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Nonlinearity in the Pathway of El Nifio-Southern Oscillation to the Tropical North Atlantic?
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ABSTRACT: El Nifio-Southern Oscillation can influence the tropical North Atlantic (TNA), leading to anomalous sea
surface temperatures (SSTs) at a lag of several months. Several mechanisms have been proposed to explain this teleconnection.
These mechanisms include both tropical and extratropical pathways, contributing to anomalous trade winds and static stability
over the TNA region. The TNA SST response to ENSO has been suggested to be nonlinear. Yet the overall linearity of the
ENSO-TNA teleconnection via the two pathways remains unclear. Here we use reanalysis data to confirm that the SST
anomaly (SSTA) in the TNA is nonlinear with respect to the strength of the SST forcing in the tropical Pacific, as further
increases in El Niflo magnitudes cease to create further increases of the TNA SSTA. We further show that the tropical pathway
is more linear than the extratropical pathway by subdividing the interbasin connection into extratropical and tropical pathways.
This is confirmed by a climate model participating in the CMIP5. The extratropical pathway is modulated by the North Atlantic
Oscillation (NAO) and the location of the SSTA in the Pacific, but this modulation insufficiently explains the nonlinearity in
TNA SSTA. As neither extratropical nor tropical pathways can explain the nonlinearity, this suggests that external factors are
at play. Further analysis shows that the TNA SSTA is highly influenced by the preconditioning of the tropical Atlantic SST.

This preconditioning is found to be associated with the NAO through SST-tripole patterns.
KEYWORDS: Dynamics; ENSO; Teleconnections; Tropical variability

1. Introduction

A well-known teleconnection originating from El Nifio—
Southern Oscillation (ENSO) is toward the tropical Atlantic.
A positive sea surface temperature anomaly (SSTA) in the
tropical Atlantic tends to follow an El Nifio, while a negative
SSTA can develop during La Nifia events. The peak of this
SSTA often lags ENSO’s peak SST [December—February
(DJF)] by one season, peaking between March and May
(MAM) (Enfield and Mayer 1997; Lee et al. 2008). The SSTA
response occurs principally in the tropical North Atlantic
(TNA) and is diminished south of the equator. Several reasons
have been proposed for this hemispherical difference, includ-
ing the lack of significant convection in the South Atlantic
(Chiang and Sobel 2002), the meridional position of the inter-
tropical convergence zone (ITCZ) (Czaja et al. 2002), opposing
impacts of trade winds on either side of the equator (Wu et al.
2005), and the presence of destructive interference in the more
dynamically responsive South Atlantic Ocean (Chang et al. 2006).

The TNA region, and associated SST anomalies, are note-
worthy as they can influence several regions. Some examples
include shifts in the ITCZ that can influence South America’s
rainfall (Nobre and Shukla 1996; Giannini et al. 2004;
Rodrigues et al. 2011), or modulation of the ENSO tele-
connections toward Europe (Mathieu et al. 2004). The North
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Atlantic Oscillation (NAO) may also be influenced by North
Atlantic SSTs, of which subtropical SSTs represent the largest
influence (Sutton et al. 2000; Robinson et al. 2003). Caribbean
precipitation can be influenced by modifying the zonal SST
gradient between the Atlantic and the Pacific, altering the
Caribbean low-level jet (CLLJ) (Whyte et al. 2008; Mc Shine
et al. 2019). The TNA region also impacts Atlantic hurricane
activity by influencing the Atlantic warm pool (Wang et al. 2006;
Vimont and Kossin 2007). Remote regions can also be impacted,
including surface temperatures over China (Wu et al. 2011).

Different mechanisms have been proposed that connect the
Pacific and Atlantic via the tropics (Saravanan and Chang
2000; Chang et al. 2006; Sasaki et al. 2014a; Garcia-Serrano
et al. 2017), extratropics (Lau and Nath 1996; Nobre and
Shukla 1996; Alexander et al. 2002), or a combination of
tropical and extratropical pathways (Huang 2002; Rodrigues
et al. 2011; Taschetto et al. 2016; Jiang and Li 2019). Each
mechanism can contribute to the TNA SST anomalies by cre-
ating latent heat changes via either a moist convection/stability
process or a modification of the trade winds, with the latter
strongly dominating over the former (Jiang and Li2019). These
anomalous trade winds often peak 1-2 months prior to the
peak Atlantic SSTA, occurring between January and March
(JFM). Furthermore, the coupling between the winds and un-
derlying SST varies with latitude.

In addition to the TNA SST being forced by ENSO, the NAO
may also influence the TNA region. The Azores high (southern
lobe of the NAO) can modify the pressure gradient between
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the Atlantic subtropics and the TNA, leading to anomalous
trade winds and changes in heat fluxes and SST (Cassou and
Terray 2001; George and Saunders 2001; Wanner et al. 2001;
Lee et al. 2008). Consequently, the NAO is associated with a
North Atlantic SST tripole pattern, of which the southern-
most area overlaps with the TNA (Czaja et al. 2002). The
NAO can be constructive or destructive to the influence
of ENSO on the tropical Atlantic. The resulting interaction
is further complicated as ENSO can also influence the
NAO through the extratropical pathway (Jiménez-Esteve
and Domeisen 2018).

Following an ENSO event or a large anomaly in the NAO
index, peak trade wind anomalies occur between 20° and
30°N, where the SSTA persistence is related primarily to the
forcing persistence (NAO or ENSO) (Czaja et al. 2002).
Between 10°N and the equator, the wind—evaporation—-SST
(WES) feedback is important for generating and sustaining
the SSTA in the TNA (Amaya et al. 2017; Xie and Philander
1994). As the TNA is typically warmer (colder) during El
Nifio (La Nifia), this inhibits the southward excursion of the
ITCZ during MAM. The ITCZ migration is also associated
with the interhemispheric flow, further influencing the trade
winds. The flow of surface winds toward the warm anomaly
can create an SSTA dipole about the equator (Giannini et al.
2004; Wu et al. 2005), generating an SST pattern similar to
the Atlantic meridional mode (Servain et al. 1999; Chiang
and Vimont 2004).

The ENSO extratropical pathway toward the TNA explains
approximately two-thirds of trade wind anomalies over the
TNA region (Jiang and Li 2019). This influence occurs pri-
marily through the Pacific-North American (PNA) pattern.
The PNA is a wave train of alternating highs and lows arching
from the tropical Pacific toward North America (Wallace and
Gutzler 1981). The low-pressure center over the southeastern
United States and the Caribbean is important for this tele-
connection, influencing the TNA trade winds by interacting
with the Azores high (Taschetto et al. 2016).

El Nifo (La Nifia) events tend to project onto a positive
(negative) phase of the PNA (Horel and Wallace 1981).
During El Nifio events, the Aleutian low usually deepens and
shifts southward, resulting in a strengthening and eastward
extension of the subtropical jet (Cassou and Terray 2001;
Bronnimann 2007). During La Nifla events, the opposite
influence generally occurs, except that a strengthening of
the Aleutian low is nonlinear with the magnitude of the event
(Straus and Shukla 2002). This nonlinearity originates from
nonlinearities in the relationship between SSTs and convec-
tion over the tropical Pacific (Jiménez-Esteve and Domeisen
2019). A second trough located over the southeastern United
States and Caribbean region is more linear to the strength of
ENSO (Maldonado et al. 2016). This region is important for
developing the TNA SSTA, as it can influence the downward
motion of air in the Atlantic subtropical high (Hastenrath
2000). During El Nifio events, the positive PNA creates an
anomalous low pressure center around southeastern North
America/tropical North Atlantic that weakens the equator-
ward flank of the subtropical high, contributing to a decrease
in the Atlantic trade winds (Taschetto et al. 2016). This region
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can be further influenced by an anomalous Hadley circulation
over the Atlantic, perturbed by the Walker circulation
(Wang 2004).

Tropical teleconnections have also been proposed for the
Pacific’s influence on the Atlantic, influencing trade winds and
static stability over the Atlantic. The tropical pathway is sug-
gested to account for approximately one-third of the wind
anomalies in the TNA region (Jiang and Li 2019). A com-
monality between the tropical mechanisms is the Matsuno—
Gill-type response over the Pacific SST anomalies, linked to
the propagation of Kelvin waves. Differences in wave propa-
gation may arise between El Nifio and La Nifia events, which
can create nonlinearities downstream (Lin et al. 2007). These
differences originate from several aspects and are not well
understood.

The first tropical mechanism involves warming the free
troposphere over the Pacific, following convective adjustment
to the SST anomalies, referred to as the “‘tropospheric tem-
perature (TT) mechanism” (Sobel et al. 2002). This tempera-
ture anomaly propagates eastward via the aforementioned
Kelvin wave, eventually encompassing much of the global
tropical troposphere (Chiang and Sobel 2002). Su et al. (2003)
found that this mechanism is linear as it operates over large
areas. This finding is consistent with Lin et al. (2007), who
found that the differences in convergent/divergent anomalies
between El Nifio and La Nifla have little influence on the
downstream temperature anomaly. Over the Atlantic, this
mechanism influences the TNA SST by altering static stability,
which alters deep convection. As a result, evaporative cooling
anomalies and shortwave radiation changes can create SST
anomalies (Klein et al. 1999; Chiang and Sobel 2002).

As the Kelvin wave propagates to the Atlantic, it influences
the Hadley and Walker circulations, resulting in increased
(decreased) upper-level westerlies during El Nifio (La Nifia)
events and thus increasing (decreasing) the vertical wind
shear and inhibiting (promoting) deep convection over South
America and the tropical Atlantic (Sasaki et al. 2014a;
Saravanan and Chang 2000). A recently discovered mechanism
by Garcia-Serrano et al. (2017) involves a secondary Gill-type
response downstream of the tropical Pacific, with an anoma-
lous heat source over the Amazon. This response is related to
a perturbed Walker circulation and has the opposite sign of
the Pacific’s initial Matsuno—Gill response. During El Nifio
(La Nifia) events, this response corresponds to anomalous
descending (ascending) motion over South America and anti-
cyclonic (cyclonic) activity at the surface. Similar to the per-
turbed ITCZ, this influences the trade winds in the deep
tropics, with the TNA trade winds decreasing (increase) during
El Nino (La Nifa), helping to establish the WES feedback
(Czaja et al. 2002).

In addition to different pathways for the teleconnection,
other aspects of ENSO influence this teleconnection. For
example, the rate that Pacific SST anomalies dissipate plays
a role in the evolution of the TNA SST (Lee et al. 2008).
A slower decay of ENSO often corresponds to a larger and
earlier peak of TNA SSTA (Wu and He 2019; Wu et al. 2020).
The longitudinal variance of Pacific SST anomalies during
El Nifio and ENSO diversity also plays an important role,
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TABLE 1. Summary of events considered for moderate, strong, and extreme events. Years refer to the peak and decay year of each

ENSO event.
Phase Moderate Strong Extreme
El Nifio 1963/64, 1968/69, 1969/70, 1976/77, 1965/66, 1972/73, 1991/92, 1982/83, 1997/98, 2015/16
1977/78, 1986/87, 1987/88, 1994/95, 2002/03, 2009/10
2004/05, 2006/07, 2014/15, 2018/19
La Nifia 1961/62, 1962/63, 1964/65, 1967/68, 1970/71, 1973/74, 1975/76, 1988/89, —

1971/72, 1974/75, 1983/84, 1984/85,
1995/96, 2000/01, 2008/09, 2011/12,
2016/17, 2017/18

1998/99, 1999/2000, 2007/08, 2010/11

where the position of the SSTA may modify aspects of the
teleconnection pathways (Graf and Zanchettin 2012; Amaya
and Foltz 2014; Taschetto et al. 2016; Zhang et al. 2019). Aside
from ENSO considerations, the preconditioning of the tropical
Atlantic SST, before establishing the teleconnection, can
modify the SST by reinforcing or reducing the response
(Giannini et al. 2004).

Overall, the complexity of the direct forcing from ENSO and
other aspects like the NAO forcing or Atlantic SST pre-
conditioning makes this interbasin connection nontrivial. This
teleconnection’s overall linearity remains unclear, as some
studies have pointed to strong ENSO events not always re-
sulting in a strong TNA SSTA (Lee et al. 2008; Wu et al. 2020).
This is because many studies have often performed either a
linear regression (Klein et al. 1999; Chiang and Sobel 2002;
Saravanan and Chang 2000; Sasaki et al. 2014b; Garcia-Serrano
et al. 2017) or considered only one phase of ENSO (Yulaeva
and Wallace 1994; Sobel et al. 2002; Su et al. 2003; Chiang and
Lintner 2005; Rodrigues and McPhaden 2014; Taschetto et al.
2016). Here, we focus on analyzing the linearity of this tele-
connection through both tropical and extratropical pathways
and during both phases of ENSO.

2. Data and methods

This study uses the monthly mean SST from the Extended
Reconstructed Sea Surface Temperature (ERSST), version 4,
dataset (Huang et al. 2015), and atmospheric fields from the
Japanese 55-year Reanalysis (JRA-55) (Kobayashi et al.
2015), both from January 1958 until December 2019. A 30-yr
filter was used to remove the low-frequency variability in all
fields using a fast Fourier transform (FFT). Results using
filtered data were very similar to raw data. ENSO events are
classified using the normalized ERSST dataset with a 5-
month running average applied. ENSO events are defined
using the October-February (ONDJF) Nifno-3.4 index, de-
fined by an area average encompassing the equatorial Pacific
(5°N-5°S, 170°-120°W). Moderate events are defined as
+0.5-1.0 standard deviation (std dev), strong events as +=1.0—
2.0 std dev, and extreme events as greater than +2.0 std dev.
This classification yields 12 moderate, 5 strong, and 3 ex-
treme El Nifio events, and 14 moderate, 8 strong, and 0 ex-
treme La Nifia events (see Table 1 for specific years). The
statistical significance is calculated using a Monte Carlo test
(Noreen 1990) by drawing a number of samples equal to
the number of available events for each ENSO category from

the full dataset. This procedure is repeated 10000 times to
determine significance.

We utilize 500 years from the Geophysical Fluid Dynamics
Laboratory (GFDL) Climate Model, version 3 (CM3), prein-
dustrial phase 5 of the Coupled Model Intercomparison
Project (CMIPS) run. We choose this model due to its good
representation of ENSO characteristics (Taschetto et al. 2014;
Feng et al. 2020) and large-scale teleconnection patterns (Lee
et al. 2014).

ENSO’s impact onto the TNA SST is measured using a
TNA index defined as the area-averaged SSTA over the re-
gion of 5°-25°N, 55°-15°W, as in Taschetto et al. (2016). The
PNA pattern is represented using the first EOF of the
200 hPa geopotential height anomaly over 20°-80°N, 210°-
30°W (as outlined by Straus and Shukla 2002). A /cos¢
weighting was applied before performing the EOF analysis,
where ¢ is latitude.

The southeastern low pressure section of the PNA is analyzed
independently, given its importance for influencing the Azores
high and Atlantic trade winds. We define the southeastern index
as the sea level pressure (SLP) averaged over 25°-35°N, 90°-
70°W, referring to the trough located over the southeastern
United States. The longitudinal variance of ENSO is measured
by using the El Nifio Modoki index (EMI) (Ashok et al. 2007).

For the NAO, we use the index by Li and Wang (2003)
measuring the difference between the zonally averaged SLP at
35°and 65°N from 80°W to 30°E. We choose this index over an
EOF analysis as it explains a larger percentage of variance in
boreal spring and summer.

Two indices represent the tropical teleconnection pathways,
referred to as the TT index and the secondary Gill index. Both
patterns refer to a Kelvin wave perturbation but influence the
tropical North Atlantic through two mechanisms. The TT
mechanism primarily influences the Atlantic’s stability by in-
hibiting moist convection, while the secondary Gill mechanism
acts directly onto the trade winds over the Atlantic. The sec-
ondary Gill index is called after the mechanism by Garcfa-
Serrano et al. (2017) and should not be mistaken for a separate
mechanism from the initial Matsuno-Gill response occurring
over the Pacific. We here refer to ““secondary’ as the down-
stream effect of the same phenomenon.

The TT index measures the average temperature anomaly
between 850 and 200 hPa over the tropical Atlantic (5°N-5°S,
70°-10°W), as defined in Amaya and Foltz (2014). To represent
the downstream perturbation of the Walker circulation, which
results in a vertical shear anomaly and secondary Gill-type
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response, we use the first mode of a maximum covariance
analysis (MCA) between the Pacific SST over 45°N-45°S,
240°-60°W and the tropical Atlantic 200 hPa streamfunction
over 30°N-30°S, 90°W—45°E. Before calculating the stream-
function, zonal means of each wind component are removed,
creating the asymmetric streamfunction component. The
MCA is constructed by computing a covariance matrix be-
tween the two datasets, then a singular value decomposition
is used to determine the dominant modes of covariability, as
described by Bretherton et al. (1992). By correlating the
temporal expansion coefficients of a given variable for the
nth MCA mode with the corresponding anomaly field, we
form homogeneous maps (Barreto et al. 2017; Riaz et al.
2018). The first MCA between the Pacific SST and Atlantic
200 hPa asymmetric streamfunction represents 89% of co-
variance (Figs. 1b,c).

To evaluate each index’s linearity, we separate ENSO
events into moderate, strong, and extreme bin ranges, as
well as a rolling ONDJF Niifio-3.4 range. We use bins with a
width of 0.5 std dev and shift the endpoints incrementally by
0.1 std dev, starting at —2.0 to —1.5 std dev, then —1.9
to —1.4 std dev, and so on. Furthermore, the mean, standard
deviation, and coefficients of determination (R?) were
computed for each bin. We determine the extent that each
index approximates a linear fit using an ordinary least
squares method on all binned values. A shifting bin method
is similar to performing a simple correlation between two
indices, but by binning, we can determine additional as-
pects such as the mean and standard deviation. (For refer-
ence, we also include the corresponding scatterplots that
do not use the aforementioned binning method in the
Figs. S1 and S2 in the online supplemental material.) Note
that when using the shifting bin method, events fall within
multiple bins.

In addition to using the rolling ONDJF Nifio-3.4 binning
process with individual indices, we utilize this binning process
on the standardized SST anomalies over the tropical Atlantic.
To determine the deviation from the linear fit, a root-mean-
squared error (RMSE) between the binned values and the
linear fit is computed as

n

RMSE =) [» 305, 3" M
where y; is the observed value and y, is the value predicted by
the linear regression, each for the ith value.

To quantify the interaction between the ITCZ and the
meridional winds, we use an MCA between the precipita-
tion and 950 hPa meridional winds. To determine the tro-
pospheric stability, we calculate the lower-tropospheric
stability (LTS) field defined as the difference in the po-
tential temperature (6) between 700 hPa and the surface,
assumed to be 1000 hPa (Klein and Hartmann 1993; Wood
and Bretherton 2006):

LTS = 0,4, — 0,99 2

All aforementioned indices are summarized in Fig. 1a.
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(a) Indices Map
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F1G. 1. (a) Indices map depicting the regions used to construct
indices throughout this paper, including the Nifio-3.4 (solid black
lines), EMI (dashed black lines), TT index (solid red lines), sec-
ondary Gill index (dashed red lines), PNA index (solid blue lines),
southeastern low index (dashed blue), TNA index (solid green
line), and NAO (dashed green lines). (b),(c) The secondary Gill-
type index MCA, where (b) is the SST over the Pacific and (c) is the
200 hPa streamfunction over the tropical Atlantic.

3. Results
a. Tropical Atlantic connection

We begin by compositing the TNA SST, SLP, and 950 hPa
wind anomalies during JFM and MAM ENSO events (Fig. 2).
We composite events for moderate, strong, and extreme
ENSO events over the Atlantic. Note that the extreme ENSO
composite only contains El Nifio events.

The SST spatial patterns for La Nifia and El Nifio events
show differences. For example, the spatial pattern during
moderate La Nifa (Fig. 2b) shows similarity in the spatial
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(a) Moderate LN (SLP) (b) Moderate LN (SST)

(d) Strong LN (SST)

"
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FIG. 2. Tropical Atlantic SST, SLP, and 950 hPa wind anomalies during ENSO: (right)
the Atlantic SST in MAM, following a moderate, strong, and extreme El Nifio and
La Nifa events; (left) the JFM SLP and 950hPa wind vectors. Stippling represents
areas that are statistically significant from zero at the 95% level using a two-tailed
Monte Carlo test.
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distribution of the TNA between 20°N and 0° to the strong El
Nifio event (Fig. 2h), as anomalies peak in the Caribbean and
easternmost TNA regions. In contrast, the moderate El Nifio
(Fig. 2f) spatial distribution is similar to the strong La Niiia
(Fig. 2d), as the SST anomalies are more zonally symmetric.
The extreme El Nifio composite (Fig. 2j) shows different SSTA
patterns, as the significant SST anomalies are primarily con-
strained to the deep tropics and Caribbean region.

Strong La Nifia events show stronger anomalies in the cen-
tral TNA region and the Caribbean while increasing slightly in
the eastern TNA compared to moderate La Nifia. Strong El
Nifio events show little increase in strength in the TNA with
respect to moderate El Nifio events and have a smaller extent
of SST anomalies. A Monte Carlo analysis indicates that strong
El Nifo events lack statistical difference to moderate El Nifo,
while extreme El Nifio events are only statistically different to
moderate El Nifio events in the deep tropics (Fig. S3).

The lack of SST differences between moderate and strong El
Nifio events contrasts with the large differences in wind
anomalies at 20°N (typical peak wind area). Furthermore, the
wind differences between moderate La Nifia and El Nifio
events (Figs. 2a,e) show El Nifio events are associated with a
stronger anomaly over the TNA region, especially around
20°N. To expand on this, we analyze anomalies in the sub-
tropical high region in the Atlantic, as variations in the semi-
permanent pressure center affect the trade wind anomalies
during JFM (Figs. 2a,c,e,g,i). Both moderate El Nifio and La
Nifia are associated with a negative NAO (Figs. 2a,e), though
with a stronger signature over the eastern North Atlantic for
La Nifia, while the signature encompasses much of the North
Atlantic for El Nifo. The influence of a negative NAO would
be constructive to the expected El Nifio TNA wind anomaly,
while destructive to the expected La Nifia wind anomaly. This
could explain the lack of strong trade wind anomalies at 20°N
during moderate La Nifia, as well as the lack of strong SSTA.
Areas with significant SSTA hint at tropospheric stability
changes (see also Fig. S4).

When considering the extratropical pathway, for El Nifio
(La Nifia), the PNA is often in a positive (negative) phase;
therefore, we expect a low (high) pressure anomaly over the
western Atlantic and the United States. This signature is ap-
proximately what we see for all composites (Figs. 2a,c,e,g,i).
The positive pressure anomaly over the western Atlantic could
explain why the trade wind anomalies during moderate La
Nifia events still increase in strength, even as the negative
NAO tends to force the trade winds to decrease. Furthermore,
since the southern lobe of the NAO signature for moderate La
Nifia does not extend as far south as for strong La Nifa, the
peak anomaly lies further northward, having a smaller influ-
ence on the subtropical SST. This brings to light the impor-
tance of considering both the wind magnitude and position for
explaining the lack of SST anomalies in the central TNA
during moderate La Nifia. A similar SST pattern is present
during strong El Nifio events, where strong trade wind anom-
alies are present, but peak north of 15°N. This may similarly
explain the lack of SSTA, especially south of 15°N.

Strong La Nifia and El Nifio events exhibit similar NAO
magnitudes (Figs. 2¢,g), with opposite phases, and are constructive
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to the expected trade wind anomalies for both La Nifia and El
Nifio. Even as the NAO pattern for strong El Nifio is tilted
more in the southwest-northeast direction, and the La Nifa
has a more north-south orientation, the wind anomalies over
the TNA region are similar in position and strength. However,
this results in a different SSTA pattern, indicating the magni-
tude of the trade wind anomaly is not the only factor to con-
sider. Other factors may include wind anomaly location, as well
as the background state, especially the preconditioning of the
SST. Finally, the extreme El Nifio composite shows distinct
wind anomalies. This includes weaker winds in the central
Atlantic around 20°N and stronger winds in the eastern and
western TNA. The dominant SLP gradient also shifts from
primarily meridional to primarily zonal. This may explain the
different trade wind anomalies, as the meridional component
of the TNA wind anomalies has increased. The only statisti-
cally different region compared to moderate El Nifio is 0°~10°N
(Fig. S3b), which may indicate that the extratropical pathway
was not dominant, resulting in the tropical pathway dominating
the TNA SSTA. However, as there are only three extreme
events, these results should be taken with caution.

b. Tropical Atlantic nonlinearity

We plot the seasonal evolution of the Nifio-3.4 and the TNA
indices for each binned range (Figs. 3a,b). The Nifio-3.4 index
(Fig. 3a) shows a linear increase in strength as ENSO magni-
tude increases. As expected, the TNA’s peak SSTA occurs
approximately during MAM (Fig. 3b). Furthermore, the La
Nifla years show a linear increase in TNA SSTA from mod-
erate to strong events. In contrast, during El Nifio events, the
TNA SSTA do not show a linear increase, as moderate and
strong events have similar peak SSTA. Another difference
occurs between the TNA SST’s preconditioning, where strong
El Niiio events have the smallest SSTA in boreal winter. This
difference may explain why the SSTA is similar between
moderate and strong El Nifio.

By considering only the TNA SSTA peak season (MAM)
(Fig. 3c¢) and moving from strong La Nifia to extreme El Nifio
events, we can better understand this relationship. Results
show a linear relationship between ENSO and the TNA for La
Nifa events, as the mean resembles the linear fit (dashed line).
This relationship changes for El Nifio events, where further
increases past 1.0-1.5 Nifio-3.4 std dev result in a minimal in-
crease in the TNA SSTA. Of this increase, a large percentage
likely originates from the deep tropics, as this is the only region
that increases between strong and extreme El Nifio compos-
ites. This indicates a nonlinearity between ENSO’s strength
and the resulting TNA SST, although the low number of ex-
treme El Nifio makes it hard to show statistical significance.
Since the TNA index provides little information about the
spatial distribution of relative linearity, we compute the devi-
ation from the linear fit for each grid point.

Figures 4a, 4c, and 4e shows the RMSE following a pointwise
regression analysis between the Nifio-3.4 index (ONDJF) and
the normalized Atlantic SST anomalies between March and
May. Since we normalize to background variability, this anal-
ysis shows the relative linearity between different regions
within the TNA region. Results show higher linearity (lower
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RMSE indicates higher linearity, that is, smaller deviation
from a linear fit) within the Caribbean region, and in the deep
tropics between 0° and 15°N. The latitudinal band of relatively
low RMSE extends from the northern coast of South America,
growing slightly from March to April, before receding in May.
The deep tropics RMSE values grow continuously from March
to May, and two centers develop about the equator by May.

Compared to the SST composites in Fig. 2, the higher line-
arity found in the Caribbean (Figs. 4a,c.e) is consistent with
the moderate, strong, and extreme bins of ENSO. In compar-
ison to the location of peak wind anomalies, the low RMSE
in the Caribbean occurs in a different area to the wind anom-
alies. This may indicate areas showing higher linearity (i.e.,
Caribbean and deep tropics) are more strongly associated with
static stability processes linked to the tropical pathway, spe-
cifically the TT mechanism. This is consistent with Chiang and
Sobel (2002), who found that the SST response to the TT
mechanism is relatively weak in areas that are weakly coupled
to the atmosphere. The weak response arises from a lack of
communication between the free troposphere and the bound-
ary layer through convection.

To analyze areas where the SST can be influenced by static
stability changes (i.e., coupled to the atmosphere) or trade
wind changes, we implement a multiple linear regression
(MLR) (Figs. 4b,d.f). This method accounts for the variance
associated with each variable, similar to the method im-
plemented in Izumo et al. (2010). We use the LTS, which
compares potential temperature at the surface to the potential
temperature above the trade wind inversion, as outlined by
Klein and Hartmann (1993), as well as the 950hPa wind
magnitudes. The LTS better quantifies large-scale stability
changes, as variations in potential temperature above the trade
wind inversion are related to the tropics, including distant
convective regions (Miller 1997). No lag was used between the
fields. Results are qualitatively similar when using JFM for
wind and stability fields versus MAM SSTA.

We examine the multicollinearity between the stability and
950hPa winds by considering the variance inflation factor
(VIF), which is 1/(1— R?). This analysis shows that the stability
and 950hPa winds have a low VIF, indicating that the ex-
planatory variables are sufficiently unrelated, thus justifying
the use of MLR analysis. Figure 4b shows that the trade winds’
influence onto the SST peaks over the central TNA region
around 20°N, diminishing into the Caribbean. Conversely, the

«—

(LN) events, as well as by strength into moderate (*0.5-1.0 std
dev), strong (£1.0-2.0 std dev) and extreme (>= 2.0 std dev) using
the ONDF]J Nifo-3.4 index. Shading represents =1 std dev, while
vertical line indicates peak season. (¢) The TNA SSTA during
MAM (peak month) and varying the ONDFJ Nifio-3.4 range. Bins
are 0.5 std dev wide and increase incrementally by 0.1 std dev.
Shading represents *1.0 std dev, solid scatter points represent the
mean, faded scatter points represent individual events, and the
straight line represents a best fit (using a least squares method).
The sudden disappearance of the std dev (shaded) area in (c) is due
to one value being available for the given bin.
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FIG. 4. Linearity vs SST contributions. (left) RMSE maps between the ONDJF Nifio-3.4 index and SST and
pointwise multiple linear regression coefficients of tropospheric stability (shading) and (right) 950 hPa total winds
(contours) against the SST for (top) March, (middle) April, and (bottom) May. Stippling in RMSE maps represents
statistical significance at the 95% level by using a two-tailed ¢ test. Note that the color bar for the RMSE maps is not

spaced linearly.

static stability peaks in the Caribbean, suggesting that the
Caribbean SST anomalies are driven by static stability, while
trade wind anomalies drive central TNA SST anomalies. The
spatial distribution also matches the lower-tropospheric sta-
bility composites found in Fig. S4.

In the central TNA region (10°N, 45°W), the linearity de-
creases, as seen by higher RMSE values. This lower linearity
region tilts from southwest to the northeast (Fig. 4a). Comparing
this area to March’s MLR map (Fig. 4b), the decrease in linearity
corresponds to where influences from stability are minimal. This
overlap suggests that less linear areas are associated with wind
anomalies and that the static stability’s influence on the SST is
more linear.

Comparing RMSE maps (Figs. 4a,c.e) and the SST com-
posites (Fig. 2) confirms that high linearity in the Caribbean,
deep tropics, and West African coast corresponds with consistently

large SST anomalies in the composites, as expected. This sug-
gests that previous patterns described in the SST composites
are strongly influenced by static stability and wind anomalies,
where the former is more linear than the latter.

The spatial distribution of the May RMSE and extreme El
Nifio SST composite also resemble each other (Figs. 2j and 4e),
including the two centers on either side of the equator. These
two centers are likely the result of the TNA SSTA intensifying
the cross-equatorial temperature gradient, inducing a meridi-
onal flow, and triggering a northward shift of the ITCZ (Chiang
et al. 2001) (also see Figs. S4c,f). As the ITCZ shifts, it further
sustains the interhemispheric flow of surface winds (Chiang
2002). As a result, this meridional flow decreases trade winds in
the Northern Hemisphere and increases them in the Southern
Hemisphere, explaining the equator’s two SSTA centers. Since
an intensification of the cross-equatorial SST gradient triggers
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the ITCZ displacement, this may explain why the two centers
intensify in May instead of in March. As the Atlantic Nifio
occurs in the southern region of the RMSE maps, this inter-
annual mode of variability likely influences the relationship
(Liibbecke et al. 2018). We further break down the relationship
with the ITCZ in the following section.

MLR results in the deep tropics show a contrast to the
Caribbean (Figs. 4b,d,f). One key factor consists of the dif-
ferences in static stability anomalies, which affect vertical
motion, thereby modifying evaporative cooling and surface
shortwave radiation, both of which can induce SST anomalies.
Unlike the Caribbean, where increased stability is associ-
ated with an increase in SSTs, the deep tropics SSTs are neg-
atively correlated between SST and stability. These differences
could be explained by the complex differences between the
Caribbean and deep tropics (south of 10°N, Czaja et al. 2002).
Anomalous meridional shifts of the ITCZ will acutely influ-
ence the deep tropics, while the temperature anomaly that
propagates from the Pacific to the Atlantic reaches a peak in
the subtropics around 20°-30°N. This interplay translates to the
Caribbean SST being positively correlated with static stability,
as the atmospheric temperature anomaly surpasses any op-
posing influence on stability, such as from the Hadley Cell.
Over the deep tropics, the temperature anomaly is less robust,
while the influence from the ITCZ on vertical motion in-
creases, making stability influences less robust overall (as seen
by lack of statistical significance in Fig. S4).

c. Tropical mechanisms

To examine the tropical pathway, we separate it into the
secondary Gill and TT indices. The seasonal evolution of the
respective indices is shown in Figs. 5a and 5b, while Figs. 5c and
5d show the respective peak months of each index, that is, JFM
for the secondary Gill index, and February to April (FMA) for
the TT index, using the rolling ONDJF Nifio-3.4 method.

During secondary Gill mechanism peak (JFM) (Fig. 5c), the
mechanism consistently increases in strength with respect to
Nifio-3.4 SSTA, from strong La Nifla to extreme El Nifio
events. Overall, the secondary Gill mechanism cannot explain
the plateau during El Nifio; rather, the tropical contribution to
the pathway leads to an increase in TNA SSTA during extreme
El Niio (Fig. 5¢).

As the TT mechanism peaks in FMA (Fig. 5b), moderate
and strong El Nifio events show little difference. This also
occurs for La Nifia events. By considering only the peak month,
we show that the index follows the linear fit. Furthermore, the
variability is higher than the secondary Gill index. Unlike for
the secondary Gill index, plateau slightly for strong La Nifia
events, where little increase occurs for La Nifia events past
the —1.5 to —1.0 std dev bin. Overall, both pathways are rel-
atively linear, although more so for the secondary Gill mech-
anism. The TT index result is consistent with Su et al. (2003),
and Lin et al. (2007), who also found that the TT mechanism
is linear.

As the interhemispheric temperature gradient in the tropical
Atlantic grows, favoring a northward shift of the ITCZ in bo-
real spring, this can play an important role in reinforcing
or creating deep tropic trade wind anomalies. Furthermore,
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Jiang and Li (2019) found that this shift may contribute more
to the trade wind anomaly in the deep tropics than the sec-
ondary Gill mechanism. We, therefore, investigate the linear-
ity of the ITCZ shift using the first MCA mode between the
precipitation and 950 hPa meridional wind fields (Fig. 6). We
use meridional winds, as they correspond closely to cross-
equatorial winds and associated meridional shift of the ITCZ.
The first mode captures 24.3% of covariance between these
two fields. As expected from past studies, the homogeneous
maps (Figs. 6a,b) indicate that a northward displacement of the
ITCZ is associated with northward cross-equatorial winds in
the tropical Atlantic.

Seasonal evolution of the PCs for precipitation and meridi-
onal wind fields are shown in Figs. 6¢ and 6d. The ITCZ peak
occurs between April and June (AMJ), while meridional winds
peak around one month earlier, in MAM. This is consistent
with Chiang et al. (2001), who showed that the meridional wind
anomaly drives the ITCZ shift. It is also consistent with Richter
et al. (2017), who describes the phase locking of the ITCZ and
equatorial wind anomalies. These peak months are also plotted
in Figs. 6e and 6f for the associated PCs of each field using a
rolling ONDJF Nifio-3.4 index (similar to Fig. 5).

Results of using a rolling ONDJF Nifio-3.4 index show that
both the ITCZ anomaly, and associated meridional winds
follow a linear fit. The extreme endpoints do not deviate from
this relationship, as previously seen for the TT mechanism.
They show a much larger variability about the linear fit, but
residuals are randomly distributed. This higher variability can
be explained by the fact that the Atlantic Ocean has the flattest
meridional temperature profile during boreal spring, causing
the ITCZ to be sensitive to slight differences in SST anomalies
(Chiang 2002). Overall, the linearity confirms that the ITCZ
response over the Atlantic is linear with ENSO and does not
contribute to the TNA SSTA plateau for El Nifio events.

d. Extratropical pathway

Next, we analyze the teleconnection through the extra-
tropics. Anomalies can project onto the PNA pattern and
Pacific-South American (PSA) pattern. Since the latter’s in-
fluence focuses primarily on the South Atlantic (Rodrigues
et al. 2015), we focus on the PNA (Mo and Paegle 2001)
(Fig. 12). Past studies show that the PNA consists of both linear
and nonlinear aspects. For example, the Aleutian low, which is
the northwestern low pressure region of the PNA, is nonlinear
and unresponsive to increases in ENSO magnitude during La
Niiia events (Straus and Shukla 2002).

The PNA-related southeastern low located over the United
States and western TN A plays an important role in developing
the TNA SSTA by influencing the downward motion of the
subtropical high over the Atlantic (Hastenrath 2000). To
quantify the PNA impact over the subtropical Atlantic, we
create a separate index in addition to using the PNA. Since
the PNA’s influence involves ascending and descending
anomalies, we use the area-averaged SLP anomaly over the
PNA’s southeastern region.

Seasonal evolution (Figs. 7a,b) for both indices peaks
around JFM. The ONDIJF rolling Nifio-3.4 method during JFM
(Figs. 7c,d) indicates a similar evolution for both indices. Since
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FIG. 5. Tropical pathway evolution. As in Fig. 3, but using the secondary Gill and TT indices.

the southeastern low is a subset region of the PNA, this is to
be expected. Furthermore, both the PNA and southeastern
low residuals, with respect to a linear fit, are not randomly
distributed (Figs. 7c,d), indicating a nonlinear aspect. To in-
vestigate this, we analyze the residuals in Fig. 8. To calculate
the residuals, we directly compare the southeastern low to
the ONDIJF Nifio-3.4 index to determine a linear regression,
with the residuals defined as the difference between the linear
fit and southeastern low anomaly (southeastern low minus
the linear fit, as seen in Fig. S2f). In doing so, we avoid
any smoothing that the rolling ONDJF Nifio-3.4 index may
produce.

To investigate the source of this nonlinearity, we composite
JFM SST and JFM SLP fields during years with a positive re-
sidual (>1.0 hPa) and negative residual (<—1.0 hPa) (Figs. 8a—
d). The JFM SSTA (Figs. 8a,b) over the Pacific shows a distinct
difference between the anomalous SST patterns. Positive re-
siduals are associated with a central Pacific El Nifio pattern
peaking around the date line, and negative residuals show an
eastern Pacific El Nifio pattern. Since the southeastern low
index is anticorrelated to the Nifio-3.4 index, a positive residual
weakens the response during an El Nifio event, showing east-
ern El Nifio events tend to perturb the TNA region more ef-
fectively. This is consistent with Taschetto et al. (2016), who

found that the PNA response is stronger for eastern El Nifio
events, compared to central El Nifio. Furthermore, we extend
their findings by examining La Nifia events. However, since our
SST residual composites only show El Nifio-like patterns, this
says little about residuals during La Nifia events.

As the NAO may also modulate the southeastern low, we
analyze the SLP during JFM (Figs. 8c,d). Composites show
that the residuals positively correlate with the NAO. This
connection may have contributed to the oscillation of the
residuals for La Nifia events. This is because the NAO is
negative during moderate La Nifia and positive during strong
La Nifna, matching the residuals (Figs. 2a,c). However, this
relationship breaks down for extreme El Nifio events, as the
NAO is positive, while the residual is negative. This break-
down hints at the interplay between the NAO and ENSO’s
longitudinal position for modulating the southeastern low,
where the NAO plays the dominant role during La Nifia
events. The results during La Nifia may also be less robust than
during El Nifio, as the structure varies between NAO-like
and wave train-like between positive and negative residuals
(Figs. S5a,b).

To investigate these patterns, Figs. 8e and 8f show the
scatterplots between the residuals and the JFM EMI and JFM
NAO indices, respectively. The correlation between the EMI
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FIG. 6. ITCZ and meridional winds. The homogeneous maps for the first modes of (a) precipitation and
(b) 950 hPa meridional winds fields. (c),(d) The corresponding expansion coefficients (PCs) are used to represent
the composited evolution following an ENSO event. (e),(f) The expansion coefficients during the peak precipi-
tation (AMJ) and peak meridional winds (MAM), respectively. Note that the y axes for (c)—(f) change according to
the variable. The MCA includes all months from 1958 until 2016. Vertical lines in (c) and (d) represent the peak of

each index.

and all residuals is 0.13, increasing to 0.23 for only El Nifio
events and decreasing to —0.03 for La Nifia events. Conversely,
the correlation between all residuals and the NAO is 0.55,
changing to 0.58 and 0.38 when considering only El Nifio and

La Nifia events, respectively. This shows that the NAO is a
dominant influence during La Nifia, while the longitudinal lo-
cation of the tropical Pacific SSTA is more important during E1
Nifio events. Overall, the NAO and the longitudinal position of
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(a) PNA Index Evolution
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(b) Southeastern Low Evolution

-4 T T T T T
ASO SON OND NDJ DJF JFM FMA MAM AMJ MJJ JJA JAS
Season
Moderate EN (n=12)
—e— Strong EN (n=5)

—e— Moderate LN (n=14) °
—e— Strong LN (n=8)

—e— Extreme EN (n=3)

(d) JFM Southeastern

@ e s ety t oo™
0 - -
£ I PN oo
2> b
3 5
E£-1 A 1
<2( e
“'_'\
-2 ot
3]
-4 . T
K K o0 ¥ o QQ‘O 8\9 Q\% (;LQ &b
o I\ N N S N N N @

ONDJF Nino 3.4 Range (stddev)

—e— Mean Linear fit Specific events Stddev

FIG. 7. PNA and southeastern low evolution. As in Fig. 3, but using the first PC of the 200 hPa geopotential height
over North America to represent the PNA index and the area averaged sea level pressure over 25°-35°N, 90°~70°E
for the southeastern low pressure area of the PNA. Vertical lines in (a) and (b) represent the peak of each index.

the SSTA in the equatorial Pacific modulate ENSO’s influence
onto the TNA, whereby the southeastern low is externally
modulated instead of internally nonlinear (Fig. 12).

e. Comparison of mechanisms

We compute the RMSE for each index for full (—2.0 to
2.5 ONDIJF Nifio-3.4 index), moderate, and strong binning
ranges (see Table 2). The secondary Gill and TT index
have a smaller RMSE compared to the other indices, indi-
cating that the tropical pathway is more linear than the ex-
tratropical pathway. The RMSE for both indices also increases
minimally for strong events compared to moderate events.
Overall, this does not explain the nonlinearity seen in the
TNA SSTA.

We separate the RMSE for moderate and strong ENSO and
compare it to the full time series for the MCA of the cross-
equatorial flow and meridional shift of the ITCZ. Figures 6e
and 6f showed previously that these indices follow a linear
fit with high variability. Table 2 confirms this relationship,
as there are relatively minimal changes in RMSE between
moderate and strong events. In the southeastern low resid-
ual analysis, residuals are negative during strong La Niiia,

decreasing the ability of strong La Nifia events to perturb the
TNA. Negative residuals are also present for strong and ex-
treme El Nifio, increasing the ability of El Nifio to perturb the
TNA SSTA. As such, this modulation does not explain the
nonlinearity in the TNA SSTA. Overall, as both the tropical
and extratropical pathways cannot explain why ENSO and the
TNA'’s relationship is nonlinear, this indicates potentially an-
other mechanism at play apart from these teleconnection
pathways.

Correlation between the MAM TNA SSTA residuals (with
respect to ONDJF Nifio-3.4 index) and the January TNA
SSTA is 0.65 (Fig. 9a). Such a high correlation shows the im-
portance of preconditioning for explaining the teleconnection
but does not indicate if a certain phase or strength of ENSO is
more important for the preconditioning, and there is no reason
to believe this would be the case. Consequently, results explain
little about why extreme EI Nifio events plateau in SSTA. To
further analyze this, we plot the January SST composites for
when the residual as mentioned above is =0.25°C. Results
show the SST-tripole pattern for both cases, where SST
anomalies extend from the tropics to the North Atlantic, with
three distinct poles. This pattern indicates the NAO is likely
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FIG. 8. Relationship between southeastern low, EMI, and NAO. Residuals between the southeastern low and
ONDIJF Nifio-3.4. Residuals were created using a direct comparison between the southeastern low and ONDJF
Nifio-3.4, where residuals are defined as the difference between the linear regression and southeastern low
anomaly. (a),(b) The JFM SST over the Pacific; (c),(d) the JFM SLP over the Atlantic, for positive residuals
(>1.0 hPa) and negative residuals (<—1.0 hPa). Years for negative residuals include 1964, 1969, 1971, 1974, 1983,
1987, 1996, 1998, and 2010 and years for positive residuals include 1966, 1988, 1989, 1990, 1994, 1997, 2002, 2004,
2007, 2009, 2015, 2016, 2018, and 2019. (e) The residuals against the JFM EMI index; (f) the residuals against the
JFM NAO index. Stippling in (a)-(d) represents statistically significant areas (>95%). Shaded areas in (e) and
(f) represent the 95% confidence interval. Correlation between the JFM residuals and JFM EMI and JFM NAO is
0.22 and 0.56, respectively.
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TABLE 2. Summary of RMSE values. All values are for nor-
malized indices. Moderate events are defined as =0.5-1.0 ONDJF
Nino-3.4 std dev, and strong events are defined as =1.0-2.0 ONDJF

Nifo-3.4 std dev. Months for each index occur during their asso-
ciated peak month, as seen in previous sections.

OF CLIMATE VOLUME 34

To explain how the NAO influences the preconditioning
differently depending on the ENSO phase and strength, we
look to recently discovered asymmetries in the NAO found
by Hardiman et al. (2019). They show that an asymmetry
in the perturbed NAO occurs between strong El Nifio and
La Nifia, resulting from differences in the tropospheric
and stratospheric teleconnection pathway to the North

All Moderate Strong

Index type events events events

Gill 0.561 0.498 0.494
TT 0.629 0.609 0.651
MCALI1 precipitation 0.937 0.960 0.879
MCAI1 meridional winds ~ 0.856 0.862 0.804
PNA 1.366 1.382 1.300
Southeastern low 1.129 1.042 1.226
TNA 0.850 0.810 0.893

Atlantic. While the tropospheric pathway through the
Caribbean is linear with respect to ENSO, the stratospheric
pathway fails to grow in strength for a strengthening of the
ElNifio SSTA. They suggest that this difference in linearity
causes the tropospheric pathway, represented by Rossby
wave propagation, to dominate during extreme El Niiio.
As a result, the January NAO anomaly appears as a trans-

the forcing for the residual SSTA pattern. However, it should
be noted that additional external influences or internal vari-
ability may be at play.

atlantic wave pattern during El Nifio, which is seen in
our extreme El Nifio composite patterns (Fig. 2i). The re-
sulting pattern in the North Atlantic acts destructively to
the expected trade wind anomaly and may impact SST
preconditioning.

(a) MAM TNA residuals vs. Jan TNA
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FI1G. 9. Residuals analysis for MAM TNA SSTA. (a) Scatterplot between the residual between MAM TNA SSTA
and ONDIJF Niflo-3.4 (without using a rolling range) and the January TNA SSTA. Shaded area represents 95%
confidence interval. January SST composite of (b) positive (>0.25°C) and (c) negative (<—0.25°C) residuals be-
tween the MAM TNA SST and ONDIJF Niifio-3.4 (without using a rolling range). Stippling area represents 95%

confidence interval using a Monte Carlo analysis.
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(c) Southeastern Low Evolution (CMIP5)
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FIG. 10. GFDL CM3 analysis for secondary Gill, TT, and southeastern low. (a)-(c) Composited seasonal evolution; (d)-(f) anomaly for
the peak month of each index as a function of the ONDFJ Nifio-3.4 range. Bins are defined as in Fig. 3. Vertical lines for (a)—(c) show the
JRA-55 peak month, indicating differences in the seasonal evolution between reanalysis and the model.

As opposed to a more zonal NAO pattern, the presence of
this wave train shifts the dominant pressure gradient from
dominantly meridional to dominantly zonal over the TNA
region. By geostrophic balance, this explains why winds shift
to primarily meridional, and the lack of strong trade wind
anomalies around 20°N. Regions of significant SSTA during
extreme El Nifio (Fig. 2j), namely the Caribbean and deep
tropics, are consistent with static stability changes and a
northward shifted ITCZ. The SST dipole in the deep tropics
further indicates a positive meridional wind anomaly, which
decreases trade winds in the Northern Hemisphere and in-
creases them in the Southern Hemisphere.

f- Comparison with preindustrial model simulation

We evaluate the results in a 500-yr preindustrial simulation of
the GFDL CM3. Figures 10a—c shows the TT, secondary Gill,
and southeastern low index evolution, while Figs. 10d, 10e, and
10f shows the respective peak month for each index compared
to arolling ONDJF Nifio-3.4 method. In comparison to JRA-55,
the model is biased toward La Nifia events, and extreme El Nifio
events are absent. The peak months for the model and JRA-55
(represented by a vertical line in Figs. 10a,b,c) show relatively
good agreement for moderate events, while strong and extreme
subsamples often peaking one season earlier.

Both the secondary Gill and TT indices show a linear
behavior until ENSO events approach extreme La Nifia

(Figs. 10d,e), where the indices begin to plateau. This nonlin-
earity may reflect the saturation of the atmospheric response to
further decreases in SST, as outlined in Jiménez-Esteve and
Domeisen (2019). The southeastern low shows similar non-
linear patterns in JRA-55, as seen by negative residuals for
both La Nifia and El Nifio.

The residual analysis (Fig. 11) reveals similar patterns in the
Pacific SST and North Atlantic SLP. The positive residual com-
posites show a central El Nifio-like pattern (Fig. 11a), with a
stronger negative cold tongue in the eastern Pacific. Negative
residuals conversely show a strong eastern El Nifio-like pattern.
Over the North Atlantic, similar patterns emerge, whereby the
southeastern low positively correlates with the NAO. This con-
firms that the influence of the longitudinal position of El Nifio and
the NAO are key factors for modulating the southeastern low.

4. Summary and conclusions

We study the linearity of all major mechanisms for the
ENSO teleconnection to the tropical North Atlantic and their
role in the nonlinearity concerning ENSO strength in observed
SST over the TNA region. We focus our analysis on reanalysis
data, but also compare our results to a preindustrial CMIP5
simulation. We compare the spatial distribution of the devia-
tion from linearity to determine for which areas and for which
mechanisms the teleconnection is more linear. We find the
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FIG. 11. GFDL CM3 analysis of southeastern low residuals. (a),(b) JFM SSTs over the Pacific and (c),(d)
JFM SLP over the Atlantic, for positive residuals (>1.0 hPa) and negative residuals (<—1.0 hPa). Stippling in
(a)—(d) represents statistically significant areas (>95%).

deep tropics and Caribbean regions have the most linear re-
lationship with ENSO. Through an MLR analysis we show that
these areas are associated with static stability changes and
potentially a shift of the ITCZ. Conversely, areas of lower
linearity are more strongly associated with wind speed changes.
To investigate each mechanism individually, we divide the
teleconnection pathway into tropical and extratropical pathways.
We represent the tropical pathway using a secondary Gill index
and TT index, while we represent the extratropical pathway with
a novel index, called the southeastern low index. The tropical
mechanisms respond relatively linearly to changes in ENSO
strength, although the TT index exhibits a plateau in strength
during strong La Nifia events, indicating a potential nonlinearity.
This is further confirmed in the model simulation, with the sec-
ondary Gill and TT both plateauing in strength during extreme La
Nifia. The ITCZ movement and cross-equatorial winds respond
linearly to changes in Nifio-3.4 SSTA, but with high variability.
This study extends our understanding of the teleconnection
of ENSO to the tropical Atlantic by considering both ENSO
phases. We find that the southeastern low is likely externally
modulated by the longitudinal variance of El Nifio and the

NAO. For La Nifia, since the variability in the longitudinal
position of the tropical Pacific SST anomalies is smaller than
for El Nifio, the dominant modulator is suggested to be the
NAO. Modeled residual composites including both central and
eastern El Nifio-like patterns as well as positive and negative
NAO patterns confirm this result.

Results show the TNA SSTA nonlinearity is not caused
by nonlinearities in the teleconnections themselves but
by external factors. These include the NAO and its con-
structive or destructive interaction with the trade winds
and asymmetries in the NAO arise during extreme El Nifo.
Another potential modulator is the TNA SST preconditioning,
which can be related to the NAO. Either modulator can
dominate over the other depending on the year. For ex-
ample, in moderate La Nifia years, the NAO acts destruc-
tively toward the expected trade wind anomaly and may
explain the lack of large SST anomalies. Conversely, during
strong El Nifio years, the NAO is constructive for expected
trade wind anomalies, and the overall trade wind anomaly
is strong, but there is a lack of statistically significant SST
anomalies. In this case, the preconditioning may play an
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FIG. 12. Schematic of main mechanisms for the ENSO teleconnection toward the tropical Atlantic, as discussed in
the text. Shading represents two SVDs between (Pacific SST, Atlantic SST) and (Pacific SST, North American
500 hPa geopotential height), and is used to plot the ENSO SST, TNA SST, and PNA. For the Pacific SST, both
SVDs had the same pattern. Dashed arrows and boxes represent modulating factors, while solid arrows and boxes

represent the main mechanisms for the teleconnection.

importantrole, as the strong El Nifio has neutral to negative
SST preconditioning.

We introduce a novel method to interpret the linearity of the
teleconnection by using a rolling ONDJF Nifio-3.4 range.
Pointwise application over the Atlantic indicates the spatial
distribution of the deviation from linearity. However, even as
this offers additional statistical interpretations, using reanalysis
data alone has clear limitations as there are few extreme El
Nifio events and no extreme La Nifia events.

Finally, this study shows the nontrivial nature of the ENSO
teleconnection to the tropical North Atlantic, indicating the
need to incorporate additional aspects for more accurate pre-
dictions of the TNA SSTA evolution. These aspects include the
longitudinal variance, TNA preconditioning, and the NAO, as
summarized in Fig. 12. Future studies should look to further
our understanding of the respective roles of the longitudinal
variability of ENSO and the NAO for modulating the south-
eastern low, which may differ between La Nifia and El Nifio.
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