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ABSTRACT: Recent analysis of pantropical interactions suggests that after 1980 the tropical Atlantic Ocean’s (TAO) in-
fluence on the tropical Pacific Ocean (TPO) appears to have become much more pronounced while the tropical Indian
Ocean’s (TIO) influence appears to have weakened. This study explores whether and how decadal changes in TAO and
TPO SSTs modulate these pantropical connections in an attempt to explain the recent dominance of the TAO. To this
end, we carry out a series of idealized atmosphere-only experiments using the ACCESS atmospheric general circulation
model where the magnitude and sign of the decadal TAO SST signal are varied, presenting various warm and cool Atlantic
scenarios. To understand further if these pantropical connections are influenced by changes in TPO SST, we carry out the
above TAO experiments with both warm and cool phases of Pacific decadal variability (PDV). We find that an imposed
TAO warming leads to increases in TPO atmospheric temperature and stability, which lead to a decrease in average TPO
precipitation, with the most prominent changes occurring in June–August. These changes in TPO precipitation induced by
TAO warming are largely mirrored when TAO cooling is added, whereas the TPO rainfall response to TAO anomalies re-
mains relatively unchanged for the different phases of PDV. In contrast to the precipitation response, the wind response
did display some asymmetries between different phases of TAO SST variability. Specifically, surface winds in the western
half of the Niño-4 region exhibited a significantly different response to positive versus negative Atlantic multidecadal vari-
ability (AMV), whereas the surface winds in the western equatorial Pacific were significantly stronger (roughly 40% larger)
in the positive phase of PDV than in the negative phase. These results suggest that the phases of PDV and AMVmay mod-
ulate pantropical interactions through their effect on zonal wind stress.

KEYWORDS: Atlantic Ocean; Teleconnections; ENSO; Climate models; Climate variability; Tropical variability

1. Introduction

The tropical Pacific Ocean (TPO) is home to the globe’s
most dominant mode of interannual climate variability, El
Niño–Southern Oscillation (ENSO). ENSO is a coupled ocean–
atmosphere phenomenon that results from positive feedback
between anomalous western Pacific (WP) zonal winds and east-
ern equatorial Pacific sea surface temperature (SST), that is, the
Bjerknes feedback (Bjerknes 1969). ENSO oscillates between
two phases roughly every 3–7 yr: El Niño phase, in which
above-average SSTs are observed across the central-eastern
equatorial Pacific, and La Niña phase, in which below-average
SSTs are observed in that region. A shift in the phase of ENSO
is associated with a large-scale reorganization of tropical precip-
itation, and it is accompanied by global impacts on society and
the economy (McPhaden et al. 2006).

The magnitude, frequency, and characteristics of ENSO
variability itself vary on multidecadal time scales, with a num-
ber of large-magnitude ENSO events occurring in the 1980s
and 1990s (Trenberth and Hoar 1997; Timmermann et al.
1999, 2018) and lower-amplitude, but more frequent, events
being observed in the recent period (Maher et al. 2014, 2018;
Wang et al. 2019). Decadal and longer time-scale changes
in the background-state SSTs of the Pacific Ocean [herein,
Pacific decadal variability (PDV)] have been shown to be

important for understanding changes in ENSO and its behav-
ior (Cai et al. 2001; McPhaden et al. 2020; Karamperidou et al.
2020), although the exact drivers of these background-state
changes and their relationship to ENSO remain unresolved
(e.g., Power et al. 2021). Furthermore, these background-state
changes in the Pacific play an important role in modulating
the magnitude of global warming. For instance, it is reported
that the recent acceleration of the trade winds was associated
with cooling in the central and eastern Pacific (EP), contribut-
ing to the recent “hiatus” of global warming (Kosaka and Xie
2013; England et al. 2014).

Recent research indicates that there is a two-way interac-
tion between tropical Pacific variability and that in other ba-
sins. That is, the tropical Atlantic Ocean (TAO; 758W–308E,
208N–208S) and the tropical Indian Ocean (TIO; 308–1308E,
208N–208S) both feed back onto the TPO (1308E–758W,
208N–208S) remotely, just like the Pacific forces the tropical
climate variability in them (Kug and Kang 2006; Ham et al.
2013; Li et al. 2016; Wang et al. 2017). These pantropical interac-
tions are increasingly considered to be integral to understanding
background-state changes in the tropical Pacific and predicting
the El Niño properties (Ohba and Ueda 2007; Luo et al. 2012;
Ham et al. 2013; Dommenget and Yu 2017; Chikamoto et al.
2016; Li et al. 2021).

Our focus here is on the tropical Atlantic–Pacific connec-
tions, with a general focus on the North Atlantic due to the
prominent multidecadal SST changes recently observed here
[herein, Atlantic multidecadal variability (AMV)]. PreviousCorresponding author: Rajashree Naha, rajashree.naha@monash.edu
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studies have suggested a number of pathways by which AMV
affects the Pacific. For instance, a positive phase of AMV, or
a warm North Atlantic, has been associated with an increased
prevalence of biennial central Pacific ENSO events (Wang
et al. 2017; Ding et al. 2023). Further, the warming of the
Atlantic since the early 1990s has been reported to play a
crucial role in background-state changes in the Pacific, with a
corresponding acceleration of the Pacific trade winds and cool-
ing in the central and eastern Pacific, consistent with the nega-
tive phase of PDV (McGregor et al. 2014; Ruprich-Robert
et al. 2017). This Pacific decadal response to Atlantic warming
is consistent with expectations from a Matsuno–Gill-type re-
sponse (Gill 1980), which directly connects the Atlantic SSTs
with the Pacific Walker circulation (Li et al. 2016).

The interannual and decadal pantropical interactions be-
tween the tropical Atlantic and Pacific appear to have grown
stronger since the late 1990s with the warming of the North
Atlantic (Cai et al. 2019), which is at least partly linked to
AMV (Choi et al. 2019). Indices of pantropical interactions
that quantify the relationships between decadal SST changes
between different basins (Cai et al. 2019) show that, before
1980, both the TIO and TAO appeared to influence the Pacific
to a similar degree, with both the TAO–TPO and TIO–TPO
SST difference trends being well correlated with western tropi-
cal Pacific zonal wind stress trends. Since 1980, however, indi-
ces of western tropical Pacific zonal wind stresses are more
strongly correlated with the TAO–TPO SST difference than
with the TIO–TPO SST difference, suggesting that either in-
ternal climate system noise may influence these correlations
(Yun and Timmermann 2018) or the strength of the influence
of different basins on the TPO may have changed with time
(Cai et al. 2019). Simulations with partially coupled models
have confirmed some aspects of the latter, but the mechanisms
responsible for the dominance of different basins at different
times are still not fully understood (Meehl et al. 2021).

The easiest explanation for the changing strength of pantrop-
ical connections is that the TAO–TPO SST differences experi-
enced in the recent period are larger than those of the past.
However, observed time series of this index during the histori-
cal period reveal that TAO–TPO SST differences of similar
magnitude have been experienced in the past (McGregor et al.
2014; Fig. 3), making this explanation unlikely. Thus, this study
utilizes a series of forced atmospheric general circulation model
(AGCM) simulations to explore solutions to the following re-
search questions:

1) Does the TPO response to TAO SST changes vary with
the seasons or the sign and magnitude of the TAO SST
changes?

2) What are the dynamics underlying these connections, and
does the TAO–TPO connection vary with the phase of
PDV?

Specifically, we use an AGCM to examine the impact of re-
cent Atlantic Ocean SST changes and their inverse while leav-
ing the TPO SSTs unchanged. To this end, we simulate the
influence of positive and negative AMV phases of different
magnitudes on the Pacific basin atmospheric response, also

experimenting with both positive and negative phases of PDV.
This experimental design allows us to understand the pantrop-
ical response without having to consider the TPO changes that
would invariably come about in the coupled setting.

This paper is organized as follows: section 2 details the model
and experimental design, section 3 describes the tropical Pacific
basinwide rainfall response and reports on the dynamics of
rainfall changes, section 4 illustrates the regional response of
precipitation, section 5 describes the regional wind response
and its relationship to TPO precipitation changes, and section 6
presents the study’s conclusions.

2. Model and experiment design

To determine the effects of TAO SST anomalies (SSTAs)
on the Pacific basin atmospheric circulation, including whether
the Pacific response varies with the season or the sign and
magnitude of the TAO SST changes, we carry out a series of
Atmospheric Model Intercomparison Project (AMIP)–style
(prescribed SSTs) experiments with the Australian Commu-
nity Climate and Earth-System Simulator (ACCESS), version
1.3b, AGCM (atmosphere and land surface only). A more de-
tailed description of the ACCESS model is given in Bi et al.
(2013). The model is run on a 1.258 3 1.8758 horizontal grid
with 38 levels in the vertical. Each of our simulations covers
the period between 1978 and 2001 based on the AMIP-II
method of updating SSTs (Taylor et al. 2000) and includes 10
ensemble members. In all simulations, external forcings (aero-
sols, greenhouse gases, etc.) are temporally evolving, and daily
and monthly average outputs are saved.

We initially carry out five sets of experiments that seek to
understand the extent to which SST anomalies in the TAO
are able to modulate the Pacific atmospheric background
state. Each of these five experiments has the same SST forcing
in the Pacific and Indian Ocean but has a different temporally
fixed pattern of SSTAs (Figs. 1a,b) added to the climatology
in the Atlantic region. The SST pattern that is applied to the
TAO is concentrated only within the tropics (308S–308N) and
tapers out linearly over 318–348 north and south as we move
poleward, while climatological SSTs have been imposed out-
side the tropics. In the TPO, the imposed SSTs are temporally
evolving and taken from the AMIP-simulated SST (Taylor
et al. 2000) for the period 1978–2001. In the IO, the SSTs do
not evolve with time and are given by the climatology calcu-
lated over the 1978–2001 period. Note that the IO region is
separated from the PO region via the Asian (north), Mari-
time (center), and Australian (south) continents, so the in-
fluence of the induced SST gradients between the two ocean
basins should be minimal. The fixed pattern of TAO SSTAs is
calculated as the difference between the 1982–98 and 1999–2014
mean SSTs (Figs. 1a,b). This pattern is consistent with those
that have previously been proposed as key modulators of the
background state of the Pacific basin (McGregor et al. 2014,
2018; Li et al. 2016; Ruprich-Robert et al. 2017). This fixed
TAO SSTA pattern is then multiplied by a constant, a (a5 21,
21=2, 0, 1=2, and 1), and added to the climatological TAO SST
forcing (1978–2001), rendering our five experiments. The a 5 0
case is our “PDV1 control” experiment, where PDV1 refers
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to the fact that the majority of the 1978–2001 period occurs in
the PDV-positive phase (Mantua and Hare 2002; Newman
et al. 2016). Of the four remaining experiments, the two nega-
tive AMV cases (a 5 21 and 20.5) correspond to Atlantic
cooling (PDV1 AMV2 and PDV1 0.5AMV2, respectively),
whereas the two positive AMV cases (a 5 11 and 10.5) cor-
respond to Atlantic warming (PDV1 AMV1 and PDV1

0.5AMV1, respectively), as illustrated in Fig. 1. Our experi-
ments are designed in such a way that any induced SST gradient
within the TIO or TPO would also appear in the control and
thus would be removed when calculating anomalies (experi-
ment minus control).

To understand if the tropical Atlantic–Pacific connection is
influenced by the PDV phase, we carry out an additional set of
five experiments similar to those described above. However,
here we change the phase of PDV during this period by adding
SSTAs from the negative PDV phase on the TPO, where the
SSTA pattern is calculated as the SST difference between
1998–2014 and 1982–98 (Fig. 1d). This decadal difference also
marks the difference between two phases of the Pacific inter-
decadal oscillation. As above, each of these five experiments
has the same SSTA forcing in the TPO and TIO, while the
fixed SSTA (Figs. 1a,b) applied to the Atlantic region is multi-
plied by a constant, a (a 5 21, 21=2, 0, 1=2, and 1), and then
added to the climatological TAO SST forcing (1978–2001).
The a 5 0 case is our “PDV2 control” experiment. As above,
the two negative cases (a 5 21 and20.5) correspond to Atlantic
cooling (PDV2 AMV2 and PDV2 0.5AMV2, respectively),
whereas the two positive cases (a 5 11 and10.5) correspond to
Atlantic warming (PDV2 AMV1 and PDV2 0.5AMV1, re-
spectively), as illustrated in Fig. 1.

Combined, these 10 AMIP-style experiments allow us to
examine the impact of TAO SSTAs on the TPO and whether
these impacts are modulated by the PDV phase.

3. The basinwide rainfall response

a. Rainfall changes

We first consider the TAO response of rainfall in the AMV
experiments. We plot the long-term average seasonal cycle of
TAO mean precipitation differences between the Atlantic ex-
periments (i.e., AMV1 and AMV2) and the respective con-
trol simulations. This reveals that the AMV1 experiments
enhance Atlantic rainfall, while the AMV2 experiments sup-
press Atlantic rainfall (Figs. 2a–c). These rainfall differences
are found to be largest in the May–November months.

Of particular interest to understanding how pantropical
connections have varied in time is the extent to which the re-
sponse of the atmosphere to TAO variability is asymmetric
between different phases of AMV or different depending on
the phase of PDV, for example, whether the AMV1 experi-
ment produces a rainfall response that differs in magnitude to
the AMV2 experiment. We assess asymmetry in the AMV
phase here and elsewhere in this paper by determining if the
response in the AMV1 experiment is significantly different
to the response in the AMV2 experiment with its sign
flipped. Here, significance is taken at the 95th percentile confi-
dence using a Student’s t test. Similarly, we assess differences
between PDV phases by determining whether there is a statis-
tically significant difference in the response to AMV anoma-
lies when under the PDV1 phase versus under the PDV2

phase. We note here that the basinwide average AMV and

FIG. 1. Mean SSTA (8C) for the JJA season in (a) AMV1 minus control and (b) AMV2 minus control. Also
shown are the two phases of PDV: (c) PDV1 and (d) PDV2. Different colored arrows represent the combina-
tion of AMV and PDV phases utilized in our experiments, where the color (red or blue) refers to the AMV
phase (positive or negative, respectively), solid lines refer to the PDV1 phase, and dashed lines refer to the
PDV2 phase.
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PDV phase asymmetries identified in this section are rela-
tively small.

Using the above test, we find significant AMV phase asym-
metries (marked as gray shadings) in the months of April and
May, July and August, and November in the PDV1 phase
(Fig. 2a) and in the months of June, August–October, and
December in the PDV2 phase (Fig. 2b). During these months
displaying significant AMV phase differences, the AMV1

experiments have a larger-magnitude rainfall response than the
AMV2 experiments. We also find that the AMV-induced rain-
fall differences between the PDV phases (Fig. 2c) show signifi-
cant differences during July and November. In these months,
the response to AMV is different in different PDV phases.
However, we note that the PDV phase asymmetries are small,
suggesting they stem from random chance, or they may also be
forced by changes in TPO precipitation.

Next, we consider the remote response of TAO SST anoma-
lies on rainfall over the TPO. We examine the effect of a
warm or cool Atlantic (AMV1 or AMV2) on basin-averaged
rainfall in the TPO (Figs. 2d–f). On average, the warm TAO
experiments (AMV1 and 0.5AMV1 experiments) have lower
precipitation over the TPO through all seasons than the
control simulations. The AMV2 and 0.5AMV2 experi-
ment results virtually mirror those of the AMV1 and
0.5AMV1 experiments, with higher precipitation than the
control simulations over the TPO. Thus, we see a reduced
precipitation response over the TPO for a warmer Atlantic

(AMV1 or 0.5AMV1) and an increased precipitation re-
sponse for a cooler Atlantic (AMV2 or 0.5AMV2). The
anomalies in the TPO are largest during June–August (JJA)
(Figs. 2d–f), despite the rainfall signal being large in the TAO
from May to November (Figs. 2a–c). The TPO basinwide rain-
fall changes are largely linear with respect to AMV and PDV
phase and magnitude (Figs. 2d–f). However, there are sig-
nificant AMV phase differences in the months of May and
December in the PDV1 phase (Fig. 2d), where the AMV2

experiment has a larger-magnitude precipitation response
that the AMV1 experiment. On the other hand, the effect
of the imposed TAO SST anomalies on basinwide TPO
precipitation is statistically indistinguishable between the
PDV1 and PDV2 cases (Fig. 2f).

b. Dynamics of rainfall changes

The above Pacific basin rainfall changes may be qualitatively
understood by considering a simple linear model of the equato-
rial response to diabatic heating anomalies (Gill 1980). The
Atlantic Ocean warming enhances convection locally, thereby
producing a positive diabatic heating anomaly in the tropo-
sphere. This heat source results in the production of atmo-
spheric Kelvin and Rossby waves propagating to the east and
west of the heat source, respectively (Gill 1980). These waves
alter the temperature structure of the entire tropical belt,
thereby altering the stability in regions remote from the SST
anomalies. This tropicswide tropospheric warming associated

FIG. 2. Seasonal cycle of the mean precipitation anomalies (1978–2001) over the (a)–(c) tropical Atlantic basin (758–158W, 208N–208S) –
and (d)–(f) tropical Pacific basin (1308E–758W, 208N–208S)–. Anomalies from each AMV experiment (with respect to the relevant PDV
phase control simulation) are marked by different colors (see the legend); thin lines represent individual ensemble members, and thick
lines represent the ensemble means. (left) Output from the PDV1 phase, (center) the PDV2 output, and (right) the ensemble means of
all experiments. The gray shadings in the left and center columns indicate the statistically significant months at 95% confidence interval
for the AMV phase asymmetries (i.e., AMV1 vs AMV2), and the colored shadings in the right-hand column indicate the statistically sig-
nificant months at 95% confidence interval for the PDV phase asymmetries (red shading indicates the difference in the AMV1 experi-
ments between the two PDV phases, and blue shading represents the difference in AMV2 experiments between the two PDV phases).
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with Atlantic SST anomalies is consistent with the weak
temperature gradient (WTG) approximation (Sobel et al.
2001; Bretherton and Sobel 2003), and the WTG framework
provides an alternative conceptual model through which to
interpret the pantropical interactions in our simulations. As
precipitation is strongly sensitive to atmospheric stability,
the resultant changes in atmospheric stability provide a
mechanism for the remote response of precipitation in dif-
ferent tropical ocean basins.

To confirm the role of the above mechanism, we examine
the changes in the Pacific basin average tropospheric temper-
ature in the different AMV experiments in both PDV phases
(Fig. 3). Here, we focus on the June–August period, as this
is the period with the most prominent TPO precipitation
changes (Figs. 2d–f), but we note that similar results are
found for other seasons (not shown). For both the AMV1

and AMV2 experiments, the temperature anomalies are
small near the surface, which is consistent with each of the
experiments having the same imposed TPO SST as the
control. However, at levels above 800 hPa, air tempera-
ture anomalies for AMV1 (or 0.5AMV1) increase with
altitude, thereby creating a more stable atmosphere over
the Pacific, leading to decreases in rainfall. For AMV2

(or 0.5AMV2), the air temperature above 800 hPa decreases
with altitude, causing instability and making conditions favor-
able for precipitation to occur over the TPO. These atmo-
spheric temperature changes are consistent with the TPO
rainfall changes (Fig. 2) and the mechanisms described above.

Significant AMV phase asymmetries are apparent, but only at
the 925- and 850-hPa model levels in the PDV2 phase
(Figs. 3a,b). The temperature anomalies induced over the
Pacific basin as a result of the imposed TAO SSTs are statis-
tically indistinguishable between the positive and negative
PDV phases, except at the 850-hPa level (Fig. 3c).

Figures 3d and 3e show the spatial structure of the tempera-
ture anomalies in 8C (PDV1 AMV experiments minus the
PDV1 control) at 500 hPa over the tropical oceans during
JJA. We note here that these spatial structures are largely
similar between the PDV phases (not shown), with spatial
correlations of 0.93 and 0.95 between the 500-hPa air temper-
ature anomalies of both PDV phases in the AMV1 and
AMV2 experiments, respectively. These 500-hPa tempera-
ture anomalies appear to show signatures of off-equatorial
Rossby waves propagating westward of the heat source and
equatorial Kelvin waves propagating eastward of the heat
source, consistent with a Matsuno–Gill-type response to the
Atlantic temperature changes. This is consistent with our pre-
vious results (Figs. 2 and 3a–c), suggesting that the local dia-
batic heating/cooling triggered by the imposed TAO SSTA
generates large-scale waves that radiate away from the source
throughout the tropics. These waves impact the atmospheric
temperature stratification over the TPO, ultimately impacting
the region’s rainfall. In summary, the troposphere over the
TPO is more stable in the AMV1 case, with a resultant re-
duction in TPO rainfall, and it is less stable in the AMV2

case, with a resultant increase in TPO rainfall.

FIG. 3. Atmospheric temperature (8C) anomalies (AMV experiments minus control) vs pressure (hPa) over the TPO for the JJA season
in (a) PDV1 and (b) PDV2; (c) PDV1 and PDV2 phases plotted together. Also shown are midtropospheric (500 hPa) air temperature
anomalies (8C) over the tropical oceans in the JJA season for (d) AMV1 minus control and (e) AMV2 minus control. These anomalies
are with respect to the relevant PDV phase control simulation. Gray shading indicates statistically significant levels at 95% confidence in-
terval for the AMV phase asymmetries, and colored shading indicates statistically significant levels at 95% confidence interval for the
PDV phases asymmetries (red shading indicates that the difference in the AMV1 experiments between the two PDV phases is statisti-
cally significant, and blue shading indicates that the difference in AMV2 experiments between the two PDV phases is statistically
significant).
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c. Relationship to MSE changes

To further quantify the remote influence of AMV on TPO
precipitation, we consider the relationship between precipita-
tion and the subcloud moist static energy (MSE). The recent
study of Zhang and Fueglistaler (2020) identified subcloud
MSE as a key thermodynamic indicator of the likelihood of
precipitation, with precipitation increasing rapidly above a
threshold MSE. In this perspective, the increased stability in-
duced by AMV affects precipitation by increasing this MSE
threshold for convection by essentially making it harder to
rain. Further to this, we will also show below that the relevant
MSE threshold is different in different basins, and the relative
magnitude of changes in the MSE threshold for convection in
the TAO and TPO provides a quantification of the influence
of AMV on the Pacific.

The subcloud MSE h is given by

h 5 cpT 1 gz 1 Lq, (1)

where cp is the specific heat capacity of air at constant pres-
sure, T is the surface air temperature, g is the acceleration due
to gravity, L is the latent heat of vaporization of water, q is the
surface air–specific humidity, and z is height, which we set to
zero at the ocean surface. The subcloud layer is considered to
be the portion of the boundary layer extending from the sur-
face to the average height of the base of clouds (Zhang and
Fueglistaler 2020; Blunden and Arndt 2012). Here, for simplic-
ity, we take the MSE of near-surface air as representative of

the subcloud MSE. This approximation has been used by a
number of previous studies relating low-level MSE to pre-
cipitation (Barnes and Garstang 1982; Betts 1976; Privé and
Plumb 2007).

Following Zhang and Fueglistaler (2020), we define, for a
given region, the convective MSE hc as a measure of the MSE
above which strong precipitation occurs. Specifically, hc is
given by

hc 5
∑
i
Pihi

∑
i
Pi

, (2)

where P is the daily precipitation, and the sum is over all grid
points i over the region for each day in the period 1978–2001.

As expected from the SST forcing, hc increases over the
TAO for AMV1 and decreases for AMV2 regardless of the
phase of PDV (Figs. 4b,d). This is due partly to changes in
surface air temperature but mostly to changes in humidity in
response to a warmer or cooler sea surface. Over the TAO,
these changes are relatively linear in the magnitude of the im-
posed TAO anomalies, although the convective MSE response
in the AMV2 experiment appears to have a slightly larger
magnitude than that of the AMV1 experiment.

Over the TPO, hc is also increased for AMV1 and de-
creased for AMV2, but the magnitude of the changes is
smaller than that in the TAO (Figs. 4a,c). Since the SST in the
TPO remains the same between AMV1 and AMV2, changes

FIG. 4. Convective MSE (J g21) anomalies (AMV experiments minus control) in different ocean basins for all experiments as a function
of latitude (308S–308N): Mean convective MSE anomalies of the experiments over the (left) Pacific and (center) Atlantic basins in (a),(b)
PDV1 and (c),(d) PDV2 phases. (e) Symbols give the basinwide convective MSE change for each experiment in the two PDV phases. In
(e), the convective MSE (J g21) is averaged between 158S and 158N in each of the AMV experiments over the Pacific basin, and the TPO
perturbations (y axis) are presented as a function of TAO perturbation (x axis). Fitted line between experiment data points (symbols) is
estimated using a cubic spline.
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in the MSE distribution in the TPO are likely to be weak. In-
stead, the changes in hc are a result of changes in the distribution
of precipitation, shifting toward regions with higher subcloud
MSE. In other words, it could be expected that larger MSE is re-
quired to cause precipitation in the presence of a more stable at-
mosphere, and thus, hc is expected to increase simultaneously.

Figure 4e quantifies the relationship between hc in different
ocean basins. For most experiments, an increase in the con-
vective MSE in the Atlantic by 1 J g21 results in an increase
in the convective MSE in the Pacific by roughly 0.2 J g21. The
exception to this is the AMV2 experiment in the PDV1

phase, in which the convective MSE in the TPO is more sensi-
tive to decreases in TAO SSTs. This suggests a potential non-
linearity in which the ability of convection in the TAO to
affect precipitation over the Pacific depends on the mean state
of both the Atlantic and Pacific basins. However, it is worth
noting that there does not appear to be much nonlinearity in
the basinwide precipitation response seen in Fig. 2, and this is
the first analysis that seems to identify nonlinearity with con-
vective MSE where we focus on only the wet locations.

We note that the convective MSE in the TPO differs substan-
tially between the PDV phases, but this does not lead to a sub-
stantial change in the convective MSE over the TAO. This result
points to interesting differences between pantropical influences
from and to the Pacific that we hope to explore in future work.

4. The regional rainfall response

We now endeavor to understand the spatial characteristics
of the Pacific Ocean precipitation response to the AMV

perturbations to check for uniformity and asymmetries.
For this, we analyze spatial patterns of the AMV-induced
mean precipitation anomalies in both the PDV phases in
Figs. 5a,b,d,e. Consistent with the basin-averaged results
presented above, TPO rainfall is generally suppressed in
the AMV1 experiments and enhanced in the AMV2 ex-
periments. However, there are some regions that oppose the ba-
sinwide trends; in the west Pacific region (marked WP on Fig. 5),
precipitation is enhanced in AMV1 and suppressed in AMV2.
The AMV1 and AMV2 experiments are largely mirror images
of each other (Figs. 5g,h). However, we see a relatively
small region of significant AMV phase asymmetry in the
north-central/east Pacific in both Figs. 5g and 5h. Looking
at the PDV phase asymmetries (Figs. 5c,f), we also see
some relatively small regions of significant asymmetry in
the AMV2 experiment, where the regions displaying sig-
nificant differences appear to have larger-magnitude anoma-
lies in the PDV2 phase, especially in the northwestern Pacific
(NWP) region. Overall, these results suggest that the TPO pre-
cipitation response from the TAO appears largely insensitive to
the phases of AMV and PDV.

Figure 6 displays boxplots of JJA precipitation anomalies
in the different Pacific basin regions (Fig. 5), namely, the
NWP (1108–1608E, 128–228N; Fig. 6a), NWP extended
region (1108–1858E, 128–298N; Fig. 6b), WP (1208–1708E,
18–118N; Fig. 6c), and EP (808–1208W, 68–118N; Fig. 6d), in
the two PDV phases and in all the AMV experiments. These
regions were selected because they either generally contained
large precipitation anomalies or were somewhat distinct from
the surrounding precipitation responses (Fig. 5). The linear

FIG. 5. JJA season mean precipitation anomaly (mm day21) for (a),(b) AMV1 anomaly and (d),(e) AMV2 anomaly in (left) PDV1

and (center) PDV2 phases. Also shown are AMV phase asymmetries for the (g) PDV1 phase and (h) PDV2 phase. (right) PDV phase
differences are shown for the (c) AMV1 and (f) AMV2 experiments. The regions that display statistically significant rainfall differences
at 95% confidence level in the asymmetry maps [i.e., (c), (f), (g) and (h)] are marked with dark gray stippling. Black-outlined regions rep-
resent the different Pacific basin regions, namely, the North-western Pacific (NWP), the Eastern Pacific (EP) and the Western Pacific
(WP) regions, indicating our defined regions. Dash-outlined box corresponds to the extended NWP boxed region.
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regression slopes are then calculated and plotted over the box-
plots in each region. In each PDV phase, we have anomalies of
five AMV experiments, each having 10 ensemble members.
Thus, the total number of points with which the regression analy-
sis is done in each PDV phase is 50. We also consider the 95%
confidence level of these fitted regression lines, highlighting slope
differences where the 95% confidence levels do not overlap.

We observe the smallest regression slope in the WP region
and the largest regression slope in the EP region (the EP
slope being almost 4 times that of the WP region), suggesting
that the AMV’s compensating impact on the WP rainfall is
much smaller that the rainfall impacts elsewhere. Each experi-
ment’s regional median (black solid line within the boxplots)
rainfall lies very close to the fitted regression lines in both the
PDV phases and also displays high R2 values, both of which
suggest that a lot of the regional rainfall changes are explained
by a linear relationship. Moreover, the similarity of the regres-
sion slopes and R2 values between the different PDV phases
indicates that the relationship between AMV and Pacific re-
gional rainfall response does not differ much in the PDV
phases in these different regions. Further to this, there is no
statistically significant difference in the slopes of the regression
lines in any of these regions between the different PDV phases
(Figs. 6a–d), with the PDV2 regression line slope lying be-
tween the 5th and 95th percentiles of the PDV1 slope.

5. The regional wind response

In this section, we seek to better understand the TPO re-
sponse to AMV forcing in the context of the surface winds, since
it is the surface wind and surface wind stresses that drive oceanic
heat flux and circulation changes, respectively. Furthermore,
much recent literature on pantropical connections has focused
on the atmospheric Walker circulation surface wind response to
changing TAO SSTAs (McGregor et al. 2014, 2018; Ruprich-
Robert et al. 2017; Meehl et al. 2021; Chikamoto et al. 2020). It
has been reported that during an Atlantic warming scenario, the
Indo–western equatorial Pacific experiences anomalous easter-
lies driven by atmospheric Kelvin waves, whereas the eastern
equatorial Pacific is impacted by westerly wind events driven by
off-equatorial Rossby waves. These changes are consistent with
a typical Gill-type response to Atlantic atmospheric heating
perturbation (McGregor et al. 2014; Li et al. 2016). The wind–
evaporation–SST feedback further intensifies the WP warming
and EP cooling contributing to La Niña–like conditions over
the Pacific (McGregor et al. 2014; Levine et al. 2017; Choi et al.
2019; Geng et al. 2020). The opposite TPO responses might be
expected for a cool TAO (Ruprich-Robert et al. 2017).

In Fig. 7, which displays the AMV-induced wind (vectors)
and wind speed (shading) anomalies in both PDV phases
(Figs. 7a,b,d,e), we observe that the Southern Hemisphere

FIG. 6. Boxplots of the JJA precipitation anomalies in the different Pacific basin regions, namely, the (a) NWP
(1108–1608E, 128–228N), (b) NWP extended region (1108–1858E, 128–298N), (c) WP (1208–1708E, 18–118N), and
(d) EP (808s–1208W, 68–118N), in the two PDV phases (red boxplots represent PDV1 phase in all AMV experi-
ments, and blue boxplots represent those in PDV2 phase). The median of any distribution is marked as a solid
black line within the boxplots. A solid red line represents the slope of regression of Atlantic Ocean SSTAs vs
the Pacific basin rainfall anomaly in all AMV experiments in PDV1 phase, and a dashed blue line represents a
similar regression for the PDV2 phase.
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(SH) largely displays what can be described as an intensifica-
tion or damping of the trade winds, which blow from the
southeast toward the northwest. This is clearly seen by the
wind speed acceleration/intensification during AMV1 and
deceleration/weakening during AMV2. However, the North-
ern Hemisphere (NH) is a little more complicated. Here, an
AMV1 induces a zonal wind response composed of east-
northeasterly anomalies in the west and west-northwesterly
anomalies in the east. The NH wind speed response, which is
more complicated than the zonal wind response because its
changes are presented in relation to the climatology, reveals a
quadpole structure spanning the Pacific. This AMV1 surface
zonal wind and wind speed response is largely mirrored in the
AMV2 experiment. We also note that there is an opposite-
sign zonal wind and wind speed response in the eastern and
western equatorial Pacific (Figs. 7a,b,d,e), which is consistent
with results reported in earlier studies on ENSO wind re-
sponse (Harrison and Vecchi 1997; Harrison and Larkin 1998;
Li et al. 2023).

The AMV phase asymmetry plot of the PDV1 phase
(Fig. 7g) reveals that the most prominent significant differ-
ences are located in the western equatorial Pacific (particularly
in the western half of the Niño-4 region), as the AMV1 wind
speed modulation in this region is larger than that of AMV2.
The PDV2 phase–AMV phase asymmetry plot (Fig. 7h) does
not reveal a similar western equatorial Pacific wind speed asym-
metry (as in Fig. 7g). Here, however, the regions displaying
significant AMV phase asymmetries are all off the equator.
In these regions, the AMV2 response has a stronger off-
equatorial wind speed response larger than that of AMV1.

Focusing now on PDV phase differences in the AMV1 ex-
periment, Fig. 7c reveals significant asymmetries largely on the
equator in the western equatorial Pacific and also off the equa-
tor in the SH. The wind speed asymmetries in the western

equatorial Pacific and South Pacific region both appear be-
cause the PDV1 experiment displays stronger surface wind
speed changes than the PDV2 experiment. Thus, PDV1 has
a larger response than PDV2 (enhancing the positive effect).
The PDV phase asymmetry in the AMV2 experiment
(Fig. 7f) indicates that the significant differences are mostly
off the equator. Looking at the 2wind speed magnitudes
induced by AMV2, PDV2 appears to have a larger off-
equatorial wind speed response than PDV1 in this region
(enhancing the negative effect). Also, there are less significant
areas here than in Fig. 7c, suggesting that the 2changes in-
duced by AMV2 in the PDV2 phase are less important than
the changes induced by AMV1 in the PDV1 phase.

We now shift to analyze distributions of regional average
zonal winds, since the zonal wind and its associated curl in the
off-equatorial regions are considered to be important for driv-
ing ocean circulation changes, while higher-frequency zonal
wind events in the equatorial Pacific play a role in the onset
and maintenance of ENSO events (Harrison and Vecchi 1997;
McGregor et al. 2016). We selected certain regions over the
Pacific basin that displayed very prominent wind differences,
as seen in the boxed regions in Fig. 7. Looking at the regional
average distributions of daily zonal winds in JJA (Fig. 8), it is
clear that the EP region shows the largest changes in the zonal
wind response to AMV forcing (along with the largest differ-
ences in the peaks of the distributions). To quantify the distri-
bution changes in each of these regions, we define the fraction
of area below or above the corresponding control median
zonal wind as anomalous easterly or westerly wind days, re-
spectively. The percentage shift in the wind distributions is be-
tween 5% and 38% in the anomalous easterly or westerly
wind days between the AMV experiments in these regions. In
the AMV1 experiment, the NWP, NWP extended, and WP
regions tend to have much more frequent easterly wind days

FIG. 7. As in Fig. 5, but for mean wind speed (m s21), and with magenta stippling.
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(conversely, they are less likely to have westerly wind events)
than in the AMV2 experiment. For the EP region, on the
other hand, the AMV1 experiment leads to a roughly 30%
decrease in easterly wind days, while the AMV2 experiment
produces wind changes that roughly mirror these. These re-
ported regional zonal wind changes are quite consistent in
both PDV phases, suggesting little difference in the AMV re-
sponse between different PDV phases.

The changes in mean wind (Fig. 7) and wind variability
(Fig. 8) in our fixed-SST experiments described above would
be expected to strongly affect the ocean state and its variabil-
ity in a coupled system. For example, it is known that a higher
incidence of westerly wind events characterizes the eastern
equatorial Pacific during the peak of El-Niño (Harrison and
Larkin 1998), while a band of moderate easterly anomalies
stretches from the Central American coast to the ITCZ re-
gion at the same time (Harrison and Larkin 1998; Larkin
and Harrison 2002). Both of these changes appear consis-
tent with the zonal wind changes seen during our AMV2,
which include anomalous easterly wind events in the EP re-
gion (Figs. 8g,h) similar to those of an El Niño–like re-
sponse. Conversely, AMV1 generates anomalous westerly
wind events in the EP region, which is analogous to a La
Niña–like response (Figs. 8g,h). Thus, this implies that the
Pacific Ocean wind changes associated with the different
AMV experiments are able to provide conditions favorable
for the initiation and maintenance of El Niño and/or La
Niña events (Wang and Fiedler 2006; Peng et al. 2020).

As discussed above, the 2surface winds induced by
AMV2 are broadly consistent with those that occur during a

La Niña event; however, we note that the WP region previ-
ously defined is not one that is typically utilized for ENSO
analyses. Previously, we observed that there are significant
AMV phase asymmetries in the PDV1 phase, identified in
the western half of the Niño-4 region, with AMV1 capable of
imposing a stronger wind speed modulation than AMV2

(Fig. 7g). Hence, now we focus on a more relevant region for
ENSO, which is the western equatorial Pacific or Niño-4 re-
gion (1608E–1508W, 88S–88N; Fig. 9). In this region, the
AMV2 experiments produce positive zonal winds (wester-
lies) in the western equatorial Pacific (Fig. 9a), which results
in weaker wind speeds because the climatological zonal winds
in this region are negative (easterlies; Fig. 9b). We expect this
to create El Niño–like (warming in this region) background
conditions (weaker winds $ less latent heat loss 1 east Pacific
thermocline deepening $ warming) and to weaken the Walker
circulation. For AMV1, we can expect more easterlies (Fig. 9a)
or stronger trade winds, thereby favoring a La Niña–like re-
sponse in the Pacific by strengthening the Walker circulation
(stronger winds $ more latent heat loss 1 east Pacific thermo-
cline shoaling$ cooling).

Turning to the response of the Niño-4 region zonal winds
to AMV in different PDV phases since this region displays
very prominent wind differences (as seen in Fig. 7), we see
that the regression slopes of both PDV phases (Figs. 9a,b) dis-
play significant differences, indicating that the Niño-4 region
zonal wind response to AMV forcing differs substantially de-
pending on PDV phase. For instance, variations of Niño-4 re-
gion zonal wind or wind speed anomalies with AMV phase
are stronger during the PDV1 phase (i.e., a larger regression

FIG. 8. Distribution of zonal wind as histograms of daily regional averages in the four different Pacific basin regions
(see y-axis labels) for (a),(c),(e),(g) PDV1 phase and (b),(d),(f),(h) PDV2 phase. Shaded regions and the associated
numbers represent the percentage shift in anomalous easterly wind days between the AMV experiments.
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slope and R2 value) than they are in the PDV2 phase. In fact,
the wind responses induced by AMV1 in the PDV1 phase is
roughly 40% larger than that found in the PDV2 phase.
Also, we note that the largest PDV phase differences occur in
the AMV1 phase, where the PDV1 phase median is well
outside of the PDV2 phase interquartile range in both the
zonal winds as well as the wind speed anomalies over the west-
ern equatorial Pacific region (Fig. 9). It is this region that dis-
plays significant AMV phase asymmetries in Figs. 7c and 7g;
that is, the AMV1 creates a larger Niño-4 region wind re-
sponse than AMV2, while PDV1 creates a larger response
than PDV2. This suggests that the phases of PDV and AMV
are important for the Niño-4 region wind response.

We hypothesize that this PDV phase asymmetric surface
wind response, which occurs despite minimal precipitation
asymmetries, results from differences in the atmospheric
boundary layer stability. It is typically thought that the tro-
posphere is the source of momentum, while the surface is typi-
cally a momentum sink; thus, changes in this connectivity may
be able to explain the PDV phase surface wind asymmetries
seen in our experiments. To examine this, we follow the work
of van Rensch et al. (2022) and calculate the correlation/re-
gression between the control simulation monthly zonal winds
at the 850-hPa level and those at the surface for the western
Pacific region in the two PDV phases separately (figure not
shown). Results from this analysis reveal that the regression
relationship between the 850-hPa zonal wind versus surface
zonal wind response is quite distinct in the two PDV phases
[when considering the 95% confidence level of these fitted re-
gression lines, the slopes do not overlap, indicating a statisti-
cally significant difference (not shown)]. That is, the PDV1

phase displays a steeper/stronger slope than that of PDV2,
suggesting that a given change in 850-hPa zonal wind will drive
a stronger surface wind response in the PDV1 phase than the
same change in 850-hPa wind would during the PDV2 phase.

It is interesting that this is the way the climate system tran-
sitioned from the 1990s into the 2000 period; that is, in the
1990s, AMV was warming while PDV was in a positive phase.
This could provide a hypothesis for the changing influence of
the different ocean basins in the recent period after 1990,
where it is seen that the TAO influence on the TPO is much

more pronounced than that of the TIO on the TPO (Cai et al.
2019).

Literature suggests that ENSO is sensitive to the background-
state thermocline depth, with its zonal mean (McPhaden et al.
2006; Neelin et al. 1998; Fedorov and Philander 2000; Zhang
et al. 1997) and tilt potentially playing a modulating role (Yeh
et al. 2009; Capotondi and Sardeshmukh 2015). As such, the
TPO response to AMV is further investigated with a linear
ocean “shallow water” model (SWM; McGregor et al. 2007;
Neske and McGregor 2018) forced with a repeating anoma-
lous annual cycle of wind stresses from the four AMV experi-
ments (a 5 21, 20.5, 0.5, and 1) for each PDV phase for
20 yr. The SWM is a linear (two dimensional) first baroclinic-
mode (shallow water) ocean model in which the wind stress–
driven active upper layer is separated from the infinitely deep
motionless lower layer by a sharp tropical pycnocline, which is
taken to approximate the tropical Pacific thermocline. As such,
the modeled changes in the zonal average equatorial thermo-
cline could underpin changes in ENSO (Fedorov and Philander
2000), and the central Pacific thermocline depth changes could
influence the ENSO event flavor (Capotondi and Sardeshmukh
2015), while the eastern Pacific thermocline depth changes may
be directly related to changes in the overlying SSTs, as there is
a clear direct connection with the SSTs overlying the region
(Zelle et al. 2004).

In our experiments, we see that the added AMV forcing
modulates the zonal mean thermocline depth. For instance, in
response to the AMV1 forcing, the SWM thermocline depth is
largely shallowed throughout the equatorial Pacific, with maxi-
mum shallowness in the central Pacific region (Figs. 10a,b). As
such, the zonal mean changes may lead to changes in the char-
acteristics of ENSO, while the central Pacific maximum may in-
fluence the flavor of ENSO. However, since we also have
reduced thermocline depths in the eastern Pacific, we would ex-
pect to see a direct overlying SST cooling that would combine
with the wind speed–driven SST changes to initiate a Bjerknes-
type atmospheric feedback that amplifies the original cooling
signal. On the contrary, in AMV2, the zonal mean thermocline
is deeper, where the largest deviations are again seen in the
central Pacific (Figs. 10c,d), again suggesting that we may see
changes in ENSO properties and flavors in response to this

FIG. 9. Boxplots of the JJA (a) zonal wind and (b) wind speed anomalies in the western equatorial Pacific region in
the two PDV phases (red boxplots represent PDV1 phase in all AMV experiments, and blue boxplots represent
those in PDV2 phase). The median of any distribution is marked as a solid black line within the boxplots. The solid
red line across the boxplots represents the slope of regression of Atlantic Ocean SSTAs vs the Pacific basin zonal
wind (or wind speed) anomaly in all AMV experiments in PDV1 phase, and the dashed blue line represents the ones
in PDV2 phase.
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forcing. Furthermore, we would expect the thermocline depth
changes in the east along with the overlying wind speed weak-
ening to combine, leading to a warming that would again be
amplified by an atmospheric Bjerknes-type response.

In both Figs. 10g and 10h, which show the AMV phase
asymmetries, we see that AMV1 impacts are more pro-
nounced on the equator than those of AMV2. However,
there are differences in the longitudinal regions influenced.
For instance, the PDV1 phase shows the largest asymmetries
in the central/eastern Pacific, consistent with the western
equatorial region zonal wind asymmetries identified (Fig. 7),
while the PDV2 phase displays the largest asymmetries in the
western/central Pacific, which appears to be related to off-
equatorial zonal wind asymmetries altering the wind stress
curl. Both AMV phases also display some PDV phase thermo-
cline depth asymmetries (Figs. 10c,f), but the most prominent
is the pronounced zonal thermocline depth tilt seen in the
AMV1 phase (Fig. 10c). Here, PDV1 displays the largest
thermocline depth shallowing in the east, consistent with the
enhanced western equatorial Pacific zonal wind strengthening
(Fig. 7), while PDV2 displays a larger deepening thermocline
in the west, which is consistent with the stronger off-equatorial
wind response altering the wind stress curl.

6. Conclusions

Motivated by observed decadal variations in interbasin in-
teractions affecting the Pacific, this study used AMIP-style
simulations to probe the response of the Pacific to different
phases and magnitudes of AMV. Specifically, we investigated
the extent to which the atmospheric response was asymmetric
with respect to the sign of AMV. We further investigated if
these responses were affected by the phase of PDV.

Our analysis focuses on the Pacific precipitation and surface
wind response. The focus on the former is mainly because the
nonlinearities in precipitation formation make it a likely can-
didate to display AMV and PDV phase asymmetries. The fo-
cus on the latter is because surface winds, both speed and
direction, play a fundamental role in ocean dynamics, SST
changes, and ocean–atmosphere coupling. As such, in the
fully coupled system, changes in wind speed, for instance, lead
to changes in the surface latent and sensible heat fluxes, while
changes in wind direction and structure can drive dynamical
oceanic responses that can be important for setting the back-
ground state of ENSO.

Our results reveal that in both PDV phases, the AMV1
experiments suppress TPO precipitation, while the AMV2

experiments enhance TPO precipitation, although there is a
substantial spatial structure to these changes, with rainfall in the
WP opposing the basinwide response. Despite the complexity
of the rainfall response, the different phases of AMV produce
rainfall patterns that largely mirror each other, and there is little
phase asymmetry in the AMV response. Similarly, the TPO
rainfall response to AMV is largely independent of PDV phase.

The basinwide response of the TPO to AMV is related to
changes in stability in the TPO induced by surface and atmo-
spheric warming/cooling over the TAO. Specifically, for AMV1,
warming in the TAO is communicated to the TPO by atmo-
spheric waves. Since the SST in the TPO remains unchanged,
this results in a stabilization of the troposphere, which tends to
suppress precipitation. An analogous chain may be constructed
for the AMV2 case. These results are consistent with simple
models of the wave response of the atmosphere to diabatic heat-
ing anomalies (e.g., Gill 1980; Sobel et al. 2001).

The changes in Pacific rainfall may alternatively be inter-
preted as being a response to an increased threshold for

FIG. 10. SWM JJA season mean thermocline depth in (a),(b) AMV1 anomaly and (d),(e) AMV2 anomaly in (left) PDV1 and
(center) PDV2 phases. Also shown are AMV phase asymmetries in the (g) PDV1 phase and (h) PDV2 phase and PDV phase differ-
ences in the (c) AMV1 experiments and (f) AMV2 experiments.
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convection, quantified here by the “convective MSE,” defined
as the precipitation-weighted MSE averaged over the basin.
Increasing the TAO temperature (AMV1) leads to an in-
crease in the convective MSE required for rainfall over the
TPO, essentially making it more difficult to rain. The opposite
is largely seen with decreasing TAO SSTs (AMV2). This
analysis gave us our first glimpse at nonuniform changes be-
tween the AMV experiments in the two PDV phases. That is,
we saw much larger TPOMSE changes for the AMV2 exper-
iment in the PDV1 phase than we did in any of the other ex-
periment configurations. In fact, outside of this, the TPO MSE
changes appeared to scale almost linearly with AMV forcing
(Fig. 4e). Understanding this apparent nonlinearity and the
MSE relationship to actual average TPO precipitation changes,
which appear to scale linearly with AMV forcing, is a topic that
requires further exploration in a future study. It was also inter-
esting to note that the MSE threshold for the TPO and TAO
appears to be different, suggesting that simply identifying a
tropical convective MSE, as has been done in recent studies
(Zhang and Fueglistaler 2020), may miss important pantropical
differences.

In contrast to the rainfall changes, important phase asymme-
tries are found for the wind response to AMV. First, however,
we see that the anomalous winds induced with AMV1 forcing
are smaller but consistent in sign with those of a La Niña event
(Figs. 7d,e), while those induced with AMV2 forcing are con-
sistent with those of an El Niño event (Figs. 7a,b). These wind
changes are largely consistent with those reported in earlier
studies on ENSO wind response (Harrison and Vecchi 1997;
Harrison and Larkin 1998; Zhao and Fedorov 2020; Neske et al.
2021). However, looking at the asymmetric response with re-
spect to different AMV scenarios has not been explored in pre-
vious studies. For instance, we have seen that in the PDV1

phase, significant AMV phase asymmetries are located in the
western half of the Niño-4 region, with the AMV1 wind speed
modulation in this region being larger than that of AMV2

(Fig. 7g). Moreover, we have found that the western equatorial
Pacific (or Niño-4 region) trade wind intensification induced by
AMV1 in the PDV1 phase is significantly larger than the
western equatorial Pacific trade wind response induced by
AMV1 found during the PDV2 phase (Fig. 9a). In fact, the
zonal wind and wind speed responses induced by AMV1 in
PDV1 are roughly 40% larger than those in the PDV2 phase.
Combined, these suggest that the western equatorial Pacific
wind response to AMV1 forcing in the PDV1 phase has a
larger magnitude than the wind changes found in any other
combination of AMV and PDV phases. Moreover, the regres-
sion relationship between the 850-hPa zonal wind versus sur-
face zonal wind response in the western equatorial Pacific
suggests that a given change in 850-hPa zonal wind will drive a
stronger surface wind response in the PDV1 phase than that
during the PDV2 phase.

We also analyzed the daily regional mean zonal wind dis-
tributions, since zonal wind variability is considered to be
important for the initiation, maintenance, and termination
of ENSO (Bjerknes 1969; Philander 1983; Trenberth and
Hoar 1997; Fedorov and Philander 2000; McPhaden et al.
2006; Timmermann et al. 2018). Our experiments suggest

that in both the PDV phases, an AMV1 scenario leads to a
substantial increase in westerly wind events in the EP
(Figs. 8g,h) and a substantial increase in easterly wind events
in the WP (Figs. 8e,f). During an AMV2 phase, the wind re-
sponse in both regions is almost mirrored (Figs. 8e–h). Further-
more, in an AMV1 anomaly, the strong trade winds in the
Niño-4 region (Fig. 9a) and enhanced wind speeds (Fig. 9b) will
contribute to more latent heat loss and hence more warming.
Thus, we can expect strengthening of the Walker circulation
that can further create background conditions favorable for La
Niña events to occur. Conversely, for AMV2 experiments,
anomalous westerlies are seen in the western equatorial Pacific
(Fig. 9a), along with weaker wind speeds (Fig. 9b), favoring an
El Niño–like response in the Pacific by weakening the Walker
circulation (i.e., weaker winds would result in less latent heat
loss and hence more warming).

While our GCM experiments use fixed SSTs and therefore
do not simulate oceanic dynamics, the simulated wind stress
anomalies imply background-state changes in the ocean state
that may have implications for ENSO behavior under differ-
ent phases of decadal variability. Initial investigations with a
linear oceanic shallow water model forced by the AGCM-
simulated wind stress patterns show that the AMV-induced
changes modulate the zonal mean thermocline depth, where
zonal mean thermocline depth is shallower in the AMV1

phase and deeper in the AMV2 phase, and that the changes
are most prominent in the central Pacific (Figs. 10a,b,d,e).
The central and eastern Pacific changes would be expected
to directly relate to anomalous SSTs due to the tight connec-
tion between these two variables (Zelle et al. 2004), with the
shallower thermocline depths during AMV1 phases also lead-
ing to reduced SSTAs. On the other hand, lower-complexity
models of ENSO suggest that changes in the zonal mean
thermocline depth are related to the ENSO period, where a
shallower thermocline depth would be generally expected to
lead to a higher frequency of ENSO occurrence (Fedorov
and Philander 2000). The prominent surface wind asymme-
tries reported above also appear to drive prominent asymme-
tries in the oceanic thermocline response (Figs. 10c,f,g,h),
which may also lead to asymmetries in any induced ENSO be-
havior changes.

Thus, by thoroughly exploring asymmetries in the precipita-
tion and surface wind responses to AMV forcing, we have
identified several factors that could help to explain the in-
creasing prominence of the TAO–TPO pantropical connec-
tion. First, our results show that the pantropical Atlantic–
Pacific connection is stronger for the AMV1 and PDV1

phases, which are the warming phases consistent with those
observed around the year 2000, as suggested by the zonal wind
and wind speed responses in the western Pacific (Figs. 7g,h
and 9a,b). Although it is unclear precisely how much impact
these apparent asymmetries would have on the TPO, the
asymmetries identified here may be able to explain at least
some portion of the recent observed increase in TAO promi-
nence. This is a single-model study and may need confirmation
with other models. Also, as these experiments are performed
with respect to a fixed SST, any coupled response is hypotheti-
cal for now. We also note that to fully answer this question, we
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need to also understand how the TIO influences the TPO.
However, this question is beyond the scope of the current pa-
per and is the focus of separate additional work that will be
covered in a future article.
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