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Abstract This paper investigates the impacts of tropical Atlantic on El Nifio-Southern Oscillation
(ENSO) predictability through an empirical dynamical model- Linear Inverse Model (LIM). By selectively
including or excluding the coupling between tropical Atlantic and tropical Pacific in LIM, we find that the
tropical Atlantic dynamics significantly improve the Eastern Pacific (EP)-ENSO prediction and weaken the
EP-ENSO predictability barrier (PB), with the Equatorial Atlantic (EA) mode playing a more important role
than the Tropical North Atlantic (TNA) mode. The tropical Atlantic impacts on Central Pacific (CP)-ENSO
predictability and PB are relatively smaller. Consistent with observations, the tropical Atlantic can weaken PB
in most CMIP6 models. The evolution of the tropical Atlantic optimum initial structures confirms the important
influence of the EA mode on the eastern tropical Pacific. Therefore, the tropical Atlantic dynamics, especially
the EA mode, should be appropriately considered to improve the prediction of EP-ENSO and weaken the
EP-ENSO PB.

Plain Language Summary El Nifio—Southern Oscillation (ENSO) is one of the dominant climate
modes in the tropical Pacific on interannual timescales, with significant global impacts. The tropical Atlantic
sea surface temperature (SST) variability, especially in the tropical North Atlantic (TNA) and equatorial
Atlantic (EA), is shown to have important impacts on ENSO variability. Using a linear dynamical model,

we find that including the dynamics of the tropical Atlantic, especially the EA SST mode, can significantly
improve the forecast skill of Eastern Pacific ENSO and weaken the EP-ENSO spring predictability barrier
(SPB), which is a sudden reduction of ENSO prediction skill in the boreal spring. However, Central Pacific
(CP)-ENSO's forecast skill is less influenced by the tropical Atlantic dynamic. Consistent with the observations,
the topical Atlantic can weaken ENSO SPB in most CMIP6 climate models. Our results suggest that the
tropical Atlantic dynamics should be appropriately considered to improve the forecast skill of EP-ENSO.

1. Introduction

El Nifio—Southern Oscillation (ENSO) is the dominant air-sea coupled mode in the tropical Pacific on
seasonal-to-interannual timescales. ENSO drives atmospheric teleconnections that significantly impact
the climate, weather, and ecosystems throughout the world (e.g., Alexander et al., 2002; Cai et al., 2019;
Capotondi et al., 2020; Deser et al., 2012; Di Lorenzo et al., 2010; Liu & Di Lorenzo, 2018). According to
the different longitudinal locations, ENSO events are usually classified in terms of Eastern-Pacific (EP) and
Central-Pacific (CP) types (i.e., ENSO diversity; Capotondi et al., 2015, 2021). A huge effort to improve ENSO
predictability and prediction has been made during the last decades (e.g., Barnston et al., 1999, 2011; Latif
et al., 1998; Tang et al., 2018). According to the classic ENSO theory, key ENSO precursors are found within
the Tropical Pacific basin, including the Warm Water Volume along the equatorial Pacific (Jin, 1997a, 1997b;
Meinen & McPhaden, 2000), and westerly wind events in the western—central Pacific (Capotondi et al., 2018;
McPhaden, 2004; Vecchi & Harrison, 2000). In addition, extratropical ENSO precursors have also been iden-
tified to play important roles in ENSO development (Capotondi & Ricciardulli, 2021; Tseng et al., 2022; Zhao
et al., 2022). However, accurate ENSO forecasts several seasons in advance are still challenging (e.g., Tang
et al., 2018). One significant obstacle in ENSO prediction is the so-called “spring predictability barrier” (SPB),
which consists of a dramatic drop in forecast skill when the numerical ENSO predictions are made through spring
(e.g., Hou et al., 2019; Jin et al., 2008, 2019, 2020; Webster & Yang, 1992; Wu et al., 2009; Xue et al., 1994).
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The SPB is also known as the strong error growth in the boreal spring (Duan & Hu, 2016; Duan & Mu, 2018; Mu
et al., 2007; Tao et al., 2019). Besides, previous studies have shown that the prediction of the CP type of ENSO
also suffers from the summer predictability barrier (Hou et al., 2019; Ren et al., 2016).

Recent studies have highlighted the importance of the tropical Atlantic sea surface temperature (SST) variability,
especially the tropical North Atlantic (TNA) and the equatorial Atlantic (EA) SST anomalies, on ENSO variability
(Ding et al., 2012; Ham et al., 2013a, 2013b; Jiang & Li, 2021; Keenlyside & Latif, 2007; Keenlyside et al., 2013;
Martin-Rey et al., 2012, 2014; Polo et al., 2008, 2015; Rodriguez-Fonseca et al., 2009; Wang et al., 2017).
SST anomalies in the tropical North Atlantic region (TNA mode) during boreal spring could influence ENSO
evolution through a subtropical teleconnection along the Pacific Intertropical Convergence Zone (ITCZ) (Ham
et al., 2013a, 2013b; Wang et al., 2017). In particular, TNA SST anomalies appear to favor the development of
a central Pacific (CP) type of ENSO (Ham et al., 2013b; Jiang & Li, 2021). On the other hand, variability in
the eastern EA (also known as Atlantic Nifio) (Zebiak, 1993), which is characterized by alternating warming/
cooling phases peaking in boreal summer (Keenlyside & Latif, 2007; Xie & Carton, 2013), can affect ENSO
development (Ding et al., 2012; Losada et al., 2010; Rodriguez-Fonseca et al., 2009) through shifts of the Walker
circulation and associated wind anomalies over the equatorial Pacific (Ding et al., 2012; Losada et al., 2010; Polo
et al., 2015; Rodriguez-Fonseca et al., 2009). EA SST anomalies are found to influence the development of the
eastern Pacific (EP) type of ENSO (Ham et al., 2013b; Jiang & Li, 2021).

Since tropical Atlantic SST anomalies play an important role in ENSO variability, they may also affect ENSO
predictability. The TNA and EA modes could be used as an additional predictor to improve ENSO predictability
(e.g., Dommenget et al., 2006; Exarchou et al., 2021; Frauen & Dommenget, 2012; Jansen et al., 2009; Jiang
& Li, 2021; Keenlyside et al., 2013; Martin-Rey et al., 2015). Using conceptual models based on parameters
obtained from observations, Dommenget et al. (2006) and Jansen et al. (2009) found that the inclusion of the
Atlantic Nifios seems to improve the ENSO forecast skill. Frauen and Dommenget (2012) suggested that initial
conditions of the tropical Atlantic may play an important role in ENSO predictability. Keenlyside et al. (2013)
carried out a suite of prediction experiments with a climate model and found that the EA SST anomalies affect the
development of strong El Nifio events, like the 1982/83 and 1997/98 events, and significantly improve the ENSO
forecast skill of these events across boreal spring, and hence may be important for weakening the SPB. Jiang and
Li (2021) argued that in the real-time ENSO prediction, one should consider the pattern of the tropical Atlantic
SST anomalies rather than just the TNA or EA index. Exarchou et al. (2021) used an ensemble of seasonal fore-
cast systems and demonstrated that ENSO predictability in winter is positively correlated to the representation
of equatorial Atlantic variability in summer and its teleconnection with the Pacific. However, to our knowledge,
fewer studies examined the relative role of the TNA and EA in real-world ENSO prediction and SPB.

In this paper, we aim to examine the impacts of tropical Atlantic SST anomalies, especially the TNA and EA
modes, on real-world CP-ENSO and EP-ENSO prediction. Here we use an empirical dynamical model, a Linear
Inverse Model (LIM), to quantify the contributions of the tropical Atlantic to ENSO. LIM can successfully
reproduce seasonal tropical SST variability and predictability (e.g., Penland & Matrosova, 1994; Penland &
Sardeshmukh, 1995 (hereafter PS95); Newman & Sardeshmukh, 2017; Newman et al., 2011). Also, since
LIMs are derived from observations, they can realistically capture interactions between different components
of the climate system. Based on LIM, Zhao et al. (2022) explored the impact of the extratropical Pacific on
ENSO predictability by decoupling the tropical Pacific and extratropical Pacific. In this study, we follow Zhao
et al. (2022) to investigate the roles that tropical Atlantic SST modes (TNA mode and EA mode) play in ENSO
predictability and SPB.

2. Data and Method
2.1. Data and Indices

Monthly mean values of SST (unit: °C) and SSH (unit: m) from the European Centre for Medium-Range Weather
Forecasting (ECMWF) Ocean Reanalysis System 4 (ORAS4) (Balmaseda et al., 2013) for the period January
1958-December 2015 are used in this study. To test the robustness of the results, we also use monthly SST
data from the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstruction SST data
set (ERSST) version 3 (Smith & Reynolds, 2004). Meanwhile, the monthly mean SST and SSH outputs from
historical simulations (rlilp1) of 21 climate models from phase 6 of the Coupled Model Intercomparison Project
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(CMIP6) (Eyring et al., 2016) are also used (Table S1 in Supporting Information S1). The period of model data
is from January 1958 to December 2014. SST and SSH fields were first averaged into 2° latitude X 5° longitude
grid boxes and then the climatological seasonal cycle is removed to obtain the anomalies. The externally forced
trend was removed using a method described in Text 1 in Supporting Information S1.

We use the Nifio3 and Nifio4 indices to represent the EP-ENSO and CP-ENSO (Hou et al., 2019; Kug et al., 2009),
respectively. The Nifio3 and Nifio4 indices are defined as the averaged SST anomalies over the Nifio3 (5°S-5°N,
150°W-90°W) and Nifio4 (5°S-5°N, 160°E—150°W) regions, respectively. To assess the robustness of our
results, the nearly orthogonal EP Nifio index (Ngp) and CP Nifio index (Ncp) defined by Ren and Jin (2011) are
additionally used in this study to represent ENSO diversity: Ngp = Nifio3 — « - Nifio4, Ncp = Nifio4 — a - Nifio3,
where @ = 0.4 when Nifio4 multiplied by Nifio3 is positive, otherwise a = 0.

To evaluate the strength of the Spring/Summer predictability barrier (PB), we define the PB intensity following
Jin and Liu (2021). ENSO's seasonal correlation forecast skill is a function of initial month m and lag months =
(Jin and Liu (2021); Ren et al., 2016). For every initial month m, we identify the maximum gradient of the fore-
cast skill among the target months from February to September. Then the sum of the maximum gradient of each
initial month is defined as the PB intensity.

The EA (TNA) index used in this work is defined as the averaged SST anomalies over the region 4°S—4°N,
20°W—0° (5°N-25°N, 70°W—-10°W). The EA pattern and TNA pattern are obtained by regressing the corre-
sponding indices onto tropical Atlantic SST anomalies (Figures la and 1b). Similarly, the leading Empirical
Orthogonal Function (EOF) patterns of tropical Atlantic are obtained by regressing the corresponding Principal
Component (PC) time series onto tropical Atlantic SST anomalies (Figures 1c—1f).

2.2. Constructing the LIM and Couple/Decouple Tropical Pacific and Tropical Atlantic

In systems where the nonlinear dynamics decorrelate much faster than the linear dynamics, the evolution
of the climate state can be approximated as a multivariate linear dynamical system driven by white noise
(Hasselmann, 1976; PS95):

dx

— =Lx+¢, 1

P ¢ M
where L represents the linear deterministic dynamics, which can also include linearly parameterizable nonlinear
dynamics, and & is white noise forcing. The covariance of the state vector x determines L (PS95):

L = 7' In{C(z)C(0)"' }, 2

where C(zp) = <x(z + TO)xT(t)> is the lag-covariance matrix of x at lag 7; C(0) = (x(r)xT(t)> is the covariance
matrix of x; 7o = 1 month.

For the LIM presented in this work, we chose the state vector x:

SSTrp
X =|SSHrp |» 3)
SSTta

where SSTtp (SSHrp) is anomalous SST (SSH) in the tropical Pacific (30°S—30°N, 130°E—70°W), SSTra is
anomalous SST in the tropical Atlantic (30°S—30°N, 70°W—0). Here we incorporate the tropical Pacific SSH
in the LIM because the inclusion of tropical thermocline depth/SSH variability appears to significantly improve
ENSO forecast skill at 6-18 months lead times (Newman et al., 2011), and is critical for capturing ENSO diver-
sity (Capotondi & Sardeshmukh, 2015). To reduce the number of spatial degrees of freedom, x is constructed
based on the PC time series of each field. We used the 10/4/6 leading PCs of SSTrp/SSH1p/SSTra, explaining
about 77/60/71 percent of the variability of their respective fields. We reconstructed the Nifio3/Nifio4 indices
with the leading 10 PCs of SSTtp, and found that they are almost the same as the original indices (Figure S1 in
Supporting Information S1) with a correlation coefficient as high as 0.99. We also verified the validity of our
LIM by performing a tau test (PS95), where the lag-covariances reconstructed with the LIM are compared to
those computed directly from the data, as shown in Text 2 and Figure S2 in Supporting Information S1.
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Figure 1. Regression map between the tropical Atlantic sea surface temperature (SST) anomalies and (a) Tropical North Atlantic (TNA) index, (b) Equatorial Atlantic
(EA) index; (c) Spatial pattern associated with the leading Principal Component (PC) of tropical Atlantic SST anomalies; (d) Pattern associated with the second PC; (e)
Spatial pattern of third PC, and (f) the difference between the spatial patterns of the second and third PCs. Time series of (g) TNA index and first PC, (h) EA index and
second PC, (i) EA index and third PC, and (j) EA index and the difference between second PC and third PCs.

The dynamics of the coupled system of tropical Pacific and tropical Atlantic can be investigated by rewriting
Equation 1 as:

dx d|Xp

Lpp Lap || xp N Ep
dt ~ dt

\ C)
a

Xa Lpa Laa || x4

where xp and x4 represent the variables within the Tropical Pacific (P) and Tropical Atlantic (A), respectively.
This coupled LIM is named Full LIM hereafter. In Equation 4, the sub-matrices of L encapsulates internal trop-
ical Pacific processes (Lpp), internal tropical Atlantic processes (L.aa) and coupled dynamics (Lpa and Lap). In
the full LIM, the climate dynamics of the tropical Pacific are determined by the local dynamics (Lppxp) and the
tropical Atlantic teleconnection (Lapx4):

d
% = Lppxp + Lapxa + Ep. 5)
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To remove the coupling effects between tropical Pacific and tropical Atlantic, we construct a No-Tropical Atlantic
LIM (No-TA LIM) by setting the coupling dynamics Lap = Lpa = 0 in L. Then the tropical Pacific system is
described as:

d

% = Lppxp + &p. (6)
Note that retaining different EOF numbers in the state vector x doesn't significantly change the tropical Pacific
SST variance pattern in the Full-LIM/No-TA LIM (see Text S3 and Figure S3 in Supporting Information S1),
confirming the robustness of the LIMs.

To separate the influence of the EA and TNA modes on ENSO predictability in the LIM, we relate these modes to
the EOF modes of tropical Atlantic SST anomalies (Figure 1). We find that the dominant EOF pattern of the trop-
ical Atlantic (Figure 1c) is similar to the TNA pattern (Figure 1a), and the corresponding PC time series is highly
correlated with the TNA index (R = 0.95, Figure 1g). The second (third) leading PC time series shows a positive
(negative) correlation with the EA index (Figures 1h and 1i), and the difference between PC2 and PC3 yields a
time series that is highly correlated with the EA index (R = 0.80, Figure 1j). The corresponding regression pattern
of PC2 minus PC3 (Figure 1f) also shares common features with the EA pattern (Figure 1b). Therefore, in this
study, we use the dominant PC time series of tropical Atlantic to represent the TNA mode and use the time series
of PC2-PC3 to represent the EA mode.

Like the No-TA LIM, we build No-PC1 LIM (No-PC2&3 LIM) where we remove the impact of the TNA mode
(EA mode) on the tropical Pacific climate variability by zeroing out the submatrix representing coupling dynam-
ics between PC1 (PC2 and PC3) of tropical Atlantic and tropical Pacific in the dynamical operator L of the
Full LIM.

The approaches used to make predictions and to identify the “optimal” initial condition for anomaly growth
using the LIM are very similar to those described in Zhao et al. (2022). More details can be found in Text S4 in
Supporting Information S1.

3. The Role of Tropical Atlantic in CP and EP ENSO Prediction and PB
3.1. The Overall Role of the Tropical Atlantic

We start by evaluating the general impact of the tropical Atlantic on predicting EP-ENSO and CP-ENSO. Figure
S4 in Supporting Information S1 shows the comparison of Nifio3/Nifio4 ENSO forecast skills predicted by differ-
ent LIMs. The Full LIM, which includes the impacts of the tropical Atlantic, exhibits the best prediction skill
compared to the decoupled LIMs (blue line in Figure S4 in Supporting Information S1). While the No-TA LIM,
in which all the interactions between tropical Atlantic and tropical Pacific are missing, shows the worst forecast
skill (red line in Figure S4 in Supporting Information S1).

The tropical Atlantic generally shows a minor (major) influence on Nifio4 (Nifio3) prediction skills. Specifi-
cally, the tropical Atlantic impacts the forecast skill of CP-ENSO only at longer lead times (>6 months), and
the difference in ACC skills between No-TA LIM and Full LIM is very small (<0.1) (blue line and red line in
Figure S4a in Supporting Information S1). For the EP-ENSO, the ACC skill in No-TA LIM (red line in Figure
S4b in Supporting Information S1) decreases significantly faster than that of Full LIM (blue line in Figure S4b
in Supporting Information S1) after 3 months' prediction, and the difference between them is about 0.2 on longer
time scales (>6 months). Note that the results are not qualitatively changed when we use Ngp and Ncp indices to
represent ENSO diversity (Figures S4c and S4d in Supporting Information S1).

To explore the impacts of the tropical Atlantic on the Spring/Summer PB, we compare seasonal correlation fore-
cast skills of the ENSO indices predicted by different LIMs (Figure 2). Note that Steiger's Z-test (Steiger, 1980) is
used to test the significance level of the differences between seasonal forecast skills predicted by different LIMs
(Figures 2d, 2h, and Figures 2j, 21, 2n, 2p). Black dots in these figures show the differences significant at 90%
level. The predictability maps represent the forecast skills as a function of the lead time (x-axis) and the initial
calendar month (y-axis).

For the CP-ENSO (Nifio4 index), by decoupling the tropical Pacific and tropical Atlantic (No-TA LIM), the
forecast skill is reduced compared to the Full LIM (Figure 2a vs. Figure 2c), especially when the initial month
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Figure 2. The seasonal correlation forecast skill of the Nifio4 as a function of the initial calendar month (y-axis) and lag month (x-axis) predicted by (a) Full Linear
Inverse Model (LIM), (c) No-TA LIM, (i) No-PC1 LIM, and (k) No-PC2&3 LIM. (b) Correlation forecast skills of the Nifio4 index predicted from February in Full
LIM (blue line), No-TA LIM (red line), No-PC1 LIM (orange line), and No-PC2&3 LIM (purple line). Difference of seasonal Nifio4 index forecast skill between (d)
No-TA LIM and Full LIM, (j) No-PC1 LIM and Full LIM, (1) No-PC2&3 LIM and Full LIM. Black dots show the differences past the 90% significant level of Steiger's
Z-test. (e-h) and (m—p) Same as (a—d) and (i-1) but for Nifio3 index seasonal forecast skill.

is in boreal winter (November to February) at 8—12 months lead (Figure 2d), leading to a stronger PB in No-TA
LIM (PB intensity: 1.17) compared to the Full LIM (PB intensity: 0.96) (Figure 2c). To further identify the role
of tropical Atlantic in CP-ENSO PB, we compare the Nifio4 index forecast skill predicted from November in
different LIMs (Figure 2b). The ACC skill in No-TA LIM (red line in Figure 2b) shows a stronger Summer PB
compared to the Full LIM (blue line in Figure 2b) from June to August (the gray shading in Figure 2b). Similar
results can be obtained from the forecast skills predicting from December (Figure S5c in Supporting Informa-
tion S1). Therefore, the tropical Atlantic can weaken the Summer PB of the CP-ENSO.

For EP-ENSO (Nifio3 index), when removing the interactions between tropical Pacific and tropical Atlantic
(No-TA LIM, Figure 2g), the seasonal forecast skill is largely decreased compared to the Full system (Figure 2e).
The PB intensity is much larger in the No-TA LIM (1.99) compared to the Full LIM (1.66). In No-TA LIM, the
ACC is about 0.4 at 6 months lead-time when the initial month is January (Figure 2g), which is smaller compared
to the Full LIM (about 0.6 in Figure 2e). Specifically, the ACC skills of the Nifio3 index when the initial month is
February show that the dynamics between tropical Pacific and tropical Atlantic can largely weaken the EP-ENSO
SPB (Figure 2f). When decoupling tropical Atlantic and tropical Pacific, the ACC skill in No-TA LIM (red
line in Figure 2f) shows a stronger SPB, decreasing faster compared to the Full LIM (blue line in Figure 2f)
during boreal spring and summer. Seasonal prediction skills show similar results when the initial month is Janu-
ary (Figure S5d in Supporting Information S1). The largest impact of tropical Atlantic on EP-ENSO seasonal
predictability is located when the initial month is from June to July at 7-10 months lead (Figure 2h), in the
following spring season. This can be seen clearly in Figure S5e in Supporting Information S1 which shows the
Nifio3 index seasonal forecast skill when the initial month is July. The forecast skill drops dramatically during
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the following spring season (gray shading in Figure S5e in Supporting Information S1), which is also an SPB
problem. Therefore, the tropical Atlantic plays an important role in weakening the EP-ENSO SPB.

Our result shows that the predictability of CP-ENSO is higher than EP-ENSO, which is consistent with previ-
ous studies using dynamical models (e.g., Figures 3a and 3b in Kim et al., 2009), statistical models (e.g., Tseng
et al., 2022; Zhao et al., 2022), and the information theory-based framework (Fang & Chen, 2022). Meanwhile, a
well-known phenomenon is that EP El Nifio events are more predictable than CP El Nifio events (e.g., Zheng &
Yu, 2017). It should be noted here that the predictability of EP/CP ENSO indices identified in this paper is not
the same as the predictability of EP/CP El Niiio events. On the other hand, based on dynamical models, some
previous studies also indicated that the EP-ENSO has a relatively higher prediction skill than the CP-ENSO (e.g.,
Jeong et al., 2012, 2015; Ren et al., 2017). However, dynamical prediction systems are often deficient in their
simulation of ENSO diversity (Capotondi et al., 2020), a factor that may contribute to their difficulty in predicting
that diversity.

To further identify the role of tropical Atlantic in ENSO prediction, we build LIMs from the output of each
CMIP6 model (Table S1 in Supporting Information S1) and repeated the observational LIM analysis. The arith-
metic mean of the forecast skills in each model determines the multi-model ensemble mean (MEM) statistics.
In the Full LIM, most CMIP6 models show a weaker PB intensity (Figure S6 in Supporting Information S1,
purple bars) compared to the observation (green line in Figure S6 in Supporting Information S1), and so does the
MEM. Removing the impacts of the tropical Atlantic increases the PB intensity in most CMIP6 models. For the
MEM, the PB intensities of both Nifio4 and Nifio3 indices in the No-TA LIM are increased compared to those
in the Full LIM. This is consistent with the observations but the increases in MEM are smaller. These increases
in MEM are supported by a strong inter-model consensus, with 19 out of 21 models (90%) for the Nifio4 index
and 18 out of 21 models (86%) for the Nifio3 index (Figure S6 in Supporting Information S1). This suggests that
the tropical Atlantic can weaken the ENSO PB in most models. To sum up, although most models underestimate
the PB intensity, the tropical Atlantic contributes to weakening the ENSO PB in most CMIP6 models as in the
ORAS4 reanalysis.

3.2. The Respective Role of TNA and EA Modes in ENSO Prediction and PB

To distinguish which Atlantic SST mode (EA mode/TNA mode) is more important for ENSO prediction and
PB, we further examine the forecast skills of the ENSO indices in the No-PC1 LIM/No-PC2&3 LIM where the
interactions between TNA/EA mode and tropical Pacific are removed.

For CP-ENSO (Nifio4 index), the prediction skill in No-PC1 LIM and No-PC2&3 LIM is comparable, indicating
that the EA mode and TNA mode make a comparable contribution to CP-ENSO predictability (purple line and
orange line in Figure S4a in Supporting Information S1). For EP-ENSO (Nifio3 index), when we only decouple
the TNA mode, the No-PC1 LIM (orange line in Figure S4b in Supporting Information S1) shows similar forecast
skill to the Full LIM (blue line in Figure S4b in Supporting Information S1), which means that the TNA mode
has little influence on Nifio3 index forecast skill. However, when the dynamics of the EA mode are removed, the
Nifio3 index prediction in the No-PC2&3 LIM is significantly decreased compared to the Full LIM (purple line
vs. blue line in Figure S4b in Supporting Information S1), suggesting that the EA mode plays an important role in
enhancing the EP-ENSO predictability. Note that the results are not qualitatively changed when we use the Ngp
and Ncp indices to represent ENSO diversity (Figures S4c and S4d in Supporting Information S1).

For the seasonal forecast skill of CP-ENSO (Nifio4 index), the No-PC1 LIM and No-PC2&3 LIM exhibit similar
ACC skills (Figure 2i vs. Figure 2k), which suggests that the TNA and EA modes may play comparable roles
in the seasonal predictability of CP-ENSO. This can also be seen in the seasonal prediction skills starting from
November or December (Figure 2b and Figure S5d in Supporting Information S1). The differences between
No-PC1 LIM/No-PC2&3 LIM and Full LIM are subtle (Figures 2j and 21), indicating that the impact of the trop-
ical Atlantic SST modes on CP-ENSO seasonal predictability is small.

For the seasonal forecast skill of EP-ENSO (Nifio3 index), when only decoupling the TNA SST mode, the No-PC1
LIM (Figure 2m) shows ACC skills similar to the Full LIM (see their differences in Figure 2n), suggesting that the
TNA mode plays a minor role in EP-ENSO seasonal predictability. However, when we decouple the EA mode of
tropical Atlantic, the ACC skill of Nifio3 index is significantly decreased compared to the Full LIM (Figure 2p),
especially during boreal spring and summer, leading to a stronger SPB in the No-PC2&3 LIM (Figure 20).
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Specifically, the Nifio3 index forecast skill predicted from February in No-PC2&3 LIM when decoupling the EA
mode shows stronger SPB compared to the Full LIM (purple and blue lines in Figure 2f), while the No-PC1 LIM
(orange line in Figure 2f) exhibits a similar forecast skill to the Full LIM (blue line in Figure 2f) when only decou-
pling the TNA mode. Similar results are also obtained when predicting from January (Figure S5d in Supporting
Information S1). Given the above, tropical Atlantic SST is important for weakening the EP-ENSO SPB, with the
EA SST mode playing the dominant role.

Note that the impact of the EA mode on EP-ENSO seasonal predictability is more effective at 7-10 months lead
when predicting from boreal summer (June to August, Figure 2p), which is consistent with the fact that the EA
mode peaks in boreal summer (Keenlyside & Latif, 2007; Xie & Carton, 2013). The major improvement of the
EP-ENSO prediction from boreal summer occurs in the following spring season (Figure S5e in Supporting Infor-
mation S1), after ENSO's mature phase. This is consistent with previous studies showing that the Atlantic Ocean
plays an important role in the decay phase of El Nifio. Specifically, the SST anomalies in the Atlantic Ocean can
drive easterly anomalies over the equatorial western Pacific during the decay phase of El Nifio, which induce an
upwelling oceanic Kelvin wave, accelerating its demise (e.g., Kim & Yu, 2022).

In all, the tropical Atlantic exhibits a minor (major) impact on CP-ENSO (EP-ENSO) predictability and PB.
Specifically, for CP-ENSO, the EA and TNA modes tend to play comparable roles in enhancing predictability
and weakening PB. On the other hand, the EA mode is much more important than the TNA mode in improving
EP-ENSO prediction skills and crossing the SPB. To test the robustness of our results, we repeat the LIM calcu-
lations using the NOAA ERSST v3 instead of the ORAS4 SST, and find that different observational products do
not qualitatively change our results (Figures S7 and S8 in Supporting Information S1). Note that we also examine
the seasonal forecast skill of the Ncp and Ngp indices in different LIMs (Figures S9-S11 in Supporting Infor-
mation S1), and obtain similar impacts of the tropical Atlantic on the seasonal predictability of ENSO diversity.

4. The Optimum Initial Condition of Central and Eastern Tropical Pacific

To further clarify the physical processes through which the tropical Atlantic influences the CP-ENSO-like mode
and EP-ENSO-like mode, we compare the optimum initial conditions for the growth of SST anomalies in the
Nifio3 and Nifio4 regions in different LIMs and explore how they evolve with time. Note that the optimal initial
structures have arbitrary units (Figure 3 and Figure S12 in Supporting Information S1), but the normalization is
consistent among panels so that the amplitudes are comparable.

4.1. The Optimum Initial Condition of Central Equatorial Pacific

First, we examine the tropical Atlantic initial condition of the Nifio4 region and how it evolves. The “Maximum
amplification” (MA) (PS95) curve for SST anomaly growth in the Nifio4 region (Figure S13a in Supporting
Information S1) shows that the maximum growth in Full LIM is achieved at a lag of about 8 months. Therefore,
7 = 8 months is chosen to calculate the optimal initial condition in the tropical Atlantic. The tropical Atlantic
optimal initial condition in the Full LIM (Figure 3a) resembles the typical TNA mode in the Tropical North
Atlantic region (Ham et al., 2013a, 2013b). There is also a warm center in the equatorial region, which is similar
to the EA mode, and a stronger warm center in the Tropical South Atlantic region (Figure 3a). Then we integrate
the basic equation of LIM (Equation 1) using the tropical Atlantic initial condition (with no signal in the tropical
Pacific) to see the progression. After 3 months of evolution, a weak cooling signal appears in the eastern tropical
Pacific region but not in the central tropical Pacific (Figure 3b). The cooling signal is then amplified by the local
dynamics in the tropical Pacific (Figure 3c) and finally evolves into a mature ENSO mode after about 9 months
(Figure 3d). This suggests that even without an initial signal in the tropical Pacific, only perturbations in the
tropical Atlantic SST could drive SST anomalies in the tropical Pacific.

To determine the individual impact of the EA mode and the TNA mode on SST anomaly growth in the Nifio4
region, we compare the tropical Atlantic initial condition and its time evolution in No-PC1 LIM (Figures 3e—3h)
and No-PC2&3 LIM (Figures 3i-31). In No-PC1 LIM, the initial condition is similar to the Full LIM in equa-
torial Atlantic and tropical South Atlantic regions, while the TNA-like pattern in the Full LIM is much weaker
(Figure 3e vs. Figure 3a). In No-PC2&3 LIM, the initial condition exhibits TNA-like pattern in the tropical North
Atlantic region, which is similar to the Full LIM, while the EA-like pattern is missing in equatorial Atlantic
compared to the Full LIM (Figure 3i vs. Figure 3a). After 3 months' evolution, a weak cooling signal appears
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Figure 3. (a) The 8-month tropical Atlantic optimal initial structure of SST variances in the Nifio4 region and (b—d) its time evolution from 3 to 9 months in the Full
Linear Inverse Model (LIM). Figures (e-h) and (i-1) are similar to (a—d), except for the optimal initial structure and time evolutions in No-PC1 LIM and No-PC2&3
LIM, respectively. (m) The 6-month tropical Atlantic optimal initial structure of SST variances in the Nifio3 region and (n—p) its time evolution from 3 to 9 months
in the Full LIM. Figures (q—t) and (u—x) are similar to (m—p), except for the optimal initial structure and time evolutions in No-PC1 LIM and No-PC2&3 LIM,

respectively.

in the eastern tropical Pacific region in both No-PC1 LIM and No-PC2&3 LIM (Figures 3f and 3j). Then the
cooling signal develops into an ENSO-like pattern after 9 months (Figures 3g—3h and 3k-31), with a smaller SST
variability compared to the mature phase in Full LIM (Figure 3d), suggesting that both the EA mode and the TNA
mode are important for the ENSO development.

Interestingly, during the development process of ENSO, the SST variability in the Nifio3 region (black square in
Figures 3a-31) is much stronger than that in the Nifio4 region (red square in Figures 3a—31). That is, the optimum
initial condition in tropical Atlantic that maximizes the growth of SST variance in the Nifio4 region can drive
even stronger signals in the Nifio3 region, indicating the much more important role played by the tropical Atlantic
in energizing EP-ENSO compared to CP-ENSO. This is consistent with Section 3 that the contribution of tropical
Atlantic SST to the CP-ENSO predictability is comparatively smaller (Figure S4 in Supporting Information S1
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and Figure 2). Moreover, the SST signal in the Nifio4 region is very weak in the evolution at month 3 (red square
in Figures 3b, 3f and 3j) and becomes stronger at month 6 (red square in Figures 3c, 3g and 3k), explaining the
previous finding that the tropical Atlantic mainly influences the forecast skill of CP-ENSO at time scales longer
than 6 months (Figure S4a in Supporting Information S1).

4.2. The Optimum Initial Condition of Eastern Equatorial Pacific

Generally, the tropical Atlantic optimum initial condition for the Nifio3 region can drive much stronger SST
anomalies in the tropical Pacific compared to that for the Nifio4 region (Figures 3m—3x vs. Figures 3a-31). For
the Nifio3 region, since the maximum growth rate of the MA curve (Figure S13b in Supporting Information S1)
occurs at about 6 months, we use ¢ = 6 months to calculate the tropical Atlantic optimum initial condition for
SST anomaly growth. In the Full LIM, the initial condition (Figure 3m) is similar to that for the Nifio4 region
(Figure 3a) in the tropical South Atlantic but shows a dipole structure in the tropical North Atlantic instead of
the TNA-like pattern in the initial condition for the Nifio4 region (Figure 3m vs. Figure 3a). The tropical Atlantic
dynamics drive strong EP-ENSO-like variance in the eastern tropical Pacific after 3 months (Figure 3n), which
further develops into an EP-ENSO-like mode after 6 months (Figure 30) and extends further westward toward
the central tropical Pacific after 9 months (Figure 3p). The SST signal in the Nifio3 region driven by the tropical
Atlantic after 3 months' evolution is strong so that the tropical Atlantic can significantly influence the EP-ENSO
predictability on shorter time scales (~3 months) (Figure S4b in Supporting Information S1) and can influence
the SPB when the initial month is in boreal spring (Figures 2e—2h).

In the No-PC1 LIM where the impact of the TNA mode is removed, the initial condition is similar to the Full
LIM but with a weaker warming center in the tropical North Atlantic (Figure 3q vs. Figure 3m), driving a strong
cooling signal in the eastern tropical Pacific with comparable amplitude to that in the Full LIM after 3/6/9 months
of evolution (Figures 3r—3t vs. Figures 3n—3p). This indicates that the TNA mode may play a less important
role in the development of the EP-ENSO-like mode. In No-PC2&3 LIM, the initial condition exhibits a dipole
structure in the tropical North Atlantic region, which is similar to the Full LIM, while the EA-like pattern in
the equatorial Atlantic is missing compared to the Full LIM (Figure 3u vs. Figure 3m). After 3/6/9 months of
evolution, the initial condition drives much weaker cooling anomalies in the eastern tropical Pacific compared
to the Full LIM (Figures 3v—3x vs. Figures 3n—3p), which suggests that the EA mode is very important to the
development of EP-ENSO-like mode. Therefore, the EA mode contributes more to the development and predic-
tion of EP-ENSO-like mode compared to the TNA mode, explaining the important role that the EA mode plays
in impacting the EP-ENSO SPB (Figures 2m—2p).

5. Summary and Discussion

This paper quantifies the role of the tropical Atlantic SST anomalies, especially the TNA and EA modes, in
predicting CP-ENSO and EP-ENSO and weakening the PB. We use an empirical dynamical model—LIM—that
allows us to selectively and objectively include or exclude the tropical coupling between the Atlantic and Pacific
instead of simple linear regressions as in many previous studies. Moreover, the LIM is not a purely linear model,
as it includes a stochastic forcing term that encapsulates fast system nonlinearities. It has been shown that its
prediction skill in the tropical Pacific is comparable to that of state-of-the-art operational forecast systems like
the National Multi-Model Ensemble (NMME) (Newman & Sardeshmukh, 2017). Concerning our LIM, its
ability to correctly reproduce the instantaneous and lag-covariances of observations (Figure S2 in Supporting
Information S1) provides confidence that it encapsulates the correct feedback among different variables.

In this work, we focus on the effect of the tropical Atlantic on ENSO PB, which is much less studied. We
find that the tropical Atlantic dynamics play an important role in predicting the EP-ENSO at timescales longer
than 3 months (Figures S4b and S4d in Supporting Information S1, and Figures 3m-3x), and can weaken the
EP-ENSO SPB (Figures 2e-2h), with the EA mode playing the dominant role (Figures 2m—2p). Although the
tropical Atlantic impact on CP-ENSO predictability is comparatively smaller and occurs primarily on longer
timescales (>6 months) (Figure S4a in Supporting Information S1 and Figures 3a-31), the tropical Atlantic can
also weaken the CP-ENSO PB (Figures 2a-2d). These results do not qualitatively change with different observa-
tional products (Figures S7 and S8 in Supporting Information S1). Furthermore, the weakening effects of tropical
Atlantic dynamics on CP-ENSO/EP-ENSO PB are supported by the result obtained with CMIP6 models, with a
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Figure 4. Linear partial regression maps between the JJA Equatorial Atlantic (EA) index and seasonal sea surface
temperature (SST) anomalies/SSH anomalies and the corresponding wind stress anomalies during (a) June—August, (b)
September—November, and (c) December—February. To remove the oscillatory effect of El Nifio-Southern Oscillation itself, a
regression on the previous year's wintertime Nifio3.4 index is subtracted from the JJA EA index. The shadings/contours show
the SST/SSH anomalies. For the contours, solid and dashed lines show positive and negative values, respectively. The interval
is 0.1.

strong inter-model consensus, although many of the models tend to underestimate the PB intensity (Figure S6 in
Supporting Information S1).

To further explore how the EA mode impacts the development of ENSO, we investigate the evolution patterns
of the EA mode during its most active seasons (summer), to clarify the physical mechanisms through which it
impacts ENSO in the subsequent seasons (Figure 4). In the boreal summer for an Atlantic Nifio (JJA; Figure 4a),
there is a significant positive SST anomaly over the equatorial Atlantic region. The anomalous warming induces
wind convergence locally (black box in Figure 4a), which enhances the Walker circulation and generates west-
ward wind anomalies in the equatorial western Pacific (red box in Figure 4a) (Ding et al., 2012; Polo et al., 2015).
These easterlies contribute to extend the eastern Pacific Cold Tongue westward (Figure 4b), favoring the develop-
ment of La Nifia events with cold anomalies in both the Nifio4 (red boxes in Figures 4b and 4c) and Nifio3 (black
boxes in Figures 4b and 4c) regions. The corresponding SSH anomalies are also shown in Figure 4 as contours.
Note that the maximum effect of JJA EA on the following seasons is in the eastern tropical Pacific (i.e., Nifio3
region). It is consistent with the results that EA plays a more important role in the EP-ENSO prediction than in the
CP-ENSO (Figure 2p vs. Figure 21). The possible reason is that the EA mode induces wind anomalies that alter
the thermocline depth in the far eastern and western Pacific, and the zonal thermocline slope (Ding et al., 2012).
These conditions may favor the development of EP-ENSO events in the absence of extra-tropical Pacific precur-
sors (Capotondi & Ricciardulli, 2021; Capotondi & Sardeshmukh, 2015). The EA and TNA modes impact the
ENSO variability through substantially different physical processes, which may lead to their different roles in
ENSO prediction. Specifically, the EA mode modulates the ENSO variability by altering the Walker circulation
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(Ding et al., 2012; Losada et al., 2010; Polo et al., 2015; Rodriguez-Fonseca et al., 2009), while the TNA mode
affects the tropical Pacific variability along the Pacific ITCZ (Ham et al., 2013a).

Our results suggest that EP-ENSO can be more predictable and the PB can be weakened when the dynamics
of the tropical Atlantic are appropriately considered. The full optimal initial structures including both tropical
Pacific and tropical Atlantic and their time evolution are shown in Figure S12 in Supporting Information S1. The
optimal anomalies and their evolution are in the tropical Pacific much stronger compared to those in the tropical
Atlantic basin (Figure S12 in Supporting Information S1 vs. Figure 3). However, despite the small tropical Atlan-
tic signal in the initial optimal structure (relative to the Pacific), the tropical Atlantic can still make a significant
impact on the predictability of EP events (Figures 2e—2h). Capotondi and Ricciardulli (2021) showed significant
correlations between CP events and extra-tropical Pacific ENSO precursors, which were missing for EP events.
As seen in this study, the important role of the tropical Atlantic in the development of EP events may be respon-
sible for the initiation of these events.

Note that we only explicitly examine the impact of the tropical Atlantic in this paper, but other influences (e.g.,
extratropical Pacific) are not explicitly considered. Extratropical Pacific dynamics like the North and South
Pacific Meridional Modes have been shown to greatly impact ENSO predictability and PB (Ren et al., 2019; Zhao
et al., 2022). These influences can be expected to be implicitly included in the LIM, because the tropical Pacific
region we used to construct the LIM is from 30°S to 30°N, and the SST PCs over this region are correlated with
the extratropical Pacific PCs. The dynamics of different regions are not completely independent of each other,
but LIM gives us an approach to decouple parts of the system. How to quantitatively describe the combined/
respective effects of these areas on ENSO prediction requires further studies.

Another interesting question is how tropical Atlantic dynamics impact the prediction of different phases of ENSO
(i.e., El Nifio and La Nifia). This question deserves to be explored in depth. However, given the relatively short
duration of the observational data, the number of El Nifio/La Nifia developing years is insufficient to obtain
robust results. Long climate model simulations may be suitable candidates for future studies.

We note here that the influence of the tropical Atlantic on ENSO may include nonlinearities that LIM cannot
capture. On the other hand, Coupled General Circulation Models (CGCMs) utilized to address these issues
through basin decoupling or partially coupled experiments (e.g., Rodriguez-Fonseca et al., 2009; Ding et al., 2012;
Keenlyside et al., 2013) may have biases that can limit the reliability of the results. Thus, close comparisons of
results obtained with the LIM versus those obtained with the CGCMs may help identify the most robust aspects
of the Atlantic influence on ENSO. This avenue for further exploration of inter-basin interactions will be pursued
in future work.

Data Availability Statement

The ORAS4 output can be downloaded from: https://www.cen.uni-hamburg.de/en/icdc/data/ocean/easy-in-
it-ocean/ecmwf-ocean-reanalysis-system-4-oras4.html. The ERSST v3 observation data are available online:
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00833. The CMIP6 data
were obtained from https://esgf-node.llnl.gov/projects/cmip6/. The specific CMIP6 models used in this paper can
be found in Table S1 in Supporting Information S1.
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