP_EOF2 EXP_EOF2(+)
EXP_EOF2(—)
EXP_ATL_CTRL.
EXP_TNA EXP_TNA(+)
EXP_TNA(-)
EXP_ATL_CTRL.
EXP_EA EXP_EA(+)
EXP_EA(-)

20°E) is prescribed with composite

positive (negative) EA SST anomaly
pattern plus observed climatological
SST annual cycle. The configuration for
the remaining regions is the same as the

EXP_ATL_CTRL.

SSTA change over a certain region, a mixed layer budget
analysis is also applied following Chen et al. (2016).

For the significance test, a two-tailed Student’s ¢ test is
adopted for composite analysis and an F test is used for partial
regression analysis. The confidence level in this study is 95%.
Moreover, the TNA index is defined as the SST anomalies
averaged over 5°-25°N, 70°~10°W and the EA (or Atl3) index is
defined as the SST anomalies averaged over 4°S—4°N, 20°W-0°.

b. Numerical experiments

As the statistical partial regression analysis may not be able
to eliminate the influence of the preceding ENSO effect
completely due to the different temporal evolution features of
ENSO and the sample size problem, partially coupled model
experiments are designed to examine the pure impact of the
Atlantic forcing on the Pacific. The coupled general circulation
model (CGCM) adopted in this study is the Community Earth
System Model (CESM) version 1.2.2 that is developed by the
National Center for Atmospheric Research (NCAR) (Hurrell
et al. 2013). Its atmospheric component is the Community
Atmosphere Model (CAM) version 4 (Neale et al. 2013), and
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the oceanic component is an extension of the Parallel Ocean
Program (POP), version 2 (Smith et al. 2010). The horizontal
resolution for the atmospheric model is 0.9° latitude X 1.25°
longitude and for the oceanic model is an irregular grid (ap-
proximately 0.58° X 0.58°).

In some previous studies (Ham et al. 2013b; Ding et al. 2012;
Polo et al. 2015), they apply the partially coupled “‘time-series
pacemaker experiment” (Kosaka and Xie 2013) in which the
Atlantic basin is specified with the observed time evolution of SST
pattern from one period (e.g., 1979-2017) whereas other regions
are freely coupled. However, one limitation of this type of pace-
maker experiment in analyzing the pure impact of the Atlantic
SSTA on the Pacific is that the preceding ENSO effect still needs
to be removed by partial-regression analysis. Therefore, in this
study, to avoid the influence of the preceding ENSO signal, we
apply the “idealized pacemaker experiment” (Ham et al. 2013a;
Ruprich-Robert et al. 2017, Wu and He 2019) in which a com-
posite SST pattern is prescribed in one region and do ensemble
simulations with different initial conditions.

Table 1 lists one control experiment and four sets of sensitivity
experiments designed for this study. The control experiment
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FIG. 1. The empirical orthogonal function (EOF) analysis of detrended MAMIJJA (March-August) tropical
Atlantic (30°S-30°N, 70°W-20°E) sea surface temperature anomaly during 1981-2018. (a),(b) The first and second
EOF modes (°C). (c),(d) The corresponding normalized principal components (PCs) of EOF-1 and EOF-2.

(EXP_ATL_CTRL) denotes that the Atlantic basin within
50°S-50°N is prescribed with the observed climatological
mean annual cycle during 1980-2010 whereas the ocean and
atmosphere is freely coupled elsewhere. Observed SST cli-
matology instead of the model climatology is nudged into the
model for control run is because the model exhibits a cold
(warm) SST bias in the tropical North Atlantic (Atlantic cold
tongue) region, which is a common problem for most CGCMs
(Richter et al. 2012; Xu et al. 2014; Liibbecke et al. 2018;
Wang et al. 2014). The control experiment is integrated con-
tinuously for 100 years, and we have randomly adopted 30 years
as the reference years for the following sensitivity experiments.
In the second (EXP_EOF1) and third (EXP_EOF2) experi-
ments, the SSTA patterns derived from the observational
EOF analysis, namely the EOF-1 and EOF-2 patterns, are
added on the observed climatological mean annual cycle in
the tropical Atlantic (30°S-30°N, 70°W-20°E), respectively
and the configuration for the remaining regions are the same
as the control run (EXP_ATL_CTRL). The temporal evolu-
tion for EOF patterns added in the model is obtained
through a lead-lag regression toward the associated normal-
ized PC series. The configurations for the fourth (EXP_TNA)
and fifth (EXP_EA) experiments are the same as the previ-
ous two sensitivity experiments except that the prescribed
SST anomaly patterns are derived from the composite TNA
warming (1981, 1983, 1987, 1988, 1998, 2005, 2010) and EA
warming (1984, 1987, 1988, 1995, 1996, 1998, 1999, 2008, 2010)
events. Meanwhile, for each set of sensitivity experiments
above, both the positive forcing and negative forcing experi-
ments are conducted and the negative forcing added is simply
opposite to the positive forcing. For example, the EXP_TNA
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contains two subexperiments with TNA warming forcing
[EXP_TNA (+)] and TNA cooling forcing [EXP_TNA(—)].
Therefore, the total will be eight sensitivity experiments. The
SSTA patterns added for the above sensitivity experiments are
from 1 March to 31 September each year, and each experiment
is repeated 30 times with different initial conditions obtained
from the control run. To maximum the signal-to-noise ratio,
the model simulation results shown below are the ensemble
mean of the difference between the positive forcing experi-
ment and negative forcing experiment among 30 ensemble
members [e.g., EXP_TNA (+) minus EXP_TNA(—) divided
by two].

3. Impacts of tropical Atlantic basin SSTA modes on
ENSO evolution

Several studies (e.g., Rodriguez-Fonseca et al. 2009; Ding
et al. 2012; Ham et al. 2013a,b; Polo et al. 2015) have verified
the impact of the TNA/EA SSTA modes on the Pacific through
observational analysis and numerical simulations. However,
these two SSTA patterns may coexist, either with the same sign
or an opposite sign. Therefore, as the first step, we investigate
the evolution patterns of the dominant Atlantic basinwide
SSTA modes during their most active (boreal spring and
summer) seasons and the physical mechanisms through which
these basinwide modes affect the ENSO in subsequent seasons.

a. Observational analyses

First, an EOF analysis is conducted to extract the leading
modes of SST variability in the tropical Atlantic. As the TNA
SSTA usually peaks during MAM while the EA SSTA reaches
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FIG. 2. Lagged partial-regression analysis of (a) MAM, (b) JJA, and (c) September—December (SOND) SST (shading; °C), 850-hPa
wind (vectors; m s~ '), and precipitation (dots; mm day ') on normalized PC-1 during 1981-2018 by excluding the effect of preceding
January-February (JF) Nifio-3.4 index. (d)—(f) As in (a)—(c), but for regression on normalized PC-2. Only the values above the 95%

confidence level are plotted.

its maximum amplitude during JJA, the MAMJJA (March—
August) averaged SSTA is used to obtain the leading patterns
of the tropical Atlantic. Figures 1a and 1b show the first and
second EOF modes of detrended MAMIJJA SSTA in the
tropical Atlantic (30°S-30°N, 70°W-20°E). The first (second)
leading EOF mode, which accounts for 35.8% (30.8%) of the
variance, exhibits a basinwide (meridional dipole) SSTA pat-
tern with an in-phase (out-of-phase) relationship between the
tropical North Atlantic and equatorial South Atlantic. The
normalized principal components associated with these two
leading EOF modes are shown in Figs. 1c and 1d. Both PC-1
and PC-2 vary on the interannual time scale.

To further examine the impacts of EOF-1 (basin-warming
mode) and EOF-2 (north-south dipole mode) on subsequent
ENSO evolution, a lagged partial-regression analysis is con-
ducted with respect to the normalized PC-1 (Figs. 2a—c) and
PC-2 (Figs. 2d-f) by excluding the effect of preceding JF
(January-February) Nifio-3.4 SSTA. One prominent feature in
Fig. 2 is that the basin-warming forcing is accompanied by a
significant La Nifia event in subsequent winter (Fig. 2c) while
the meridional dipole forcing (Fig. 2f) is not. During MAM, for
basin-warming forcing, the tropical Atlantic ITCZ shows uni-
form positive precipitation anomaly (Fig. 2a) in response to the
basin-warming SSTA, which excites a cyclonic Rossby wave
response over the subtropical northeastern Pacific as a Gill-
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type response (Gill 1980). This cyclonic circulation is regarded
as the critical system in conveying the Atlantic’s impact to the
Pacific by inducing cold SSTA and negative heating over the
subtropical northeastern Pacific as proposed by Ham et al.
(2013a). For meridional dipole forcing, the tropical Atlantic
heating exhibits a dipole pattern (Fig. 2d) and in response to
this dipole heating, two pairs of cyclonic Rossby wave circu-
lations occur over the eastern Pacific and the northern coun-
terpart is associated with the cold SSTA over the subtropical
northeastern Pacific (Fig. 2d).

During JJA, for basin-warming forcing, the tropical Atlantic
positive rainfall anomaly associated with the cyclonic Rossby
wave response is strengthened (Fig. 2b), which tends to amplify
the coupling among northerly wind, cold SSTA, and negative
rainfall anomaly over the subtropical northeastern Pacific. This
negative heating would further enhance the easterly response
over the EWP by inducing an anticyclonic Rossby wave cir-
culation to its west. Meanwhile, it is interesting to note that
warm SSTA appears over the surrounding region of the
Maritime Continent and positive rainfall anomaly extends
from the northern Indian Ocean (NIO) to the Maritime
Continent (MC) (Fig. 2b), which is supposed to induce a Kelvin
wave to the east to enhance the easterly anomaly over the
EWP. This local warm SSTA may arise partly from the inter-
action between the easterly Kelvin wave and mean westerly as
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illustrated by Yu et al. (2016). However, for the meridional
dipole forcing, the rainfall anomaly pattern over the tropical
Atlantic is still a dipole structure during JJA, and the Kelvin
wave response to the east and its associated air—sea interaction
over the NIO/MC are negligible (Fig. 2e), which is not suffi-
cient to induce easterly anomaly over the EWP. It is worth
noting that the northerly wind on the western flank of the cy-
clonic Rossby wave circulation is strengthened associated with
cold SST and negative rainfall anomaly over the subtropical
northeastern Pacific (Fig. 2e). However, the negative heating
eventually only remains in the off-equatorial region (around
10°N) and fails to induce a significant easterly anomaly over the
EWP and La Nifa event afterward (Fig. 2f).

The discussion above suggests that both basin-warming
forcing (Figs. 2a,b) and meridional dipole forcing (Figs. 2d,e)
can generate a Rossby wave response over the subtropical
northeastern Pacific. However, the easterly anomaly over the
EWP is only significant for basin-warming forcing but negli-
gible for dipole forcing, and this easterly anomaly plays a
crucial role in generating cold SSTA over the central-eastern
Pacific by inducing upwelling Kelvin wave propagating east-
ward. One hypothesis for the cause of this significant (insignifi-
cant) zonal wind response over the EWP to the basin-warming
(meridional dipole) forcing is that the Atlantic-induced Kelvin
wave process to the east is strong (negligible). For basin-
warming forcing, the uniform Atlantic positive heating could
induce significant easterly Kelvin wave to the east, which may
interact with the mean monsoonal westerly circulation over the
NIO/MC to induce warm SSTA and positive heating anomaly
in suit. This positive heating may further enhance the easterly
anomaly over the EWP to trigger La Nifia. However, for me-
ridional dipole forcing, the Kelvin wave response would be
much weaker due to the cancellation effect to the asymmetric
dipole heating and the Kelvin wave—induced air-sea inter-
action over the NIO/MC may also be too weak to induce easterly
anomaly over the EWP.

In the following subsection, the idealized coupled model
experiments are designed to investigate whether the establish-
ment of the Atlantic-induced Kelvin wave process is responsible
for the significant (insignificant) impact of basin-warming (me-
ridional dipole) forcing on ENSO evolution.

b. Idealized coupled model simulations

As mentioned in section 2b, the observational partial-
regression analysis may not completely remove the influence
of the preceding ENSO signal due to the different temporal
evolution features of ENSO and the sample size problem. In this
subsection, idealized partially coupled model experiments are
conducted to examine the impacts of the basin-warming and
meridional dipole forcing on the Pacific. The SSTA patterns
added in the tropical Atlantic for EXP_EOF1 and EXP_EOF2
are derived from the lagged regression analysis of SSTA on nor-
malized PC-1 and PC-2 during 1981-2018. As the composite of
normalized PC-1/PC-2 above one standard deviation (Figs. 1c,d)
is around 1.8, the SSTA magnitude for the prescribed forcing is
multiplied by a factor of 1.8 to attain the realistic amplitude.

Figure S2 shows the time evolution of the model-simulated
Nifio-3.4 index anomaly for EXP_EOF1 and EXP_EOF2 as
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the deviation from EXP_ATL_CTRL. The ensemble mean of
the 30 members of EXP_EOF1 (+) [EXP_EOF1 (—)] [solid
red (blue) line in Fig. S2a] shows a pronounced negative
(positive) value, indicating that the multimember ensemble
simulation is capable of simulating the opposite impact of the
Atlantic positive (negative) forcing on the Pacific. In contrast,
the ensemble mean of the Nifio-3.4 index simulated by EXP_
EOF?2 [solid red (blue) line in Fig. S2b] is near zero and there is no
clear separation between EXP_EOF2 (+) and EXP_EOF2 (—).
To investigate the detailed processes of how the Pacific response
to the Atlantic basin-warming forcing and meridional dipole
forcing, the spatial-temporal evolutions are illustrated in Fig. 3.

During MAM, for the basin-warming forcing, similar to the
observations (Fig. 2a), the tropical Atlantic ITCZ shows a
uniformly positive rainfall anomaly (Fig. 3a), and this positive
diabatic heating generates a pair of cyclonic Rossby wave to
the west and an easterly Kelvin wave to the east extending
from the Indian Ocean to the western Pacific. It is noted that
theoretically, the amplitude of Kelvin wave always decays
away from the forcing region (Gill 1980), while in simulation,
the easterly response is larger in the equatorial western Pacific
(EWP) than Indian Ocean (Fig. 3a). The detailed evolution
shows that the easterly anomaly is originally larger over the
tropical Indian Ocean (Fig. 5a) but the easterly anomaly over
the EWP is quickly amplified in the following season (Fig. 5b)
in response to the significant positive heating (Fig. 5b) over
the eastern Maritime Continent, especially near Papua New
Guinea. The easterly Kelvin wave superimposes on the model
climatological mean westerly (Fig. 4a), reduces wind speed,
and increases downward latent heat flux (Fig. 5g) to induce
local SSTA warming and positive heating (Fig. 5b). This
equatorial positive heating is associated with significant as-
cending motion (Fig. 51) near 120°E and could directly gener-
ate Kelvin wave to the east to enhance an easterly anomaly
over the EWP (Fig. 5b). Moreover, the topographic lifting ef-
fect may also contribute to the positive heating over the eastern
Maritime Continent. Low-level easterly anomalies associated
with the Kelvin wave bump into the narrow and steep high
mountain, generating positive convective heating there. In
contrast to the observational analysis (Fig. 2a), the cold SSTA
associated with the Rossby wave response over the subtropical
northeastern Pacific for model simulation is negligible (Fig. 3a;
a discussion about this discrepancy will be presented in
section 5). For meridional dipole forcing, the rainfall response
over the tropical Atlantic exhibits a north-south dipole struc-
ture (Fig. 3d). In response to this dipole heating, a cyclonic
circulation is excited over the subtropical northeastern Pacific.
However, the Kelvin wave response to the dipole heating al-
most vanishes (Fig. 3d) over the Indian Ocean and western
Pacific due to the cancellation of the response to the Atlantic
positive heating and negative heating.

During JJA, for basin-warming forcing, to the west, the
Rossby wave response is strengthened as the strengthening of
the tropical Atlantic heating (Fig. 3b), and a weak cold SSTA is
presented over the subtropical northeastern Pacific. The
Rossby wave process as illustrated by Ham et al. (2013a) could
generate the off-equatorial negative heating over the central
North Pacific through inducing cold SSTA and atmospheric
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dry advection (Ham et al. 2013a) and this central North Pacific ~ significant easterly anomaly associated with the Kelvin wave
negative heating could be partly responsible for the easterly response extends all the way from the Indian Ocean to the
anomaly over the EWP by inducing an anticyclonic Rossby  western Pacific, accompanied by the significant SSTA warming
wave to the west (Fig. 3b). To the east, it is shown that the and positive heating anomaly over the NIO/MC. This local
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warming could further induce easterly anomaly over the EWP
as a Kelvin wave response, which is verified by our AGCM
experiments with prescribed SSTA warming over the NIO/MC
(Fig. S3). The detailed evolution patterns suggest that the
easterly anomaly associated with the Kelvin wave reduces
the surface wind speed, increases the downward latent heat
flux over the NIO/MC from April-June (AMJ) to JTA (Figs. Se—g)
and leads to the formation of the northwest-southeast-
oriented positive SSTA and heating anomaly (Figs. 5b—d)
through a wind-evaporation-SST—convection (WESC) feed-
back. To further verify the Kelvin wave-monsoon interaction
over the NIO/MC, a quantitative mixed layer budget analysis
(Fig. S4) is conducted for the NIO/MC region during AMJ to
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reveal the physical processes that causes the SSTA growth. It is
shown that the positive mixed layer temperature tendency over
the NIO/MC is mainly induced by the increased latent heat flux
and that the dynamic terms play very minor roles, which is
consistent with our former qualitative analysis. As climate
mean state over the Asian monsoon sector is asymmetric
(Figs. 4a—d), the easterly response and the Kelvin-monsoon
interaction show a stronger component to the north of the equa-
tor (Figs. Sa—e). Moreover, it is noted that the off-equatorial
negative heating anomalies over the central-western Pacific
associated with the easterly-induced anticyclonic shear be-
come stronger during JJA (Figs. 5a-d), and this negative
heating may also enhance the easterly anomaly over the EWP
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FIG. 6. As in Fig. 5, but for the results of EXP_EOF2.

by inducing an anticyclonic Rossby wave to the west. Wu et al.
(2017a,b) further suggested that the moist enthalpy advection
mechanism can act to maintain the anticyclonic circulations.
Meanwhile, the significant descending motion over the equatorial
central Pacific associated with the anomalous Walker circulation
begins to be established during AMJ (Fig. 5Sm), and this anomalous
descending motion is gradually enhanced from MJJ to JJA
(Figs. 5n,0) with the strengthening of the NIO/MC positive heating
and the formation of the central Pacific negative SSTA (Fig. 3b).
In contrast, for the meridional dipole forcing, during JJA,
the tropical Atlantic heating is still a dipole structure (Fig. 3e).
In response to this JJA Atlantic dipole heating, similar to the
observations (Fig. 2e), the Kelvin wave response to the east
(Figs. 6a—e) and the Kelvin wave-monsoon interaction
(Figs. 6f—j) over the NIO/MC are negligible. But it is inter-
esting to notice that the cyclonic Rossby circulation over the
subtropical northeastern Pacific (Fig. 3¢) in response to the
dipole heating is stronger than MAM due to strengthening of
the positive heating as the northward shift of the Atlantic
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ITCZ. This cyclonic circulation is associated with negative
SSTA and negative heating over the subtropical central North
Pacific. However, the easterly anomaly generated by this
negative heating is only maintained in the off-equatorial region
and the easterly anomaly over the EWP is negligible (Fig. 3e),
which shows similar feature as the observations (Fig. 2e). Due
to the weak Kelvin wave response to the dipole heating, the
anomalous Walker circulation over the Pacific is also not es-
tablished (Figs. 6k—0) and the La Nifia condition is not devel-
oped afterward (Fig. 3f).

To sum up, the observational and modeling studies
above indicate that the Atlantic’s impact on the Pacific is
pattern dependent. A basinwide tropical Atlantic forcing
leads to a marked Kelvin wave response and associated wind—
evaporation—-SST-convection feedback over the NIO/MC
sector, which eventually causes pronounced easterly anom-
alies over the equatorial western Pacific, promoting a La Nifa
development in the Pacific. On the other hand, the dipole
SSTA pattern in the tropical Atlantic has little impact on the
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Indian and Pacific Oceans, due to the offsetting of the Kelvin
wave to the Atlantic positive and negative heating. Both the
Atlantic basin-warming and meridional dipole forcing could
generate Rossby wave response to the west and the Rossby wave
process can be coupled with the Kelvin wave process to con-
tribute to the easterly anomaly over the EWP. However, when
the Kelvin wave process is missing, the Rossby wave process
alone for the meridional dipole forcing can only influence the
zonal wind anomaly over the off-equatorial region, which cannot
significantly influence the ENSO evolution. This suggests that
the establishment of the Atlantic-induced Kelvin wave process is
responsible for the significant (insignificant) impact of basin-
warming (meridional dipole) forcing on ENSO evolution.
Furthermore, the results above have important implications in
real-time ENSO forecast. It is the pattern of the SSTA that
matters, not an SSTA index in a certain region. A further dis-
cussion of this matter is given in section 5a.

4. Impacts of tropical North Atlantic and equatorial
Atlantic SSTA on ENSO

In the previous section, we focus on examining the impacts of
the tropical Atlantic basin-wide SSTA modes on the Pacific
ENSO. In this section, we switch the focus to the widely used
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TNA and EA (or ATL3) indices. We would like to re-
examine the physical mechanisms through which the TNA
and EA SSTA modes affect the ENSO evolution and pattern
diversity.

a. Observational analyses

The lagged partial-regression analysis is conducted to reveal
the individual influence of the TNA and EA SSTA on the
Pacific by regressing SSTA on the MAM TNA index and JJA
EA index after removing the preceding wintertime Pacific
ENSO impact (Fig. 7). The results show that a boreal spring
TNA warming can induce a CP-type La Nina (Fig. 7c),
whereas a boreal summer EA warming can induce an EP-type
La Nina (Fig. 7f). The detailed discussion of the cause of the
ENSO pattern diversity in response to the TNA and EA SSTA
forcing will be shown in section 4c.

Previous studies suggested that the TNA-induced Rossby
wave process over the subtropical northeastern Pacific
(Ham et al. 2013a) and the EA-induced Walker circulation
(Ding et al. 2012; Polo et al. 2015) are important in inducing
the easterly anomaly over the equatorial western Pacific
(Figs. 7a,d) to trigger La Nifia events afterward. However,
due to the limitation of the partial-regression analysis, it
remains uncertain whether these mechanisms are entirely
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driven by the Atlantic forcing. It is shown that during MAM, a
significant cold SSTA signal already occurs over the subtropical
northeastern Pacific (equatorial central Pacific) for the TNA
(EA) regression (Figs. 7a,d) and these cold SSTA signals
could be driven either by the Atlantic forcing or the preceding
Pacific forcing. It is also uncertain whether the subtropical
northeastern Pacific (equatorial central Pacific) SSTA in
MAM is critical in generating the subsequent CP-type (EP-
type) ENSO for TNA (EA) forcing. A detailed discussion of
the relative roles of the initial Pacific SSTA pattern and the
remote Atlantic forcing in determining the ENSO pattern
diversity will be given in section 5b.

Moreover, our discussion from the previous section points
out that the Atlantic-induced Kelvin wave process is important
in conveying the impact from the Atlantic to the Pacific
through interaction with the monsoonal circulation over the
NIO/MC. As shown in Figs. 7b and 7e, significant positive
rainfall anomaly occurs over the NIO/MC, which could further
induce an easterly anomaly over the EWP. These positive
rainfall anomalies might be partly induced by local warm SSTA
that arises from the interaction between the easterly Kelvin
wave and mean westerly monsoonal circulation. However, the
positive SSTA over the northern Indian Ocean (Figs. 7b,e) is
moderate possibly because of the damping effect of the re-
duced shortwave radiation caused by enhanced convection or
the deficiency of the partial-regression analysis.
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To further discuss the role of the Kelvin wave process in
conveying the impact from the TNA and EA SSTA to the
Pacific, idealized coupled model experiments with prescribed
composite TNA and EA SSTA forcing are conducted in the
following subsection.

b. Idealized coupled model simulations

The ensemble-mean simulation of SST, precipitation, and
850-hPa winds for the EXP_TNA/EXP_EA experiment is
shown in Fig. 8, and the time evolution of the simulated Nifio-
3.4 index for ensemble members is shown in Fig. S5. Very
similar to the observations (Fig. 7), the TNA warming (Fig. 8a)
can induce a CP-type La Nifa (Fig. 8c) while the EA warming
(Fig. 8d) induces an EP-type La Nina (Fig. 8f).

For TNA warming forcing, during MAM, the Atlantic pos-
itive heating generates a cyclonic Rossby wave circulation to
the west over the subtropical northeastern Pacific (Fig. 8a) and
the northeasterly over the western flank of the cyclonic circu-
lation induces negative heating locally through atmospheric
dry advection (Ham et al. 2013a). This negative heating further
generates an anticyclonic Rossby wave response to the west
but this easterly anomaly in the southern flank of the anticy-
clonic circulation is mainly confined to the off-equatorial
western Pacific region. Different from the observations, the
cold SSTA generated by the Rossby wave is negligible and a
discussion of the discrepancy between the observations and
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FIG. 9. As in Fig. 5, but for the results of EXP_TNA.

model simulations will appear in section 5. To the east, the
Kelvin wave response is weak due to the presented dipole
heating over the tropical Atlantic and the negative heating belt
to the south is a result of the temperature gradient in the
tropical Atlantic ITCZ region associated with the northward
cross-equatorial flow. The detailed time evolution shows that
as the positive heating north of equator becomes stronger,
the easterly Kelvin wave over the Indian Ocean becomes
significant and the SSTA warming associated with the positive
rainfall anomaly occur over the NIO/MC from AMIJ to JJA
(Figs. 9c—e), which are also induced by the Kelvin wave—
monsoon interaction through the wind-evaporation-SST—
convection (WESC) feedback (Figs. 9h—j). This NIO/MC
positive heating could further generate easterly anomalies
over the EWP. Meanwhile, it is noted that the off-equatorial
negative heating over the central North Pacific is also
strengthened from AMJ to JJA (Figs. 9c—e) as the strength-
ening of the TNA-induced Rossby wave response and the
Kelvin wave—-induced anticyclonic shear. This negative
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heating also plays a role in enhancing the easterly anomaly
over the EWP. As the easterly anomaly becomes significant
over the EWP, the descending anomalies associated with the
anomalous Walker circulation begins to be established (Fig. 9n)
and the anomalous descent over the central Pacific is gradually
enhanced from MJJ to JJA (Figs. 9n,0). Therefore, the signifi-
cant easterly anomaly triggers La Nifla event in subsequent fall
and winter (Fig. 8c).

For EA warming forcing, during MAM, the equatorial
Atlantic positive heating is mostly constrained in the central
Atlantic (Fig. 8d), so the cyclonic Rossby wave response can-
not extend far to the subtropical northeastern Pacific com-
pared with the TNA forcing (Fig. 8a). To the east, the easterly
Kelvin wave response extends from the tropical Indian Ocean
to the western Pacific (Fig. 8d) and the easterly anomaly over
the EWP is amplified by the warm SSTA and positive heating
near the eastern Maritime Continent (Fig. 8d) that is induced
by the increased latent heat flux (Fig. 10g) and the topographic
lifting effect. This equatorial easterly anomaly begins to
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FIG. 10. As in Fig. 5, but for the results of EXP_EA.

generate upwelling Kelvin wave propagating eastward to in-
fluence the SSTA over the central-eastern Pacific and is grad-
ually enhanced from AMIJ to JJA (Figs. 10c—e) as the
establishment of the warm SSTA and positive rainfall anomaly
over the NIO/MC. Similar to the basin-warming forcing and
the TNA forcing results, the warm SSTA and positive heating
over the NIO/MC are also generated by the WESC feedback
(Figs. 10h—j). The zonal circulation evolution (Figs. 10k—o0)
reveals that the descending anomaly over the central Pacific is
weak from MAM (Fig. 101) to May-July (MJJ; Fig. 10n) and
the anomalous Walker circulation is well established during
JJA (Fig. 10k). Previous studies (Ding et al. 2012; Polo et al.
2015) pointed out that the easterly anomaly over the EWP is
generated by the anomalous divergence and descent over the
central Pacific associated with a direct anomalous Walker cir-
culation to the west of the Atlantic heat source. Here, our
idealized numerical experiment with prescribed composite EA
SSTA forcing indicates that the descent anomalies over the
central Pacific is very weak from MAM to MJJ and is not
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sufficient to alter the convection over the central Pacific to
generate the easterly anomaly over the EWP. Instead, our
results suggest that the easterly anomaly over the EWP is part
of the Kelvin wave response to the east of the Atlantic heat
source and is amplified through the Kelvin wave-monsoon in-
teraction and the associated WESC feedback over the NIO/MC
sector. These processes eventually lead to the development of
the cold SSTA over the central-eastern Pacific, the occurrence of
anomalous descent over the equatorial central Pacific and the
establishment of the anomalous Walker circulation.

Therefore, our numerical simulations demonstrate that for
TNA forcing, both the Atlantic-induced Rossby wave process
and Kelvin wave process can contribute to the easterly
anomaly over equatorial western Pacific to influence the
ENSO evolution. While for EA forcing, the Kelvin wave re-
sponse and the associated WESC feedback over the NIO/MC
plays a crucial role in influencing the easterly anomaly over the
EWP. Also, the descent anomalies over the equatorial central
Pacific for EA forcing do not result from a direct Walker
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circulation response to the west of the EA forcing. Moreover,
by comparing the simulation results of the TNA forcing (Figs. 8a—
c),EA forcing (Figs. 8d,e), basin-warming forcing (Figs. 3a—c)
and meridional dipole forcing (Figs. 3d-f), it is noticed that
the Rossby wave process could be coupled with the Kelvin
wave process to influence the zonal wind anomaly over the
EWP (Figs. 8a—c and 3a—c) but if the Kelvin wave response is
absent, the zonal wind anomaly over the EWP cannot be
established (Figs. 3d—f), which suggests that the establish-
ment of the Kelvin wave is essential in conveying the impact
from the Atlantic to the Pacific.

c¢. ENSO pattern diversity in response to TNA and EA
SSTA forcing

As mentioned in the previous study, the different responses
of TNA and EA SSTA forcing can contribute to the diversity
of ENSO patterns (Ham et al. 2013b). According to the ob-
servational analysis (Fig. 7) and the idealized model simula-
tions (Fig. 8), our results also suggest that the TNA forcing
tends to induce a CP-type ENSO, while the EA forcing prefers
to generate an EP-type ENSO in subsequent winter. Ham et al.
(2013b) pointed out that a stronger (weaker) zonal wind
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anomaly response to the TNA (EA) forcing over the equato-
rial eastern Pacific (EEP) might influence the oceanic vertical
advection to contribute to the formation of the different types
of ENSO. However, their argument was based on qualitative
analysis only and the cause of the distinct zonal wind response
over the EEP for TNA and EA forcing has not been clarified. In
this subsection, we show a detailed evolution of the atmospheric
and oceanic variables and conduct a mixed layer heat budget
analysis following Chen et al. (2016), to further understand the
key processes responsible for the different ENSO types.

The Hovmoller diagram of equatorial SSTA (Fig. 11) show
that the significant SSTA signal for TNA forcing is mainly
confined in the central Pacific (west of 135°W; Fig. 11a); how-
ever, the maximum SSTA signal for EA forcing occurs in the
eastern Pacific (east of 135°W; Fig. 11e). It is worth noting
that a SSTA warming appears over the EEP during March to
June for TNA forcing, but a SSTA cooling develops in the EEP
during boreal spring for EA forcing. The mixed layer tem-
perature tendency anomaly evolution (Figs. 12a,e) also suggest
that a general cooling tendency prevails over the central-
eastern Pacific for both TNA and EA forcing during boreal
summer and autumn. However, there is a significant difference
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FIG. 12. Hovmoller diagram of 5°S-5°N averaged (a) mixed layer temperature anomaly tendency (97'/dt), (b) anomalous zonal ad-

vection (—u/'97T/dx), (c) anomalous vertical advection (—w'9T/dz), and (d) wind-induced latent heat flux anomaly [p,CrL,|U| (¢s — q.)]
for the EXP_TNA experiment. (¢)—(h) As in (a)-(d), but for the EXP_EA experiment.

between the TNA and EA forcing during the springtime
(MAM). In the TNA forcing, the SSTA tended to warm over
the eastern Pacific, whereas in the EA forcing the SSTA tended
to cool over the eastern Pacific. This difference would directly
cause the SSTA over the EEP for EA forcing to continuously
develop from spring to winter and produce the maximum
cooling SSTA in the eastern Pacific; in contrast, the cooling
SSTA over the EEP for TNA forcing only begins to develop in
summer, resulting in a stronger cooling SSTA in the central
Pacific than in the eastern Pacific. Next, we will further inves-
tigate the reasons for the difference in EEP SSTA between
TNA and EA forcing in spring according to the mixed layer
heat budget analysis (see Figs. S6 and S7 for all the budget
terms; here we only show the dominant terms related to the
surface wind anomaly).

During MAM, a westerly anomaly over the EEP for TNA
forcing (Fig. 11b) would generate eastward zonal current
anomalies (Fig. 11c) to induce anomalous positive zonal ad-
vection (Fig. 12b; —u/9T/ox). In the meantime, the downward
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vertical current anomalies appear over the EEP (Fig. 11d)
according to the Ekman convergence, which induces positive
vertical advection (Fig. 12c; —w'9T/dz). The westerly anomaly
also tends to reduce the climatological easterly wind to cause
positive wind-induced latent heat flux component (Fig. 12d; see
Fig. S8 for the linearization of latent heat flux). In contrast, for
EA forcing, the westerly anomaly is absent over the EEP
during MAM and the occupation of weak easterly anomaly
results in westward zonal current (Fig. 11g) and anomalous
upwelling over the EEP (Fig. 11h), which induce negative
zonal advection (Fig. 12f) and vertical advection (Fig. 12g) to
contribute to the cooling over the EEP during MAM. The
wind-induced latent heat flux (Fig. 12h) over the EEP for EA
forcing is also much weak than for the TNA forcing.

After springtime, for TNA forcing, even the zonal surface
wind is still westerly anomaly during JJA over the EEP, the
mixed layer zonal current turns westward (Fig. 11c) and is
mainly dominated by the geostrophic current with the estab-
lishment of the zonal thermocline tilt, which has been
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previously diagnosed in Su et al. (2010). The westward current
leads to upwelling over the EEP (Fig. 11d), which tends to
contribute to the negative SSTA tendency over the EEP after
springtime via generating negative zonal advection (Fig. 12b)
and vertical advection (Fig. 12c). Moreover, it is noted that the
maximum cold SSTA tendency (Fig. 12a) gradually shifts from
eastern to central Pacific from June to September (black line in
Fig. 12a), associated with the shifting of the zonal current
(Fig. 11c) and the anomalous zonal advection (Fig. 12b). The
relative stronger (weaker) cold SSTA tendency over the 180°—
140°W (140°-100°W) during August—September could directly
lead to the stronger (weaker) SSTA response during the win-
tertime, resulting in a CP-type response for TNA forcing. It is
found that the occurrence of the westerly anomaly over the
EEP from July to September (Fig. 11b) is responsible for the
westward shift of the cold SSTA tendency. On one hand, the
westerly anomaly could contribute to the Ekman current to
weaken the total westward current to reduce the efficiency of
the negative zonal advection (Fig. 12b) and on the other hand,
the westerly anomaly could generate positive wind-induced
latent heat flux (Fig. 12d) to reduce the cold SSTA tendency
over 140°-~100°W. Therefore, due to the late development of
the cold SSTA over the EEP and the westward shift of the cold
SSTA tendency, the TNA forcing finally generates a CP-
type ENSO.

In contrast, for EA forcing, after springtime, due to the weak
westerly anomaly over the EEP, the cold SSTA tendency does
not show a westward shift feature (black line in Fig. 12¢) and
the cold SSTA continues to develop over the central-eastern
Pacific through negative zonal advection and vertical advec-
tion. However, as the cold SSTA develops earlier over the EEP
starting from MAM, the EA forcing finally results in an EP-
type ENSO.

In conclusion, we believe the occupation of the surface
westerly anomaly over the equatorial eastern Pacific holds a
key in determining the ENSO type in the following winter. For
TNA forcing, the significant westerly anomaly appears
over the equatorial eastern Pacific during springtime and
provides a warming SSTA tendency contributed by the
anomalous warm zonal advection, anomalous warm verti-
cal advection and wind induced evaporation effect, leading
to the EEP cooling SSTA only begins to appear in summer.
During summertime, the westerly anomaly also tends to
shift the maximum cold SSTA tendency westward through
reducing the westward zonal current and evaporation over
the EEP. The late development of the cold SSTA over the
EEP and the westward shift of the cold SSTA tendency
results in a CP-type ENSO for TNA forcing. For EA
forcing, the absence of the westerly anomaly cannot gen-
erate warming over the EEP during springtime and the
EEP cooling SSTA can continuously develop from spring
to winter and generate an EP-type ENSO.

The difference in the equatorial wind response over the EEP
is likely a result of longitudinal locations of anomalous heat
source associated with the TNA and EA SSTA modes. The
TNA heating can extend to the western Atlantic warm pool
(Fig. 8a), whereas the EA heating is mostly confined to the
central Atlantic ITCZ region (Fig. 8d). As a result, the Rossby
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wave response to the TNA heating can extend farther west-
ward compared to that of the EA forcing. This explains the
much stronger wind response over the far equatorial eastern
Pacific in the TNA forcing scenario.

5. Discussion

a. A cautious note on real-time ENSO forecast with the
TNA and EA indices

Although the results above point out the distinctive impacts
of the TNA and EA SSTA indices on the ENSO type, a caution
is needed in real-time prediction using the indices. Note that
the regression patterns in Fig. 7 show rather ““clean” SSTA
structures in the tropical Atlantic. For instance, for the TNA
regression, a marked warm SSTA appears in boreal spring,
while the SSTA in the equatorial Atlantic is near zero. The
similar feature is seen in the EA regression. Because of the
clean SSTA pattern, the TNA and EA impacts on the Pacific
are clearly presented (Figs. 7 and 8). On the other hand, the
results from section 3 show that the impacts of the tropical
Atlantic basin-warming and dipole SSTA patterns on ENSO
are quite different. The former is able to trigger a strong Kelvin
wave and Kelvin wave-monsoon interaction over the NIO/
MC, whereas the latter cannot. This indicates that considering
the tropical Atlantic SSTA as precursors for ENSO, the SSTA
pattern is more important. When the TNA and EA forcing are
presented with the same sign, the Atlantic’s influence on the
Pacific would be more robust. When they are in an opposite
sign, the impact of the Atlantic to the Pacific could be much
weaker due to the offsetting effect of the dipole heating.

To reveal the observed characteristics of the SSTA pattern
associated with the individual TNA and EA SSTA events, we
calculated the area-averaged SSTA values in both the TNA
and EA regions for each of the significant TNA and EA
warming/cooling cases. All TNA (EA) cases with its index in
MAM (JJA) exceeds 0.8 standard deviations are selected.
Figures 13a and 13b show all these TNA cases. Note that
about a half of these TNA cases are accompanied by the same
sign of the equatorial Atlantic SSTA condition, whereas an-
other half are accompanied with an opposite sign (Figs. 13a,b).
A similar situation happens for the selected EA cases
(Figs. 13c,d). Thus, one needs to pay special attention to the
pattern of the tropical Atlantic SSTA rather than just the TNA
or EA index.

b. Relative roles of the initial Pacific SSTA pattern versus
the remote Atlantic forcing in determining the ENSO
pattern diversity

The observational analysis and idealized CGCM simulation
in section 4 show that the TNA (EA) warming can induce a CP-
type (EP-type) La Nifia, which is mainly attributed to a west-
erly (easterly) anomaly over the equatorial eastern Pacific that
is caused by the strong (weak) Rossby wave response to the
Atlantic forcing. However, an obvious discrepancy between
the observational analysis (Fig. 7) and model simulation
(Fig. 8) is that for the observational analysis, during MAM, a
significant cold SSTA signal already occurs over the
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subtropical northeastern Pacific (equatorial central Pacific) for
the TNA (EA) forcing, even though a partial regression
analysis has been applied to remove the preceding boreal
winter SSTA signal in the tropical Pacific. For the model sim-
ulation, the Pacific SSTA signal in MAM is negligible.
Therefore, it is uncertain whether or not the subtropical
northeastern Pacific (equatorial central Pacific) SSTA in
MAM is critical in generating the subsequent CP-type (EP-
type) ENSO response.

To investigate the initial Pacific SSTA condition on the
subsequent ENSO evolution, we conduct two additional sets of
sensitivity experiments in which we remove the Atlantic SSTA
forcing but keep the initial MAM Pacific SSTA shown in Fig. 7.
The control experiment (EXP_PAC_CTRL) denotes that the
tropical Pacific is prescribed with climatological SST during
MAM, whereas other regions are freely coupled. The config-
uration for the sensitivity experiment (EXP_PACini_TNA) is
the same as the control experiment except that the MAM
subtropical northeastern Pacific cold SSTA that is obtained
from the partial-regression analysis (Fig. 7a) is added on the
climatological SST.

It is shown from Figs. 14a—c that the MAM subtropical
Pacific cold SSTA could generate an easterly anomaly in the
equatorial western Pacific, and thereby a La Nifa in subse-
quent winter, but as the westerly anomaly response over the
eastern Pacific is weak, the CP-type La Nifia is not obvious
(Fig. 14c). A similar experiment (EXP_PACini_EA) is also
applied for the EA warming case, in which the MAM equa-
torial Pacific cold SSTA (Fig. 7d) is prescribed. The results
show that the equatorial Pacific initial cold SSTA could induce
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an EP-type La Nifia in subsequent winter (Fig. 14f) due to the
weak westerly over the eastern Pacific. Therefore, it is shown
that given the Pacific MAM initial SSTA (Figs. 7a,d) only, the
ENSO type cannot be clearly clarified (Fig. 14). When TNA and
EA forcing are prescribed, the CP-type and EP-type ENSO can
be simulated more clearly (Fig. 8), which indicates that the
Atlantic forcing is critical in contributing to ENSO pattern di-
versity. However, caution is needed that the existence of the
TNA forcing cannot guarantee the occurrence of the CP-type
ENSO, although it can modulate the ENSO type.

The current modeling experiments examine the influence of
different tropical Atlantic forcing on the Pacific, including the
Atlantic basin-warming forcing, meridional dipole forcing,
tropical North Atlantic forcing, and equatorial Atlantic forc-
ing. By comparing the simulation results of these four sets of
experiments (Figs. 3 and 5), it is revealed that the Rossby wave
process could be coupled with the Kelvin wave process to in-
fluence the zonal wind anomaly over the equatorial western
Pacific. However, if the Kelvin wave response is absent, the
zonal wind anomaly over the equatorial western Pacific and the
subsequent ENSO condition cannot be established, indicating
the essential role of the Kelvin wave process in conveying the
impact from the Atlantic to the Pacific. However, even though
the model can simulate the Rossby wave response and the at-
mospheric advection process associated with the Rossby wave
circulation, the air-sea interaction process generated by the
Rossby wave circulation is weaker in simulations than in ob-
servations, especially during MAM. This discrepancy might be
attributed to the following three hypotheses. First, as the SSTA
forcing magnitude over the tropical Atlantic is moderate, the
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Atlantic forcing alone in the model may not be sufficient to
generate significant air-sea interaction over the subtropical
northeastern Pacific. One previous study (Ham et al. 2013a)
successfully simulated the air-sea interaction over the sub-
tropical northeastern Pacific during JJA with a stronger TNA
forcing but the air-sea interaction during MAM is also negli-
gible (their Fig. S4). Second, it is also possible that the model
tends to underestimate the Rossby wave induced air-sea in-
teraction due to the model bias problem and our results could
also be model dependent. Third, the strong Rossby wave—
induced air-sea interaction in observations might be due to the
preceding ENSO influence is not completely removed by
partial-regression analysis and the strong signals may not be
purely generated by the Atlantic forcing. A future study is
needed to investigate the possible reasons for the discrepancies
of the Rossby wave—induced air—sea interaction process in the
subtropical northeastern Pacific between the observations and
model simulation. Composite analysis of the Atlantic SSTA
events with or without ENSO condition in preceding winter
toward the CMIP model outputs might give us some clues.

6. Conclusions

In this study, the impacts of the TNA and EA SSTA on
ENSO are investigated through observational analyses and
numerical simulations. First, the impact of the basinwide SSTA
modes in the tropical Atlantic on ENSO is examined. An EOF

Brought to you by University of Hawaii at Manoa, Library | Unauthenticated | Downloaded 09/24/21 03:47 AM UTC

analysis of the spring—-summer SSTA over the tropical Atlantic
shows two dominant modes: a basin-warming mode and a
meridional dipole mode. For the observational analysis, the
impacts of the basin-warming forcing and north-south di-
pole forcing on the Pacific are investigated through a lagged
partial-regression analysis with respect to the normalized PC-1
and PC-2 after excluding the preceding ENSO effect. As the
partial-regression analysis cannot completely eliminate the
preceding ENSO signal due to the different ENSO temporal
evolution and the small sample size, the idealized partially
coupled model experiments with prescribed Atlantic forcing
are further conducted to examine the pure impact of the basin-
warming forcing and dipole forcing on the Pacific. Both the
observational analyses and model simulation show clearly that
the basin-warming forcing leads to a La Nifia in the subsequent
winter while the meridional dipole forcing cannot.

It is found that both basin-warming forcing and meridional
dipole forcing can generate the Rossby wave response over the
subtropical northeastern Pacific, but the easterly anomaly over
the equatorial western Pacific (EWP) is only significant for the
basin-warming forcing; it is negligible for the dipole forcing.
This easterly anomaly over the EWP is essential for triggering
La Nifia event by inducing upwelling Kelvin wave propagating
eastward. Our numerical experiments indicate that the signif-
icant (insignificant) wind response over the EWP is mainly
attributed to the strong (negligible) Kelvin wave response to
the basin-warming (meridional dipole) forcing. For the basin-
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the lack of an easterly anomaly.

warming forcing, the Atlantic heating induces a significant
Kelvin wave easterly to the east, which interacts with the mean
monsoonal westerly and causes warm SST and positive pre-
cipitation anomalies over the northern Indian Ocean (NIO)/
Maritime Continent (MC) sector through a wind-evaporation—
SSTA-convection (WESC) feedback. The model simulation re-
sults show clearly that the easterly anomaly induces increased
surface latent heat flux (positive downward) in situ, accom-
panied by the formation of warm SST and positive heating
anomalies over the NIO/MC (schematic diagram is shown in
Fig. 15a). However, for the meridional dipole forcing, the
Kelvin wave in response to the Atlantic dipole heating is much
weaker due to the cancellation of the positive and negative
heating effects in the Atlantic. As a result, the easterly anomaly
over the EWP and the subsequent La Nifla event are not sig-
nificant (schematic diagram is shown in Fig. 15b).

Next, we examine the impacts of the TNA and EA SSTA on
ENSO evolution and pattern diversity. The idealized coupled
model experiments with prescribed composite SSTA forcing
over the TNA and EA region indicate that the TNA (EA)
forcing can generate a CP-type (EP-type) La Nifia in the
subsequent winter. Again, the Kelvin wave response and as-
sociated WESC feedback over the NIO/MC play important
roles in influencing the easterly anomaly over the EWP in both
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the TNA and EA forcing scenarios. Previous studies (Ding
etal.2012; Polo et al. 2015) suggested that the easterly anomaly
over the EWP for EA forcing is generated by the anomalous
descent over the central Pacific associated with a direct EA-
induced anomalous Walker circulation. Here, our numerical
experiment with prescribed EA forcing indicates that the
easterly anomaly over the EWP is part of the Kelvin wave
response to the east of the Atlantic heat source and is amplified
through the Kelvin wave-monsoon interaction over the NIO/
MC sector. These processes eventually lead to the establish-
ment of anomalous descent over the equatorial central Pacific,
and we found that the EA-induced Walker circulation is not
the primary cause for the easterly anomaly over the EWP but is
the final equilibrium state during the summertime.

The cause of the distinctive CP- and EP-type ENSO be-
tween the TNA and EA forcing lies in the anomalous wind
response mainly during MAM in the equatorial eastern Pacific.
Because of the westward location of the TNA heating, a
marked westerly anomaly response appears over the equato-
rial eastern Pacific. This is in contrast to the EA forcing, which
shows a weak easterly response there. A mixed layer heat
budget analysis shows that the surface westerly (easterly) wind
stress anomaly is crucial in dissipating (promoting) the local
cooling through anomalous zonal (—u/d7/dx) and vertical
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(=w'9T/9z) advection and wind-induced evaporation process
[0,C:L,|U|' (g, — gs)]. All these processes above generate a
warm (cold) SSTA tendency during MAM and lead to the late
(early) growth of the cold SSTA over the equatorial eastern
Pacific. As aresult, the TNA forcing leads to the formation of a
CP-type La Nifia while the EA forcing favors the development
of an EP-type La Niiia.

In summary, from the different perspectives of the basin-
wide SSTA and TNA/EA SSTA forcing, we demonstrate the
important role of the heating induced Kelvin wave response
and the associated WESC feedback in conveying the Atlantic’s
impact to the Pacific. The distinctive impacts of the basinwide
and the meridional dipole SSTA patterns on the Pacific warn
us that a caution is needed in considering the tropical Atlantic
SSTA as precursors for the ENSO forecast. Not only the am-
plitude but also the pattern of the SSTA in the tropical Atlantic
matter. As to the TNA and EA indices, again not only the
magnitude but also the relative sign of the TNA and EA in-
dices are crucial. When the two indices are presented with the
same sign, the Atlantic’s influence on the Pacific would be
more robust. When they are in an opposite sign, the impact of
the Atlantic to the Pacific would be much weaker due to the
offsetting of the Kelvin wave response. Thus, in the real-time
forecast, one needs to pay special attention to the pattern
of the tropical Atlantic SSTA rather than just the TNA or
EA index.
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