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ABSTRACT: Although tropical interbasin interactions at interannual time scales are presently receiving much attention,
their controlling factors and variations on longer time scales are under debate. Tropical convection plays a crucial role in
the occurrence and nonstationarity of them. In this paper, we investigate the dependence of interannual tropical Atlantic—
Pacific basin interactions on convection-related features of the tropical oceans’ climatology, especially the ITCZ position.
We contrast a CGCM control simulation with an experiment in which tropical convection is modified by an artificial per-
turbation outside the tropics that reduces the incident shortwave radiation in a region of the South Atlantic. Based on
previous work, this modification is expected to shift in latitude the climatological position of the simulated ITCZ. The
experiment shows altered Walker circulations, stronger interannual variability over the tropical oceans, a westward extension
of the Atlantic Nifio pattern and of convection, and shallower thermocline in the Pacific, making the basin more sensitive to
both local and remote perturbations. As a consequence, the experiment shows enhanced interannual Atlantic—Pacific basin
interactions at the equator, and weaker teleconnections between the north tropical Atlantic and the equatorial Pacific. The
latter seems to occur because the impact of the warm Atlantic SST anomalies is offset by the presence of warm SST anoma-
lies in EI Nifo region. Despite the uncertainties raised because the simulations are relatively short, we conclude that this
work presents a potential explanation for the long-term changes in the tropical basin interactions and offers a novel and use-

ful methodology for their analysis.
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Interannual variability

1. Introduction

Current seasonal forecast systems do a fair job in the pre-
diction of ENSO (Zhang et al. 2017; Keenlyside et al. 2020).
Nevertheless, further improvements would be extremely use-
ful for seasonal prediction of climate variations that affect
human activities. Recent works have put forward the notion
that consideration of the tropical Atlantic variability can pro-
vide added value to the forecast skill of ENSO (Jansen et al.
2009; Frauen and Dommenget 2012; Martin-Rey et al. 2015;
Cai et al. 2019; Keenlyside et al. 2020; Exarchou et al. 2021).
Understanding the mechanisms controlling this remote impact
from the Atlantic can help in the implementation of forecast
system upgrades for better ENSO prediction.

In the tropical Atlantic the main mode of interannual vari-
ability is the so-called Atlantic Nifio, which peaks in boreal sum-
mer (Zebiak 1993; Liibbecke et al. 2018). The Atlantic Nifio can
influence the main mode of interannual variability in the Pacific
(ENSO) with a one-to-two season lag (Rodriguez-Fonseca et al.
2009; Ding et al. 2012; Rodriguez-Fonseca et al. 2020). This
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tropical interbasin connection is established through modifi-
cation of the Walker circulation with enhanced rising motion
above higher sea surface temperatures (SST) in the equato-
rial Atlantic and compensating increased sinking motion over
the central Pacific (Rodriguez-Fonseca et al. 2009; Losada
et al. 2010; An et al. 2020). The climate anomalies associated
with such a change in the overturning circulation include
stronger trades over the central equatorial Pacific, which trig-
ger an upwelling oceanic Kelvin wave that initiates a La Nina
event in the following winter (Polo et al. 2015). Such a special
Atlantic Nifio—-ENSO teleconnection has been strong in the
early decades of the twentieth century and after the 1970s,
and either weak or undetectable in between (Martin-Rey et al.
2014). These nonstationarities in the Atlantic Nifio-ENSO tel-
econnection have been associated with changes either in the
background state of the SSTs (Martin-Rey et al. 2014) or even
in the spatial pattern of the Atlantic Nifio itself (Losada and
Rodriguez-Fonseca 2016). The Atlantic multidecadal variabil-
ity (AMV, previously referred to as AMO; Knight et al. 2005)
has been put forward as potential modulator (Martin-Rey et al.
2018, 2019).

SST anomalies in the north tropical Atlantic (NTA, between
0° and 15°N, 80°W and 20°E) can also be precursors of an ENSO
event. During boreal spring, positive SSTs can increase convec-
tion in the Atlantic component of the intertropical convergence
zone (ITCZ; Ham et al. 2013a,b; Rodriguez-Fonseca et al. 2020).
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The associated changes in diabatic heating can trigger a Gill-
type Rossby wave response whereby surface winds and local
SSTs are modified in the eastern Pacific influencing the Pacific
Nifio occurrence (Ham et al. 2013b). According to these previ-
ous works, an equatorial Rossby wave triggered by positive SST
anomalies in the NTA produces an anomalous cyclonic circula-
tion in the off-equatorial eastern Pacific and an anomalous anti-
cyclonic circulation to the west; the joint action of both of them
produces strong easterly winds to the west and surface diver-
gence and cooling of the central equatorial Pacific, inducing a
central La Nina event (Ham et al. 2013a,b; Rodriguez-Fonseca
et al. 2020).

Thus, two different connections between the tropical Atlantic
and Pacific Oceans have been discussed: the Atlantic Nino-ENSO
teleconnection, which has a more equatorial pathway and is
established from boreal summer to boreal winter; and the
NTA-ENSO connection, which follows an off-equatorial path-
way and acts from boreal spring to boreal winter. Wang et al.
(2017) showed that the latter teleconnection was active at the
end of the twentieth century, after the year 1995, when the
AMYV changed to its positive phase. According to Wang et al.
(2017), a positive AMV leads to a northward shift of the
Atlantic ITCZ favoring the propagation of the tropical Rossby
wave response to the NTA SST warming. A recent analysis of
the observational record suggests that the NTA-ENSO tele-
connection alternates in time with that between the Atlantic
Nifio and ENSO (Rodriguez-Fonseca et al. 2020).

According to the studies reviewed in the previous para-
graphs, tropical Atlantic SST anomalies can result in local
deep convection anomalies that alter the Atlantic—Pacific cir-
culation activating a remote influence on ENSO. Changes in
the background conditions of the Pacific should be also taken
into account, as ENSO development can take place under
small/big wind perturbations depending on the thermocline
depth configuration (Fedorov and Philander 2000). Capturing
such anomalies and connections poses major challenges to
coupled atmosphere—ocean GCMs (CGCMs). These compre-
hensive tools for climate research must successfully simulate
not only important processes internal to the atmosphere and
ocean, but also coupling processes at the atmosphere—ocean
interface. Current CGCMSs, however, have persistent and sys-
tematic errors. In the tropical Pacific, for example, the simu-
lated Pacific ITCZ often develops erroneously both north
and south of the equator (Mechoso et al. 1995; Oueslati and
Bellon 2015; Adam et al. 2018; Tian and Dong 2020; among
other papers). In the Atlantic, the ITCZ is overestimated
south of the equator (Richter et al. 2014; Mohino et al. 2019).
Errors are particularly strong in the southeastern oceans,
where the simulated SSTs are too warm in most models
(Wang et al. 2014) and stratocumulus decks are usually under-
estimated (Ma et al. 1996; Yu and Mechoso 1999; Richter
2015).

Much work has been dedicated to the analysis of systematic
CGCMs errors, and particularly to the poor representation of
the ITCZ. One line of research on this topic has looked for
the impact on the ITCZ and other features of the tropical
climate of perturbations to hemispheric heating that are
asymmetric about the equator (Broccoli et al. 2006; Chiang
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and Friedman 2012; Friedman et al. 2013; McGee et al. 2018;
among others). To examine the links between CGCM errors
in simulations of the tropical climate and of the interhemi-
spheric difference in net energy input into the atmosphere
represented by too-high SSTs over the Southern Ocean,
Mechoso et al. (2016; hereafter M16) performed an idealized
experiment with two CGCMs in which the latter errors were
reduced by application of an artificial perturbation. This con-
sisted of reducing the incident shortwave (SW) radiation at
the top of the atmosphere in a latitude band from 60° to 30°S.
A broader exploration of this concept was carried out under a
community effort known as Extratropical-Tropical Interac-
tion Model Intercomparison Project (ETIN-MIP; Kang et al.
2019), which contrasted long simulations by different CGCMs
in which a similar SW reduction was imposed at different lati-
tude bands (Kang et al. 2019). All the above experiments
obtained a shift of the ITCZ to the warmer hemisphere (i.e.,
the hemisphere in which the perturbation was not applied) as
the Hadley cell increased the energy transport to the cooler
hemisphere (Kang et al. 2008; 2009; Broccoli et al. 2006; Kang
et al. 2019). Moreover, ocean dynamics acted to damp the
ITCZ response (Green and Marshall 2017; Xiang et al. 2018;
Yu and Pritchard 2019; Green et al. 2019). The tropical
response obtained proved sensitive to the location and
strength of the extratropical energy forcing (Xiang et al. 2018;
White et al. 2018; Kang et al. 2019). Interpretation of the
results of such experiments has been aided by conceptual
studies on the mechanisms determining the ITCZ shifts due
to extratropical energy perturbations (Broccoli et al. 2006;
Kang et al. 2008, 2009; Kay et al. 2016; Green and Marshal
2017; Kang 2020, and references therein).

To our knowledge however, no published study on the
influence of interhemispheric heating differences on the tropi-
cal climate in CGCMs has addressed the issue of how the sim-
ulated interannual variability in the tropics is affected. If such
an influence occurs, then a natural follow up issue is whether
the interbasin connections among the modes of tropical var-
iability are modified. In the present work, we address the
tropical interannual variability issue by analyzing idealized
experiments performed with a CGCM in which the incom-
ing solar radiation in the Atlantic sector of the SO is
reduced. We will start by showing that our perturbed simu-
lation, although being less realistic in terms of incoming
solar radiation, is better than the control in terms of location
of the ITCZ. It is worth noting that we are not interested in
improving the global performance of the model, but in
understanding the physical mechanisms controlling the trop-
ical Atlantic—Pacific teleconnections. Thus, being able to
perturb the position of the regions of tropical convection in
the model without directly interfering with the simulation in
the tropics is advantageous for our purposes. We will show
that the interannual variability of a control simulation is
enhanced by the perturbation of the experimental setup
described above. Next, we will focus on the alteration of the
interbasin connections.

The work is organized as follows: The GCM, simulations
performed, and methods of analysis are described in section 2.
Section 3 contains the main results of the work regarding the
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changes in the mean state of the climate. The changes in inter-
annual variability are explained in section 4. Finally, the sum-
mary and conclusions are presented in section 5.

2. Model and experiments

Our coupled atmosphere GCM is identical to the model
used in M16. The atmospheric component of this model is
the University of California, Los Angeles (UCLA) AGCM,
version 7.1 (Mechoso et al. 2000; Ma et al. 2013), which has
a sigma vertical coordinate system up to 1 hPa, with 29
layers (15 in the troposphere), a horizontal resolution of
2° latitude X 2.5° longitude and incorporates the Simplified
Simple Biosphere Model (SSIB; Xue et al. 1991). The oce-
anic component is the Massachusetts Institute of Technol-
ogy (MIT) OGCM (Marshall et al. 1997), covering the
ocean domain from 80°S to 79°N. The OGCM version has
46 vertical levels to a maximum depth of 5815 m; the first
OGCM level is at 5-m depth and levels are 10-m depth apart
up to 155 m. In longitude, the resolution is 1°% in latitude the
resolution is 0.3° between 10°S and 10°N, increasing up to
1° out of the tropics. The UCLA AGCM is especially sensi-
tive to stratocumulus—SST feedbacks (M16).

Our experimental design modifies the approach in M16 and
Kang et al. (2019). In these studies, the SW radiation incident
at the top of the atmosphere is artificially reduced in full lati-
tude bands. In the present work, the SW radiation is reduced
between 60° and 30°S and between 60°W and 30°E, that is,
over the South Atlantic sector (black box in Fig. 1a). We have
several reasons for this strategy. First, the warm bias shown
by global models in the Southern Ocean is not homogeneous
in longitude, having the highest values over the Atlantic—
Indian sector (see Fig. 1 in Wang et al. 2014). Second, the
southern extratropical changes related to the Atlantic multi-
decadal variability have stronger loadings in the Atlantic sec-
tor (Fig. S1 in the online supplementary material). Third, M16
aimed to assess sensitivity to perturbation rather than better
model performance. In this regard, we verified a posteriori
that, when cooling with a similar magnitude is applied on the
entire latitude band of the Southern Ocean, the simulated
tropical climate has some unrealistic features, such as a too
cold equatorial Pacific and an unrealistically strong northward
shift of the tropical convection over the equatorial Pacific (not
shown).

We will refer to our simulation with reduced SW radiation
at the top of the atmosphere restricted to the Atlantic sector
as AtlSim. The results of AtlSim are compared with those of
a control simulation (CTL). The AtlSim and CTL are 96 and
85 years long, respectively, of which the first 35 years in both
cases were discarded. Hence, the lengths of CTL and AtlSim
analyzed are 50 and 61 years, respectively. In the following
sections, results are shown in terms of differences between
AtlSim and CTL and of regressions of different variables on
two indices: 1) boreal summer Atl3 [SST averaged between
3°S and 3°N and between 20°W and 0° in June-September
(JTAS); blue box in Fig. 1], and 2) boreal spring NTA (SST
averaged between 0° and 15°N and between 80°W and 20°E in
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FiG. 1. Differences in annual (a) SST (°C), (b) precipitation
(mm day 1), and (c) thermocline depth (m) in AtlSim with respect
to CTL. Not-dotted regions show significant differences at the 95%
level. Boxes in (a) denote the regions for the incoming SW reduc-
tion (black), Atl3 index (blue), NTA index (green), Nifio-3 index
(red), and Nifio-1+2 index (magenta). Positive (negative) values in
(c) mean deeper (shallower) thermocline for AtlSim.

MAM; green box in Fig. 1). Labeling of seasons follows those
of the Northern Hemisphere throughout the manuscript.

To remove any decadal variability that may be masking the
results, we applied a high-pass Butterworth filter to remove
low-frequency variability with periods longer than 7 years.
Also, to remove the influence of previous winter ENSO on
NTA and Atl3 variability we remove the linear regression
with respect to the previous winter Nifio-3 index (SST aver-
aged between 5°S and 5°N and between 150° and 90°W, red
box in Fig. 1) from the NTA and Atl3 index, following Ham
et al. (2013a). Applying this preprocessing, however, would
not remove the nonlinear effect of decadal variability of the
background state on ENSO, or intrinsic random interannual
variability. Thus, the relatively shortness of the simulations
can make it difficult to separate the interannual forced signal.
To partially overcome this, the significance of the regressions
is estimated using the more restrictive Ebisuzaki random
phase test (Ebisuzaki 1997), which is a nonparametric test
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FIG. 2. Annual mean precipitation (mm day ') zonally averaged over the (a) west Atlantic (35°-15°W) and
(c) Indo-Pacific (40°E-60°W) sectors for the observations (black line), AtlSim (red line), and CTL (blue line). Differ-
ence between AtlSim and CTL precipitation for the (b) west Atlantic and (d) Pacific sectors. Black thick lines show

the significant regions at the 95% level.

designed to consider the autocorrelation of time series. We
perform the Ebisuzaki test with 200 permutations. To assess
the significance of the differences in regressions between sim-
ulations, a ¢ test of regression slope has been performed.
Finally, an F test has been used for the ratio of variances. All
model results shown are estimated as to be at the 95% signifi-
cance level except otherwise stated.

3. Change in the simulated tropical climate

Previous works (Martin-Rey et al. 2014, 2018, 2019; Losada
and Rodriguez-Fonseca 2016; Wang et al. 2017; Rodriguez-
Fonseca et al. 2020) have suggested two candidates for the
multidecadal variations in the Atlantic Nino-ENSO telecon-
nection: 1) changes in the background state of the system (i.e.,
modifications due to multidecadal variability and/or climate
change), and 2) changes in the characteristics of the Atlantic
Nino mode. According to previous results (Wang et al. 2017;
Rodriguez-Fonseca et al. 2020), changes in the climatological
state of the system are also of critical importance in the char-
acteristics of NTA-ENSO connection. Next, we take a closer
look to these two factors for a better understanding of the
model responses to the perturbation that was prescribed.

a. Changes in the mean state of the atmosphere
and ocean

The model captures the seasonal cycle and variability of the
tropical Atlantic and Pacific Oceans represented by the Atl3
and Nifio-3 (SST averaged between 5°S and 5°N and 150° and
90°W) mean and standard deviation indices for both CTL and
AtlSim (see Fig. S2 in the supplementary material). For the
NTA index, the simulated mean seasonal cycle agrees well with
the observations, but the variability is delayed by 2-3 months
(Figs. S2c, f).

In reference to CTL, reducing the incoming shortwave radi-
ation over the Atlantic sector of the Southern Ocean produ-
ces an SST cooling in the whole extratropical Southern
Hemisphere, except near the equator in the Pacific (Fig. 1a).
Conversely, the extratropical Northern Hemisphere becomes
warmer with maxima in the westernmost part of both oceans.
In the tropics, a warming takes place in the region in which
the Pacific ENSO develops accompanied by a cooling in the
tropical South Atlantic toward the equator.

According to previous studies (see the introduction section),
a south-north interhemispheric gradient in Atlantic SST
would produce a northward shift of the ITCZ and a reduction
of the double ITCZ in the simulated climate. This is the case
for the Atlantic sector (Fig. 1b), in which precipitation anoma-
lies show a dipole with positive (negative) values to the north
(south). In the tropical Pacific, the response of the rainfall
around the date line shows a tripolar configuration, with pre-
cipitation enhanced at the equator and weakened poleward of
it. AtlSim also shows a weakening of the SPCZ and an equato-
rial shift of the Pacific ITCZ, the combined action of which
lead to the narrowing of the Pacific ITCZ. This narrowing,
together with the reduction of precipitation over the Maritime
Continent, is consistent with a modification of the Pacific cell
of the Walker circulation similar to the one during an El Nino
event in the Pacific, in which the upward motion is shifted to
the east.

To highlight the different characteristics of the ITCZ in the
west equatorial Atlantic in AtlSim and CTL, we compare the
annual average of the precipitation averaged between 35° and
15°W in our simulations and in the observations (CMAP pre-
cipitation dataset; Xie and Arkin 1997), following Chiang et al.
(2002). CTL (Fig. 2a, blue line) clearly overestimates the
Atlantic precipitation in the southern tropics and underesti-
mates it in the northern tropics south of 15°N (Fig. 2a, blue
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line). A combination of these effects results in a strong peak
of precipitation between 15°S and the equator with almost
equal amplitude than the peak north of the equator. Reducing
the incoming SW radiation in the Atlantic sector of the Southern
Hemisphere results in a strong weakening of the spurious
southern peak and an enhanced northern peak (Fig. 2a, red
line), with maximum value located about two degrees north
with respect to CTL (6° and 4°N, respectively). This implies a
significantly more realistic simulation of the tropical Atlantic
ITCZ that could be related to the warming in the equatorial
Pacific and the south-north gradient of Atlantic SST (Chiang
et al. 2002). Over the Indo-Pacific (40°E-60°W) ITCZ, the
equatorial narrowing in AtlSim is clear, with precipitation
enhanced within the band 7°S-7°N, and reduced outside this
band (Figs. 2c,d). Following Adames and Wallace (2017), such
changes can also be related to the ENSO-like SST pattern in
the tropical Pacific.

Thus, the changes in the characteristics of the ITCZ
(Figs. 1b and 2) in AtlSim with respect to CTL can be
explained by the changes in the background SST (Fig. 1a).

Next, we examine the changes in the ocean circulation by
looking at the tropical Atlantic thermocline depth, which is a
key factor controlling the variability of the equatorial Atlantic
(Zebiak 1993; Martin-Rey et al. 2018, 2019). Following
Castafio-Tierno et al. (2018), we define thermocline depth as
the depth at which the vertical ocean temperature gradient is
maximum. As depicted in Fig. 1c, the Atlantic thermocline
around the equator in the AtlSim is deeper than in CTL in
the western part of the basin, and shallower in the eastern
part. This is consistent with an enhanced total wind stress in
the equatorial Atlantic (Fig. S3, supplementary material) that
contributes to the ocean mixing, thus impacting the thermo-
cline depth in the west. At this point we hypothesize that the
theoretical modes described by Fedorov and Philander (2000)
for the equatorial Pacific can be extrapolated to the equatorial
Atlantic. According to Fedorov and Philander (2000), under a
background state with a deeper thermocline in the west,
dynamical feedbacks can develop if stronger winds are
imposed at the ocean’s surface. This is the case of the

equatorial Atlantic in AtlSim, in which a deeper thermocline
than in CTL is related to enhanced east-west SST gradients
(Fig. 1a) and stronger easterly equatorial winds (Fig. S3, sup-
plementary material). Thus, the changes in the background
state of the Atlantic in AtlSim are consistent with the Atlan-
tic being more sensitive to variations of the wind stress and,
thus, more prone to produce enhanced variability in this
ocean (Martin-Rey et al. 2018). This is confirmed by the
higher variance ratio of the annual SST (Fig. 3a), Atlantic
thermocline depth (Fig. 3b) and surface winds (Figs. 3c,d)
between AtlSim and CTL. It is well known that the zonal
wind stress in the western part of the basin has a major role
in the Bjerknes feedback (Bjerknes 1969), so it is expected
that a higher variability in the surface wind, such as the one
shown in Fig. 3c for the Atlantic, will produce a higher vari-
ability in the Atlantic thermocline depth (Fig. 3b), as well as
in the SST over the central and eastern equatorial Atlantic
(Fig. 3a). The shallower thermocline in the eastern Atlantic
has a weaker variability. Overall, the patterns of enhanced
variability in the Atlantic in AtlSim with respect to CTL that
are shown in Fig. 3, roughly agree with a strong dynamical
coupling through the Bjerknes feedback as described in pre-
vious literature (Deppenmeier et al. 2016) and could be con-
sistent with observed changes in the Atlantic Bjerknes
feedback at decadal time scales as those described in Dippe
et al. (2019).

The differences in thermocline tilt and depth are also
outstanding in the tropical Pacific (Fig. 1c). In AtlSim the
thermocline is shallower and flatter than in CTL, which is con-
sistent with the El Nino-like state shown in Fig. 1a. Zhu et al.
(2015) found that a shallower thermocline in the equatorial
Pacific produces a stronger link in the wind—SST-thermocline
feedback. We find a similar result in our simulations, in which
the annual correlation between SST and thermocline depth in
Nino-3 region increases from 0.12 in CTL to 0.30 (significant
at the 95% level) in AtlSim. We also find that the equatorial
Pacific stratification is stronger in AtlSim than in CTL
(Fig. S4, supplementary material), which facilitates wave
propagation. The change in the Pacific thermocline slope and
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in the stratification found in AtlSim would lead to increased
ENSO variability (Hu et al. 2013), enhancing the response
of the equatorial Pacific to atmospheric perturbations. Thus,
the characteristics of the Pacific upper ocean in AtlSim
would make the equatorial Pacific more sensitive to atmo-
spheric perturbations. These results agree as well with
Fedorov and Philander (2000), who discussed ENSO devel-
opment depending on the ocean and atmospheric back-
ground conditions finding that, when the thermocline is
shallower (as it is the case for the Pacific in AtlSim com-
pared to CTL), small perturbations in the western equato-
rial Pacific are enough to trigger the development ENSO.
We also find that the ENSO period changes from 4 years in
CTL to 2.5 years in AtlSim. This feature also agrees with
Fedorov and Philander (2000), who showed that ENSO’s
periodicity can decrease for a background state with a shal-
lower thermocline and weaker winds in the west. The config-
uration of the variability in the Pacific is consistent with the
dynamical response of the ocean to a wind anomaly described
by Neelin (2010): the variability in the equatorial wind will
induce variability of the thermocline centered at the equator to
the east of the wind anomaly, and north and south of the equa-
tor to the west; then, the variability in the eastern thermocline
will induce variability in the eastern SST, which, in turn, will
affect the variability of the winds, closing the loop. Moreover,
the weakening of the SST zonal gradient in the equatorial
Pacific in AtlSim with respect to CTL (Fig. 1a) would be consis-
tent with prevalence of eastern Pacific ENSO events (Wang
et al. 2019), which show higher frequency than central ones (An
and Wang 2000). The regression of AtlSim SST onto Novem-
ber-February (NDJF)-Nifio-3 shows ENSO events with stron-
ger SST loadings at approximately 140°W, consistent with
moderate eastern Pacific ENSO events described by Wang et al.

(2019), and with larger amplitude and frequency than ENSO
events from CTL (not shown).

The changes in the climatological state from CTL to AtlSim
show a narrower and strengthened equatorial ITCZ in the
Atlantic and Pacific, enhanced variability in the equatorial
Atlantic and a shallower and flatter thermocline in the equa-
torial Pacific that produce enhanced variability and frequency
of ENSO. Taken together, all these factors can result in a
modification of tropical Atlantic—Pacific connections, which
will be examined in section 4.

b. Differences in the Atlantic El Ninio in CTL
and AtlSim

Let us next consider the SST anomalies associated with a
positive Atl3 index in both AtlSim and CTL simulations. To
do this, we examine the Atlantic pattern obtained by regress-
ing the simulated SST anomalies onto the high variability
Atl3 index in boreal summer (JJAS) and in the following
boreal fall (SOND) and winter (NDJF). We perform this
regression with the Alt3 index removing the previous winter
ENSO signal (Fig. 4) and without removing it (Fig. S5, supple-
mentary material).

For both regressions, boreal summer anomalies have stron-
ger amplitudes in the eastern part of the Atlantic basin in
CTL, but their geographical extent is larger in AtlSim with
positive values reaching westward toward the American coast
(Figs. S5a,d). The differences between the Atlantic patterns
in Fig. S5 and Fig. 4 are high. When the previous ENSO signal
is not removed, the Atlantic Nifo appears together with
strong anomalies in the NTA region. Such anomalies disap-
pear when the previous year ENSO is linearly removed. Since
this work aims to study the impacts of equatorial Atlantic and
NTA separately, we decide to perform the rest of the analysis



1 JuLy 2022

using the Atl3 index removing the previous year ENSO.
Although the differences in the Atlantic Nino pattern
between CTL and AtlSim are weaker when ENSO is
removed, they still exist, becoming clearer when looking at
the differences between the two regressions, which show a
westward displacement of the maximum anomalies in AtlSim
and warmer SSTs in the coast of South America (Fig. S6).
Losada and Rodriguez-Fonseca (2016) described an observed
change in the Atlantic Nifno pattern in the period 1975-94
with respect to 1950-70, which resembles the one found in
AtlSim with respect to CTL. In that work, they concluded
that the westward extension of the Atlantic Nifo leads to a
westward shift of the associated Atlantic deep convection,
which, in turn, produces a stronger impact in the equatorial
Pacific Ocean, enhancing the equatorial Atlantic-ENSO
teleconnection.

As a measure of low-level convergence and deep convec-
tion in the tropics, we compute boreal summer regression of
the moist static energy (MSE) in the planetary boundary layer
(PBL) onto the Atl3 index in both CTL and AtlSim (Fig. 5).
In the CGCM we are using, the PBL is parameterized as a
well-mixed layer of variable depth (Li et al. 2002) that is pre-
dicted through the mass budget equation including the PBL-
top entrainment, cumulus mass flux, and horizontal mass con-
vergence within the PBL (Konor et al. 2009). The regression
of the MSE onto the boreal summer Atl3 index shows posi-
tive MSE anomalies that are stronger and cover the entire
equatorial ocean basin in AtlSim. This leads to a more unsta-
ble atmosphere in AtlSim than in CTL over the equatorial
Atlantic, especially west of 40°W and in the Amazonian con-
vective region, where the differences between regressions are
larger (Fig. 5c). Thus, AtlSim shows more favorable condi-
tions for convection over the western equatorial Atlantic,
which can alter the Atlantic—Pacific Walker circulation lead-
ing to a stronger impact on the equatorial Pacific, in agree-
ment with previous works (Rodriguez-Fonseca et al. 2009;
Losada et al. 2010; Polo et al. 2015; Losada and Rodriguez-
Fonseca 2016). This will be further analyzed in section 4.

4. Changes in the tropical interbasin teleconnections
a. Atlantic Nifio—-ENSO teleconnection

We move on to examine the model’s performance in repre-
senting the influence of tropical Atlantic on the tropical
Pacific variability. To do this we regress simulated SST anom-
alies onto the high-variability Atl3 index for boreal summer
(JTAS) and for the following boreal autumn (SOND) and
winter (NDJF). To rule out the possibility of a Pacific Nifio-to-
Atlantic Nino relationship, as the one described by Tokinaga
et al. (2019) and Rodrigues et al. (2011), we remove from the
Atl3 index the previous winter Nifio-3 signal with a linear
regression, following the methodology used by Ham et al.
(2013a).

No significant relationship is found in CTL between boreal
summer equatorial Atlantic variability and next winter Pacific
ENSO (Figs. 4a—). The picture is different in AtlSim, for which
the regressions show that a La Nifia tends to develop in the

LOSADA ET AL.

4409

a) Reg MSEpbl AtI3NoENSO JJAS CTL

100W 80W 60W 40W 20W O 20F 40FE 60

b) Reg MSEpbl AtI3NoENSO JJAS AtISim

[ T T T O O R s T e e T, =2 e =]

2 o\

CAPIRO—ss N

40E 60E

R
100W 80W 60W 40w 20w 0 20E
c)

Reg MSEpbl AtI3NoENSO JJAS AtISim-CTL

-500 -400 -300 -200 -100 O

FIG. 5. Regression of the JJAS MSE in the PBL (m” s~ 2) onto
the JJAS Atl3 index for (a) CTL and (b) AtlSim. Gray (black) con-
tours show significant correlations at the 95% (90%) level. (c) Sig-
nificant differences between (a) and (b) at the 95% level.

100 200 300 400 500

Pacific six months after an Atlantic Nifo event (Figs. 4d-f).
Moreover, the correlation coefficient between JJAS-AtI3 and
NDJF-Nino-3 increases in magnitude from —0.04 in CIL to
—0.22 (significant at the 90% level) in AtlSim. As Fig. 4 shows
that the relationship between Atl3 and tropical Pacific SSTs is
stronger over the eastern Pacific than over the central Pacific, we
look at the correlations between JJAS-AtlI3 and NDJF-Nifio-
1+2 (SST-averaged anomalies in the region 0°-10°S, 90°-80°W,
magenta box in Fig. 1). These correlations change from 0.02 in
CTL to —0.28 in AtlSim (significant at the 95% level). Our simu-
lations are 50 and 61 years long. Multidecadal variability within
each of the simulations may modulate the correlation between
interannual indices, which makes difficult to extract the forced
signal in simulations of this length. Thus, even though the
changes between the background states from CTL and AtlSim
are very large and suggest that any multidecadal variability
within each simulation will be of smaller order when compared
with the changes between simulations, the results that we present
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hereafter should be viewed while keeping in mind this signal-to-
noise issue. Regressions of different atmospheric and oceanic
variables onto boreal summer Atl3 index (Fig. S7, supplemen-
tary material) suggest an altered Pacific Walker circulation in
boreal summer, with anomalous convergence of surface winds
over the equatorial Atlantic and divergence over the equatorial
Pacific around 150°W, with shallower thermocline in the eastern
Pacific and an eastern La Nifa event the winter following an
Atlantic Nifio. The patterns in Fig. S7 closely resemble those
obtained by Polo et al. (2015) using results from Simplified
Parameterizations Primitive Equation Dynamics reduced-gravity
ocean (SPEEDY-RGO) and NEMO models (see their Fig. 3).
Therefore, the primary mechanism behind the increase in

correlation coefficients between JJAS-Atl3 and NDJF-Nifio
indices agree with the one reported in previous studies and
reviewed in the Introduction (Rodriguez-Fonseca et al. 2009;
Polo et al. 2015; Rodriguez-Fonseca et al. 2020).

To identify the reasons for the differences in the AtI3-ENSO
teleconnection in AtlSim and CTL (Fig. 4), we look at the dif-
ferences in the simulated atmospheric and oceanic anomalies
during an Atlantic Nifio event as represented by the regres-
sions of equatorial anomalies of different variables (averaged
between 2°S and 2°N) onto the boreal summer Atl3 index
(Fig. 6). During boreal summer, a warming in the equatorial
Atlantic SSTs is accompanied by equatorial local positive
precipitation anomalies in both simulations (Figs. 6b,e), which
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are significant between 40°W and 5°E in CTL (Fig. 6b, black
line) and between 60°W and 10°E in AtlSim (Fig. 6e, black
line). These anomalies appear together with upward motions
above (Figs. 6a—d, black lines) and a reduction in the zonal tilt
of the Atlantic thermocline, defined as the depth of the maxi-
mum vertical temperature gradient (Figs. 6¢-f, black lines).
However, even though the anomalies of precipitation and ver-
tical velocity (omega) at 500 hPa in the Atlantic sector in CTL
are stronger than in AtlSim, they are not able to alter the
atmosphere over the equatorial Pacific in boreal summer
(Figs. 6a—c, black lines), and thus no equatorial Pacific anoma-
lies develop during the following winter (Figs. 6a—c, blue
lines). In contrast, AtlSim shows positive anomalies of omega
at 500 hPa in the equatorial Pacific around 120°W, already in
JJAS, meaning anomalous downward motions at this location
in association with a warm equatorial Atlantic. The west-
ward displacement of the maximum anomalies of precipita-
tion and vertical velocity in AtlSim appears as a plausible
cause for the differences in the Pacific response between
simulations. This, together with an alteration of the surface
winds (Fig. S7, supplementary material), initiates the pro-
cesses leading to a La Nifia response in the following winter.
AtlSim winter regressions (Figs. 6d—f, blue lines) show a pic-
ture coherent with a Pacific La Nifia event. The anomalous
descendant motions over the equatorial Pacific are consis-
tent with a negative Southern Oscillation during La Nifa
events, and there is a reduction of the precipitation in the
central and eastern Pacific together with a shoaling of the
eastern Pacific thermocline.

Our results suggest, therefore, that a westward extension of
the Atlantic Nifio in AtlSim could be responsible for the west-
ward shift of the Atlantic deep convection, west of 40°W,
which would modify the Atlantic-Pacific Walker circulation

and impact the equatorial Pacific. In addition, the experiments
suggest that a strengthening of the equatorial ITCZ in AtlSim
and a background state of the tropical Pacific that is more sensi-
tive to perturbations in AtlSim than in CTL, due to a shallower
thermocline would also help to enhance the teleconnection.
These three factors together (westward extension of the Atlantic
Nino, strengthening of the equatorial ITCZ and shallower
Pacific thermocline) would thus contribute to an enhanced
AtI3-Nifio-3 connection in AtlSim.

b. NTA-ENSO teleconnection

To examine the teleconnection between the spring north
tropical Atlantic and the equatorial Pacific, we follow Ham
et al. (2013a) and remove the Nifo-3 signal from the
detrended and filtered NTA index. CTL shows that positive
spring SST anomalies over the NTA tend to be followed by a
negative winter ENSO phase (Figs. 7a—c). AtlSim shows a
very weak (and nonsignificant) negative correlation between
the spring NTA and the following winter equatorial Pacific
SST (Fig. 7f). The magnitude of the correlation coefficient
between MAM-NTA and DJF-Nifio-3 falls from —0.37 (sig-
nificant at the 95% level) in CTL to —0.04 in AtlSim. In both
CTL and AtlSim, the regression patterns of spring-to-winter
surface winds and precipitation onto the spring NTA index
(Fig. 8) are similar to the ones described in previous works
and consistent with the NTA-ENSO teleconnection described
by them: That is, a warming in the NTA region produces a
Gill-type response that induces a cyclonic circulation in the
off-equatorial eastern Pacific and an anticyclonic circulation
to the west. The presence of both circulations leads to a sur-
face divergence and cooling in between. It has been shown
that this off-equatorial cooling is reinforced by air—sea feed-
backs and expands to the equator, triggering a La Nifia event
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(Ham et al. 2013b). In CTL, although the response of tropical
North Pacific surface winds is weak, it is enough to trigger the
teleconnection. Interestingly, the winter Pacific cooling is
almost absent in AtlSim, even though the anomalous surface
wind pattern associated with an NTA warming is stronger
than in CTL.

Wang et al. (2017) related the multidecadal changes in the
NTA-Nifo-3 correlations to the phase of the AMV and the
strength of the Atlantic ITCZ during boreal spring. According
to their results, an SST warming in the NTA during positive
AMYV phases leads to a stronger ITCZ and an enhanced
NTA-Nifo-3 connection. In our simulation, the change in the
Atlantic climatological state resembles a positive AMV, and
the precipitation is reinforced in the NTA region (Fig. 1). The
thermocline depth is reduced in the central and eastern Pacific
(Fig. 1c), the stratification is enhanced there (Fig. S4,
supplementary material), and the variability of the SST and
thermocline depth is enhanced off the coast of Peru
(Figs. 3a,c). Despite all this, the NTA-ENSO connection is
weakened. The question now is why is the NTA-Nifio-3 con-
nection not enhanced in AtlSim, given that the changes in the
Atlantic and Pacific climatological SST and precipitation
should favor it? In both simulations, when there is a warming
in the NTA, the equatorial eastern Pacific also shows a warm-
ing (Figs. 7a,d). A warming of this type could be produced, at
least in part, by anomalous westerlies that appear in the
region as a response to the NTA warming. In fact, CGCM
simulations forced only with NTA anomalies produce a sim-
ilar signal (Ham et al. 2013a). In AtlSim, these warm anom-
alies are very strong and persist in boreal summer (Fig. 7e),
maybe due to the stronger feedback with the thermocline
depth, and lead to a convergence of surface winds in the

equatorial Pacific. This convergence is in opposition to the
divergence favored by the anomalous winds that appear in
the north tropical Pacific as response to the NTA. To
explain the stronger response of the equatorial Pacific SST
in summer in AtlSim we pose the following hypothesis: the
narrowing of the Pacific ITCZ and the enhanced equatorial
variability in AtlSim would lead to a concentration of the
variability in a narrow equatorial band where the response
is enhanced.

The existence of the NTA-ENSO relationship has been
questioned in a recent paper (Zhang et al. 2021), in which it is
said that the NTA precursor for ENSO is spurious and only
appears due to the change in the ENSO frequency from 4 to
2 years. In our results, despite the changes in ENSO fre-
quency go from almost 4 years in CTL to 2.5 years in AtlSim,
the NTA-ENSO connection is weakened. Thus, the change in
the ENSO frequency cannot account for the change in the
NTA-ENSO connection in our simulations. This further sug-
gests that the changes in the climatological mean state of the
ITCZ could play a key role in the modulation of the
NTA-ENSO teleconnection.

5. Discussion and conclusions

The present paper seeks an increased understanding of the
way in which tropical climatology can affect the teleconnec-
tions between the tropical Atlantic and the tropical Pacific at
interannual time scales. Our emphasis has been on the loca-
tion of the ITCZ, and we examined the importance of this
location in terms of the tropical interannual variability and
teleconnections. We also found that changes in the configura-
tion of the Atlantic and Pacific equatorial thermocline depth
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and ocean stratification are of key importance for such changes.
Previous works conducted in different model frameworks have
demonstrated links among interhemispheric heating differ-
ences and ITCZ displacements, including the formation of a
spurious ITZC south of the equator (Hwang and Frierson
2013; Kay et al. 2016). In the context of CGCMs, M16 and the
multimodel experiment ETIN-MIP (Kang et al. 2019) looked
at the changes in ITCZ location when the model atmosphere
was perturbed by reducing the incoming shortwave radiation
in full latitude bands. In the present paper we have used the
UCLA CGCM, which participated in ETIN-MIP allowing for
a contrast with several other models. One asset of this model
for the issues addressed here is a high sensitivity to extratropi-
cal forcing due to the strong SST-stratocumulus coupling
(M16). Our strategy has departed from the studies mentioned
earlier in that we perturb the incoming solar radiation in the
Southern Atlantic only. This is because the warm bias of
CGCMs in the Southern Ocean has the highest values over
the Atlantic sector (Wang et al. 2014) and the observational
multidecadal changes related to the AMV in the Southern
Ocean have maximum loadings over the Atlantic sector
(Fig. S1, supplementary material). Moreover, the results of
M16 showed a too strong impact of the cooling of an entire
latitude band of the Southern Ocean on the equatorial Pacific,
where the model performance worsened and the Pacific ITCZ
shifted northward. Conversely, in AtlSim, although the equa-
torial Pacific SSTs are too warm compared to observations,
the equatorial precipitation is enhanced in a narrower band
around the equator, which enhances the tropical teleconnec-
tions. Our results show a strong tropical response to the
reduction of incoming radiation in the southern extratropics
of the Atlantic sector. In reference to CTL, the tropical Atlan-
tic SSTs in the perturbed simulation are cooler in the South-
ern Hemisphere and warmer in the Northern Hemisphere.
This interhemispheric SST gradient influences the location
and strength of the Atlantic ITCZ, which weakens strongly in
the south and increases north of the equator. The region of
maximum precipitation in the Atlantic sector shifts slightly
from 4° to 6°N, resulting in a closer agreement between the
simulation and the observations. The reduction of precipita-
tion in the southern tropical Atlantic goes along with a local
strengthening of the trade winds (Fig. S3, supplementary
material). Moreover, the convergence increases at low levels
over the western equatorial Atlantic, where the thermocline
steepens and ocean—atmosphere coupling is enhanced. These
changes lead to a westward extension of the SST anomalies asso-
ciated with the Atlantic Nifio mode. This results in a westward
shift of the anomalous deep convection during an Atlantic Nifio,
increasing its ability to remotely impact the central equatorial
Pacific in boreal summer and to trigger the development of a La
Nifa event in the following winter. Also, in reference to CTL,
the climatology of the tropical Atlantic in AtlSim shows a config-
uration resembling the positive AMV phase.

Based on the observations, Martin-Rey et al. (2018) found
similar climatological features in association with a westward
extension of the Atlantic Nifo. However, the observed changes
in the climatological mean state exhibit a reinforcement of the
northern trades in the equatorial Atlantic and the SST
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differences resemble a negative AMV phase. An explanation
for this seeming discrepancy between observations and simula-
tions is the difference between model and observations in the
location of the Atlantic ITCZ, which is far too strong in the
south-tropical Atlantic in CTL. The connection between the
Atlantic and Pacific Nifios seems to occur when the Atlantic
ITCZ is located near the equator and equatorial variability is
enhanced. In the observations this is achieved by a negative
AMYV that produces a southward displacement of the ITCZ. In
the model it is a positive AMV that leads to a reduction of the
spurious precipitation south of the equator, enhancing equato-
rial dynamics. In both cases, the equatorial variability is
enhanced when the ITCZ concentrates equatorward.

In the equatorial Pacific, the AtlSim climatology in refer-
ence to CTL shows an El Nino like configuration. The warm-
ing in the eastern equatorial Pacific leads to a narrowing of
the ITCZ, an increase in the equatorial Pacific vertical stratifi-
cation and a shallowing of the thermocline in the central and
western parts of this ocean. We argue that this configuration
makes the equatorial Pacific more sensitive to atmospheric
perturbations, enhancing the equatorial Atlantic—Pacific con-
nection. To understand the origin of the eastern tropical
Pacific warming in AtlSim (Fig. 1a), which is opposite to the
response expected to follow a positive AMV configuration
(Ruprich-Robert et al. 2021), we look at the results just after
the model integration starts and find that positive SST anoma-
lies can be clearly seen in the eastern southern tropical Pacific
almost from the beginning of the simulation (not shown).
From this region, the SSTs spread to the deep tropics possibly
due to ocean advection and atmosphere—ocean feedback as in
Ma et al. (1996).

For the Atlantic Nino—-ENSO connection, we have found
that the idealized extratropical forcing applied in AtlSim
leads to a different location of the ITCZ and a different con-
figuration of the Atlantic equatorial mode, which seems to be
related to an enhancement of the connection in reference to
CTL. AtlSim results suggest that several factors can contrib-
ute to this enhancement: 1) a westward displacement of the
perturbations of atmospheric convection due to the Atlantic
Nifo, produced by enhanced equatorial winds that lead to a
stronger variability in the western part of the Atlantic basin;
2) a strengthened equatorial ITCZ; and 3) an equatorial
Pacific thermocline more variable and shallower in the west
that makes the Pacific Ocean more sensitive to atmospheric
perturbations.

In contrast, the NTA-ENSO teleconnection appears to be
stronger in CTL than in AtlSim. The correlation between
MAM-NTA and DJF-Nifio-3 in CTL is —0.37 and significant
at the 95% level. The correlation in AtlSim is —0.04 and not
statistically significant even though the mechanisms at work for
the teleconnection also appear in this simulation. The lack of
response of the equatorial Pacific to the NTA in AtlSim can be
a result of the competition between the surface divergence in
the equatorial Pacific favored by the NTA warming, and the
surface convergence due to the presence of warm SST anoma-
lies over the ENSO region. Previous studies have shown a tem-
poral alternation of AtI3-ENSO and NTA-ENSO (Wang
et al. 2017; Rodriguez-Fonseca et al. 2020), it is possible
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that the weakening in the NTA-ENSO connection in
AtlSim is produced by the enhancement of the equatorial
dynamics in that simulation, due to a more equatorial ITCZ.

A possible two-way interbasin connection, in which Pacific
anomalies consistent with a multiyear ENSO influence the
equatorial Atlantic wind in boreal spring (Tokinaga et al.
2019) and the location of the Atlantic ITCZ (Rodrigues et al.
2011) cannot be ruled out. Nevertheless, the methodology
applied in this work and the results obtained suggest that the
main effect the equatorial Pacific can have on the equatorial
Atlantic in spring has been removed: the precipitation, sur-
face wind and SST anomalies associated with the Atlantic
Nifio in boreal summer in AtlSim do not resemble those
shown by Tokinaga et al. (2019).

In summary, our results suggest that the representation of the
tropical teleconnections between the Atlantic and Pacific basins
can be strongly influenced not only by the location of the ITCZ
and the regions of maximum convergence, but also through the
modification of the climatology of the equatorial Atlantic and
Pacific oceanic conditions. In addition, these factors could pro-
duce changes in the interannual modes of variability in the tropi-
cal oceans, as well as in the interannual tropical teleconnections.
Thus, our results suggest that looking at the slowly varying pat-
terns of the climate system can help us understand changes in
the interannual teleconnections at decadal scales.

Although the results of this assessment are encouraging,
the possibility that longer runs are required for a more defini-
tive answer cannot be entirely ruled out because the presence
of low-frequency tropical variability makes it difficult to sepa-
rate the forced signal. From this viewpoint, our findings can
be taken as a potential explanation for the long-term changes
in the tropical basin interactions, as well as a new methodol-
ogy that can be exploited in the future to examine the issue of
tropical interbasin teleconnections with longer simulations or
even with intercomparison exercises and community efforts
with several GCMs.
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