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ABSTRACT

The equatorial Atlantic is subject to variability on interannual timescales that involves
coupled air-sea interaction and bears some similarity to the El Nifio-Southern Oscillation
(ENSO) in the tropical Pacific. In this chapter we take a closer look at equatorial Atlantic
variability, examining its dynamical and thermodynamical mechanisms, its interaction
with other variability patterns inside and outside the tropical Atlantic, its influences on
precipitation over land, its representation in climate models, its predictability, and its low-
frequency modulation. In addition to reviewing what is known about the equatorial Atlantic,
we also point out where there is a current lack of consensus and where there are open

questions requiring further research.



1. Introduction

The equatorial Atlantic is subject to sea-surface temperature (SST) variations that are
most pronounced in the eastern and central part of the basin and occur on interannual time-
scales. These variations are tightly locked to the annual cycle and have their peak in boreal
summer, with a secondary peak in boreal fall (e.g. Liibbecke et al. 2018; Fig. 14). Histori-
cally, this pattern of variability was discovered after El Nifio-Southern Oscillation (ENSO)
came to prominence, with first observational evidence emerging in the 1970s and 1980s
(Hastentrath and Heller 1977; Katz et al. 1977; Merle 1980; Hisard 1980). Those observa-
tions suggested a certain similarity to the ENSO phenomenon in the Pacific, including (for
the positive phase) a weakening of the equatorial trades, weakening of the south-equatorial
current, strengthening of the north-equatorial counter current and equatorial undercurrent,
and deepening of the equatorial thermocline. Due to these similarities, Hisard (1980) de-
scribed the phenomenon as the Atlantic counterpart to El Nifio, and the term “Atlantic Nifio”
gradually gained currency in the literature. Subsequent studies identified differences be-
tween equatorial variability in the Atlantic and Pacific (Zebiak 1993; Keenlyside and Latif
2007; Foltz and McPhaden 2010a; Burls et al. 2012; Richter et al. 2013; Nnamchi et al.
2015). In recognition of these differences the term “Atlantic zonal mode” (AZM) is now
increasingly being used in the literature, and we will follow this terminology.

Compared to ENSO, the AZM has a relatively small SST amplitude of about 1 K.
Nevertheless, AZM events have been associated with far reaching impacts, including Eu-
ropean winter weather (Ventzke et al. 1999; Rodwell et al. 1999; Scaife et al. 2017) the
tropical Pacific (Rodriguez-Fonseca et al. 2009), and the Indian summer monsoon (Pot-

tapinjara et al. 2014, 2016; Kucharski et al. 2016).



In this chapter, we will give an overview of the current understanding of equatorial
Atlantic variability. Recently, several reviews on the topic have been published, with one
focusing on equatorial Atlantic variability alone (Liibbecke et al. 2018) and two discussing
it as part of their description of the tropical Atlantic observation network (Bourles et al.
2019; Foltz et al. 2019). In difference to those reviews, here we will focus more narrowly
on the mechanisms of equatorial Atlantic variability, which allows us to go into some more
detail. Based on recently published data sets, we will also present some new analysis that
hopefully may serve as a reference for future research. Being the work of only two authors,
this chapter will certainly be biased toward the authors’ own research findings, though we
will strive to give a relatively comprehensive overview, present a spectrum of opinions and
point to controversies and unsolved questions.

The data sets and some definitions are briefly described in section 2. In section 3 we
present the climatological annual cycle of the equatorial Atlantic, which will be needed for
a deeper understanding of its interannual variability. Section 4 explains the dynamical and
thermodynamical mechanisms underlying equatorial Atlantic variability. The linkage of
the AZM to other tropical Atlantic patterns of variability is described in section 5. The
influence of the AZM on the surrounding continents, and its two-way interactions with
remote basins are the topic of section 6. The extent to which numerical models can simulate
and predict equatorial Atlantic variability is examined in sections 7 and 8, respectively. In
section 9, we take a brief look at low-frequency modulation and long-term trends in the
equatorial Atlantic. The final section 10 presents a summary of this chapter and outlines

some outstanding research questions and conundrums.



2. Data description and definition

Most of the analysis presented here is based on the European Centre for Medium
Range Weather Forecasting (ECMWF) reanalysis 5 (ERAS; Hersbach et al. 2018), and on
the ECMWF Ocean Reanalysis 4 (ORAS4; Balmaseda et al. 2013), both for the period
1979-2018. Precipitation data is from the Global Precipitation Climatology Project (GPCP)
version 2.3 (Adler et al. 2018). The NCEP/NCAR reanalysis (Kalnay et al. 1996) is used
to present a longer time series of equatorial Atlantic SST variability (1948-2018). To illus-
trate the performance of global climate models (GCMs), we use an ensemble of simulations
from the preindustrial control experiment (piControl) of the Coupled Model Intercompar-
ison Project phase 5 (CMIP5). These simulations were performed as part of the Intergov-
ernmental Panel on Climate Change (IPCC) 5th Assessment Report (ARS). The ensemble
consists of the following members: ACCESS1-0, ACCESS1-3, bee-csml-1, BNU-ESM,
CanESM2, CCSM4, CSIRO-Mk3-6-0, EC-EARTH, FGOALS-g2, FGOALS-s2, FIO-
ESM, GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-E2-R,
HadGEM2-ES, inmcm4, MIROC4h, MIROCS, MIROC-ESM, MPI-ESM-LR, and MPI-
ESM-MR.

Several averaging areas are used to describe the climate and variability of the tropics.
These are summarized in Table 1.

The following abbreviations are used to denote seasonal averages: MAM (March-

May), JJA (June-August), SON (September-October), and DJF (December-February).



3. Climatological annual cycle of the equatorial Atlantic

The equatorial Atlantic is subject to a pronounced annual cycle. In March and April,
SSTs tend to be uniformly warm across the equatorial basin while the intertropical conver-
gence zone (ITCZ) attains its southernmost position, right over the equator, and the equa-
torial trades are at their weakest (Fig. 1). From April through August, SST in the eastern
equatorial Atlantic (measured here by the ATL3 index, Table 1) drop from 28.7°C to 24.4°C
(Fig. 2). In the western and central equatorial Atlantic (as measured by the ATL4 index,
Table 1), SSTs decrease as well over this period but at a slower rate, resulting in a notice-
able zonal SST gradient along the equator in boreal summer (Fig. 1). The relatively cool
summer SSTs that extend from the African coast to about 20°W are usually referred to as
the Atlantic cold tongue. Its development is closely linked to the strengthening of the equa-
torial trades (Fig. 1), which drive cooling both through local Ekman divergence (Busalac-
chi and Picaut 1983; Foltz et al. 2003) and through shoaling of the thermocline induced by
Kelvin waves forced in the western equatorial Atlantic (Moore et al. 1978; Adamec and
O’Brien 1978; Busalacchi and Picaut 1983; McCreary et al. 1984). A further contribution
comes from the annual cycle of surface net shortwave radiation (Foltz et al. 2003).

The strength of the equatorial trades is linked to the latitudinal position of the ITCZ
(Fig. 3; Richter et al. 2014a), which moves from about 0.5°N in March to 9°N in August.
The ITCZ represents the convergence of the southeast and northeast trade wind systems
and thus a shift in its latitude is expected to modulate the strength of the trades at any given
location. This relation, however, can be complicated by other factors, such as horizontal
and vertical momentum transport, and this appears to be the case over the equatorial At-

lantic, as will be discussed in section 4.



It is of interest that, during boreal spring, the equatorial Atlantic zonal sea-level pres-
sure (SLP) gradient is directed eastward from about 35°W to the coast (Fig. 4). If the pres-
sure gradient force were the sole driver of surface zonal winds, westerlies should prevail.
Observations, however, show easterlies almost all the way to the eastern boundary (Fig. 4).
Thus, other processes must maintain the easterly surface winds. Based on a simple momen-
tum budget analysis, Richter et al. (2014b) conclude that horizontal momentum transport
is insufficient to provide the missing source of easterly momentum, leaving vertical mo-
mentum transport as the most likely candidate. This is supported by the fact that, in spring,
deep convection is present over the equator, and that horizontal momentum is well mixed
in the lower troposphere (Richter et al. 2014b).

The vertical sections along the equator of atmospheric and oceanic fields (Fig. 5) give
an impression of the large-scale circulation changes that occur from MAM to JJA. The
trade wind strengthening from April through August has a clear effect on the equatorial
thermocline (and, more evidently, on the 23°C isotherm), whose zonal slope steepens. The
atmospheric Walker circulation also undergoes profound changes between MAM and JJA,
with subsidence strengthening over the eastern equatorial Atlantic and ascent weakening
over the western equatorial Atlantic and South America. This, again, is linked to the north-
ward shift of the ITCZ (Fig. 1), which is associated with the end of the rainy season over
the Nordeste region on one side and the beginning of the West African monsoon on the
other.

An interesting detail to note in Fig. 1 is the lack of collocation between maximum SST
and precipitation. In MAM, for example, maximum precipitation is located right over the

equator while the maximum SST is centered on 5°S. The reason for this behavior has not



been fully explained but it may be related to the strong precipitation maximum over equa-
torial South America.

Figure 2 shows that, from July to September, the surface zonal winds are weakening,
before strengthening again until November. This behavior is particularly pronounced in the
eastern equatorial Atlantic, where it is accompanied by a secondary shoaling of the ther-
mocline in November (Okumura and Xie 2006). The timing of the climatological thermo-
cline shoaling is closely related to the phasing of equatorial Atlantic variability patterns as

will be explained in the following section.

4. Dynamical and thermodynamical elements of equatorial Atlantic
variability

4.1. Introduction

Interannual variability in the equatorial Atlantic displays some similarity to that in the
equatorial Pacific. This includes SST anomalies in the central equatorial basin that are pre-
ceded by a weakening of the equatorial trades and a deepening of the equatorial thermo-
cline. It is also thought that the Bjerknes feedback! plays a crucial role in both basins
(Zebiak 1993; Keenlyside and Latif 2007; Dippe and Greatbatch 2017; Liibbecke and
McPhaden 2013, 2017). In difference to ENSO, however, the AZM preferentially occurs

in boreal summer, is shorter lived and of weaker amplitude.

! An air-sea coupled feedback on the equator, first hypothesized by Bjerknes (1969), in which initial
SST anomalies, induce surface wind anomalies that change the thermocline depth and reinforce the initial

SST anomalies. See chapter 3 on ENSO, or Keenlyside and Latif (2007).



Figure 6 shows the ATL3 time series from 1949-2018. Interannual variability is evi-
dent in Fig. 6 but also extended warm and cold periods during which multiple peaks of the
same sign occur. Previous studies have shown that the ATL3 spectrum is generally red,
with weak peaks in the 1.5 to 4 year band (Zebiak 1993; Latif and Grétzner 2000; Ruiz-
Barradas et al. 2000; Tseng and Mechoso 2001). The most pronounced warm event in the
70-year record appears to have occurred in 1963, followed by the most pronounced cold
event in late 1964. There is a general impression that variability has weakened in recent

decades, which will be briefly discussed in section 9.

4.2. Composite evolution of the AZM

The composite evolution of a positive AZM event (Atlantic Nifio) is shown in Fig. 7.
As early as February there are weak warm SST anomalies on the equator and along the
southwest African coast, the latter being indicative of a Benguela Nifio (see Chapter 10 of
this volume). At the same time, northwesterly surface wind anomalies can be seen over the
western equatorial Atlantic and, indeed, over the entire southern tropical Atlantic. In March,
a more coherent pattern emerges, with surface wind and SST anomalies intensifying on the
equator, accompanied by positive rainfall anomalies. The wind and precipitation anomalies
continue to grow in April and peak in May. In terms of horizontal distribution, there is a
clear east-west asymmetry with wind and precipitation anomalies strongest in the west, and
SST anomalies strongest in the east. The SST anomalies reach their peak one month later,
in June, when wind and precipitation anomalies are already subsiding. In July, SST anom-
alies on the equator are decaying but remain quite strong in the southeastern tropical At-
lantic. Throughout the evolution, precipitation anomalies are most pronounced over the
ocean but there are wet anomalies over equatorial South America from March through July

and along the Guinea coast in June and July.



The vertical sections of ocean temperature (Fig. 9) show how warm anomalies at the
depth of the thermocline are already present in February. As cool anomalies develop in the
west during the following months, the warm anomalies become confined to the east. The
accompanying thermocline anomalies, while relatively subtle, indicate a shoaling of the
thermocline. Both the surface and subsurface warm anomalies peak in June. One month
later, the subsurface anomalies are much weaker, while the surface anomalies are only
slightly weakened. The sequence of events suggests that the climatological upwelling that
picks up in May brings the subsurface anomalies to the surface but also gradually erodes
the surface warm anomalies once the event runs out of fuel (i.e. wind stress forcing and
downwelling Kelvin waves).

The vertical atmospheric sections (Fig. 9) show that convective anomalies in May and
June are strongest at 30°W and to the west, which is consistent with the precipitation anom-
alies (Fig. 7). This may first seem surprising, as the SST anomalies are stronger to the east,
but can be explained by the evolving background state (Fig. 1). Closer inspection of clima-
tological SSTs in May and June (not shown though inferable from Fig. 2) indicates that,
due to the incipient cold tongue formation, SSTs in the eastern equatorial Atlantic drop
well below 27°C while at 30°W they are around 27.5°C, close to the deep convective thresh-
old. This is likely one of the reasons why deep convection occurs there, though other factors

may contribute.

4.3. Phase locking

An interesting detail in Fig. 9 concerns the zonal wind anomalies in the lower tropo-
sphere. While the anomalies at the surface peak in May, those at 700 hPa are actually
stronger in June and July, consistent with the maximum anomalous SST and sea-level pres-

sure gradients during these months. Richter et al. (2017) argue that the northward shift of
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the ITCZ in June and July is responsible for this behavior. They hypothesize that, as the
ITCZ moves northward, vertical momentum transport on the equator decreases due to the
decline of convective activity, allowing for momentum anomalies to grow in the lower
troposphere, above the surface. Irrespective of the mechanism, it is evident that the north-
ward migration of the ITCZ is closely linked to the decline of equatorial surface wind
anomalies (Figs. 3 and 11 in Richter et al. 2017; also Fig. 7), which in turn leads to the
demise of AZM events.

Thus, evidence seems to suggest that the seasonal migration of the ITCZ is a key ele-
ment to the phase locking of AZM events to boreal summer. Other studies have argued for
the seasonal shoaling of the thermocline to be an important factor for invigorating the
Bjerknes feedback and thus allowing for the growth of SST anomalies (Okumura and Xie
2006; Keenlyside et al. 2007; for the Pacific: Battisti and Hirst 1989; Philander et al. 1996;
Jin 1997). This argument certainly has merit too but cannot explain why events often decay
in July and August, when the thermocline is still shallow. Martin-Rey et al. (2019) note
that positive (negative) AZM events are often accompanied by wind stress curl anomalies
just north of the equator that excite upwelling (downwelling) Rossby waves. These are
subsequently reflected into equatorial Kelvin waves at the western boundary and can thus
influence the equator. A similar mechanism has been described to explain other aspects of
equatorial Atlantic variability (see subsection 4.6). Martin-Rey et al. (2019) argue that
these Kelvin waves are crucial to the decay of AZM events as they counteract the original
SST anomalies. Their analysis, however, seems to suggest that the reflected Kelvin waves
do not reach the ATL3 region until August or September, when the decay is already well

underway. More detailed case studies will be necessary to quantify the importance of this
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mechanism. It should also be noted that the mechanism proposed by Richter et al. (2017),
struggles to explain the seasonality of the Atlantic Nifio II (section 4.5), as the ITCZ is off

the equator during both development and decay of this variability pattern.

4.4. Negative AZM events - symmetry
The composites of negative AZM events (Figs. 8 and 10) suggest they evolve analo-

gously to positive ones, though the former appear to decline more rapidly in July. Liibbecke
and McPhaden (2017) performed a detailed observational analysis of negative and positive
AZM events and found that they are essential mirror images of each other with respect to
amplitude, location, and temporal evolution, consistent with the impression from our com-
posites. Analyzing an oceanic GCM (OGCM) forced with CORE2 surface fluxes, Jouanno
et al. (2017) obtained similar results but found that the damping effect of horizontal advec-

tion is somewhat more pronounced during warm events.

4.5. Atlantic Nino 11

As noted in section 3, in boreal fall there is a secondary strengthening of the equatorial
trades (Fig. 2) and shoaling of the thermocline. Okumura and Xie (2006) show that this
secondary shoaling is associated with equatorial Atlantic SST variability that peaks in No-
vember and December and named it Atlantic Nifio I (AN2). AN2 shows no significant
correlations to either the AZM or ENSO (Okumura and Xie 2006). Like the AZM, it ap-
pears to rely on the Bjerknes feedback. Its amplitude is only about half as strong as that of
the AZM, but may contribute to rainfall anomalies over Africa and also contribute to the

development of the tropical Atlantic meridional mode, to be described in section 5.

4.6. Non-canonical AZM events
The analogy between the AZM and ENSO has often been emphasized (e.g. Liibbecke

and McPhaden 2017). The evolution of ENSO, in its developing phase, crucially depends
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on wind stress anomalies over the western and central equatorial Pacific, the so-called
westerly wind bursts and easterly wind surges (e.g. Harrison and Vecchi 1997; Eisenman
et al. 2005). These wind events force equatorial Kelvin waves that influence thermocline
depth and SSTs to the east. Thus, there is a strong link between anomalous wind stress and
SST. This is clearly seen in a scatter plot of JJA wind vs. DJF SST anomalies (Fig. 11a;
also, Richter et al. 2013). Richter et al. (2013) found that such a clear relation is lacking in
the equatorial Atlantic. In fact, westerly wind events can be followed by coo/ SST anoma-
lies and vice versa (Fig. 11b). Richter et al. (2013) termed these events non-canonical, to
distinguish them from the regular (or canonical) AZM. They suggested, based on an
OGCM forced with NCEP/NCAR reanalysis surface forcing, that non-canonical events
develop due to meridional temperature advection in the subsurface ocean. They show that
non-canonical warm events are typically preceded by trade wind weakening and SST
warming in the northern tropical Atlantic, accompanied by easterly surface wind anomalies
on the equator (Fig. 11b). This configuration leads to wind stress curl anomalies just north
of the equator that induce downward Ekman pumping and subsurface warming. As a result,
warm ocean anomalies form just north of the equator, which can be advected into the equa-
torial region by the mean circulation. These subsurface anomalies then warm the SST
through upwelling and vertical mixing. Once an initial SST warming has occurred, it can
be amplified by the Bjerknes feedback. Several other studies have analyzed this phenome-
non but have arrived at a different conclusion regarding the mechanism underlying non-
canonical AZM events (Foltz et al. 2010a; Liibbecke and McPhaden 2012; Burmeister et

al. 2016). While those authors agree on the importance of wind stress curl anomalies, they
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suggest that these excite off-equatorial downwelling Rossby waves, which are subse-
quently reflected into downwelling equatorial Kelvin waves at the western boundary. A
heat budget analysis by Burmeister et al. (2016) suggests that most non-canonical events
are due to the Rossby wave mechanism, though there may be an additional role for merid-
ional advection in a few cases. Richter et al. (2013), on the other hand, point out that wave
reflection at the western boundary is difficult to detect in observations and that it may occur
too late to have a significant influence. More detailed analysis will be required to arrive at

a consensus. See also the discussion by Liibbecke (2013).

4.7. Thermodynamic AZM

While ocean dynamics have long been regarded as central to the understanding of
ENSO (e.g. Jin 1997; Neelin et al. 1998), a few recent studies have challenged this notion
(Clement et al. 2011; Zhang et al. 2014) by suggesting that thermodynamic processes can
explain some portion of ENSO variability. In a similar vein, Nnamchi et al. (2015, 2016)
suggested that the Atlantic Nifio can be largely explained by thermodynamic processes.
This was mainly based on an analysis of atmospheric GCMs coupled to a slab ocean (slab
ocean control experiment in the CMIP3 archive). Despite the absence of ocean dynamics,
these models produce similar patterns as their fully coupled GCM (CGCM) counterparts
at about 2/3 of the amplitude. Nnamchi et al. (2015) suggest that solar radiation and latent
heat flux are the crucial components in the development of slab-ocean AZM events. In-
spection of the early stages of positive AZM events (Fig. 7) does indeed show that weak-
ening of the trade winds is not confined to the equator but covers most of the southern
tropical Atlantic. This is indicative of a weakening of the St. Helena high, as noted by
several authors (Liibbecke et al. 2010; Richter et al. 2010; Nnamchi et al. 2015; Richter

and Doi 2019). Such a weakening of the southeast trades leads to reduced latent heat flux
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and anomalous SST warming. Two subsequent studies (Dippe et al. 2017; Jouanno et al.
2017) have questioned the dominance of thermodynamical processes in AZM events on
the grounds that these results were mainly obtained from model simulations, which are
subject to severe biases (e.g. Richter et al. 2014a). These studies argue that the unrealisti-
cally deep equatorial thermocline in biased model simulations render the Bjerknes feed-
back ineffective, leading to equatorial variability that is dominated by thermodynamic pro-
cesses. The notion that thermodynamic processes dominate equatorial Atlantic variability
is also at odds with several observation-based studies of the ocean heat budget during AZM
events (Ding et al. 2010; Planton et al. 2018). On the other hand, turbulent heat fluxes are
difficult to measure, as are terms in the ocean heat budget. Thus, while ocean dynamics
should not be discounted on account of the work of Nnamchi et al. (2015, 2016), these
results do point to a need for a better understanding of the role of thermodynamic process

in AZM events.

4.8. Initiation of AZM events

The temporal evolution of AZM events suggests that equatorial wind stress forcing in
early spring is key to their development. During this time, SST anomalies tend to be weak
(Fig. 7), raising the question of the origin of wind anomalies. Richter et al. (2014a) show
that there is a high correlation between the strength of equatorial surface wind anomalies
and the latitude of the Atlantic ITCZ: the further south the ITCZ moves, the weaker the
equatorial winds become (Fig. 12). This relation, which also holds for the climatological
annual cycle (Fig. 2), is not only remarkable for its strength (correlation coefficient ~ 0.8)
but also for its asymmetry with respect to the equator. While the reason for this asymmetry
remains largely unexplored, it is known that the ITCZ position is subject to off-equatorial

influences (Kang et al. 2008; Frierson and Hwang 2012), and that it may be influenced
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from remote basins (Giannini et al. 2001; Sasaki et al. 2015). This allows other variability
patterns to link to the AZM.

While coupled air-sea processes undoubtedly are important to the AZM, Richter et al.
(2014a) and Richter and Doi (2019) argue that internal atmospheric variability also plays
a significant role. Using an atmospheric GCM (AGCM) forced with the observed climato-
logical annual cycle of SST (i.e. no SST anomalies anywhere), Richter and Doi (2019)
show that anomalous wind events still preferentially occur in MAM though the amplitude
is about one fourth of that of the control experiment with observed SST. The equatorial
wind anomalies are part of a much larger pattern that, for westerly wind events, includes a
southward shift of the Atlantic ITCZ, weakening of the St. Helena high, strengthening of
the Azores high, and high pressure anomalies over the eastern equatorial Pacific. While
such anomalies can be the seed for AZM events, it is clear that coupled feedbacks, in par-
ticular the Bjerknes feedback, will be needed to develop the observed strength.

Brandt et al. (2011) argue for the importance of intrinsic variability in the ocean. The
deep equatorial Atlantic features vertically alternating zonal jets that vary at a period of 4.5
years (Lebedev et al. 2007), and display upward energy propagation (Bunge et al. 2008).
Brandt et al. (2011) suggest that this variability pattern in the deep ocean, associated with
the basin mode, may be able to imprint on the surface circulation and thus promote inter-
annual variability in the 4.5-year range. Thus, there is a suggestion that intrinsic oceanic

variability may be able to influence the AZM.

5. Linkage to tropical Atlantic variability

As suggested in section 4.8, the AZM may be closely linked to other modes of tropical

Atlantic variability. Here we examine these links in more detail.
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5.1. Link to the meridional mode

The Atlantic meridional mode (AMM) is a pattern of variability characterized by sub-
tropical SST anomalies of opposite sign straddling the equator (Fig. 13; Chang et al. 1997;
Ruiz-Barradas et al. 2000). It is thought to arise from coupled air-sea interaction in the
form of the wind stress-evaporation-SST (WES) feedback (Xie and Philander 1994). In the
WES feedback, an initial warm (cold) anomaly in one hemisphere is accompanied by low
(high) sea-level pressure (SLP) anomalies. This leads to a cross-equatorial flow whose
zonal component, due to the coriolis force, has opposite signs north and south of the equa-
tor. Thus the wind anomalies reinforce the trade winds in one hemisphere and weaken them
in the other, leading to latent heat flux anomalies that amplify the pre-existing SST anom-
alies.

Servain et al. (1999) noted a correlation between indices of the AMM, ATL3 thermo-
cline depth and ITCZ latitude in observations. They suggested that anomalous shifts in
ITCZ latitude lead to shifts in the entire trade wind system, which induces zonal wind
anomalies on the equator. Foltz and McPhaden (2010b) argued that the AMM exerts two
competing influences on the AZM. During positive AMM events, characterized by warm-
ing in the northern tropical Atlantic (NTA), the immediate impact on the equator is a
strengthening of the zonal winds and Kelvin wave induced cooling in the east. North of the
equator, however, the AMM is often accompanied by wind stress curl anomalies that in-
duce downwelling Rossby waves, which upon reflection on the western boundary, lead to
warming on the equator. This mechanism has also been discussed in the context of non-
canonical events (see section 4.6) and the termination of AZM events (Martin-Rey et al.

2019).
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Murtugudde et al. (2001) suggested that the link between AMM and AZM described
by Servain et al. (1999) is only strong during certain periods, implying that, on average,
the link between them is weaker than suggested by Servain et al. (1999). The relation be-
tween equatorial trades and ITCZ latitude, however, seems to be very close even for peri-
ods suggested to have a weak link by Murtugudde et al. (2001), as suggested by Richter et
al. (2014a) and Fig. 12. It should be noted, on the other hand, that these results concern
only the link between ITCZ latitude and equatorial surface winds, not the relation between
AMM and AZM per se. As discussed in section 4.3, wind anomalies are not a very good
predictor of AZM events due to the existence of non-canonical events, which, in turn, may
also be related to the wave-reflection mechanism. Due to the delayed wave feedback, the
exact temporal evolution of the AMM may be crucial for the way it influences the AZM.
An early onset of wind stress curl anomalies may have a significant impact on the devel-
oping phase of AZM events and even change their sign, while a later onset may just con-

tribute to the decay of events.

5.2. Link to the Benguela Nifio
The Benguela Nino (Oettli et al., 2020 review it in Chapter 10 of this book) is a vari-

ability pattern characterized by SST anomalies along the southwestern coast of Africa that
occurs on interannual timescales (see Chapter 10). While the maximum variability occurs
along the coast, SST anomalies extend into the ocean interior (the March and April panels
of Figures 7 and 8 convey a good sense of this mode). Variability in the region is due to
upwelling anomalies, which, in turn, can be generated by equatorially forced Kelvin waves
that are transmitted into coastally trapped waves at the eastern boundary (e.g. Shannon et
al. 1986). This suggests an obvious pathway for a link between the AZM and Benguela

Nifios because Kelvin waves that are generated predominantly in the western and central
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equatorial Atlantic should influence, in sequence, both the eastern equatorial Atlantic and
the coast of southwest Africa. While the AZM and Benguela Nifio SST time series are
indeed well correlated (Liibbecke et al. 2010), the Benguela Nifio typically leads the AZM,
leading to an apparent conundrum that has not been fully resolved. More discussion on this
can be found in Chapter 10.

The signature of the Benguela Nifio is clearly visible in the structure of the AMM (Fig.
13). As the AZM and Benguela Nifio tend to be of the same sign during a given year, they
form part of the southern pole of the AMM. As discussed in 5.1, zonal wind anomalies
typically display a sign change north of the equator. Thus, the trade wind anomalies north
of the equator will help to establish SST anomalies that are of opposite sign to those on and
south of the equator. This relation, however, is not consistently observed and some studies
have questioned the existence of a “dipole mode” (Dommenget and Latif 2000). Thus,
while there is a potential mechanism for a dipole, complicating factors may obscure this

relation.

6. Relations of equatorial Atlantic variability to terrestrial precipita-
tion and remote basins
While the AZM amplitude is weaker than that of ENSO, it has been shown to influence
precipitation over the surrounding continents. More recently, some studies suggest that the
AZM can even influence ENSO. Conversely, the influence of ENSO on the northern trop-

ical Atlantic has long been established but its influence on the equatorial Atlantic and the

AZM is inconsistent. In the following we take a closer look at these teleconnections.
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6.1. Impact on tropical precipitation

Warm AZM events are associated with increased precipitation over the equatorial At-
lantic and the Guinea coast just to the north. On interannual timescales, this is the most
robust impact on African rainfall of any of the tropical Atlantic SST variability patterns
(Rowell et al. 2013). This impact can be seen in our AZM composites (Figs. 7 and 8) and
has been well documented in the literature (Hastenrath and Lamb 1977; Hastenrath 1984;
Horel et al. 1986; Wagner and da Silva 1994; Okumura and Xie 2004; Rowell 2013; Lutz
et al. 2015; see also review by Rodriguez-Fonseca et al. 2015). These rainfall anomalies
can be explained by the destabilizing impact of the warm SST anomalies on the overlying
atmosphere. Particularly in late spring and early summer, when the West African monsoon
develops, the prevailing southerly surface winds can carry warm moist air toward the
Guinea coast and fuel increased precipitation there. As the moisture rains out over the coast,
less moisture is available downstream for the Sahel region and, consistently, warm AZM
events are associated with reduced rainfall (Rowell et al. 1995; Janicot et al. 1998), though
the link is somewhat weaker than that with the Guinea coast and is not evident in our com-
posites. The lack of a robust response in Sahel precipitation may be due to the competing
influence from the tropical Pacific, which has gained prominence in recent decades (Losada
etal. 2012).

The AZM is also associated with rainfall anomalies over northeast South America
(Figs. 7 and 8). In the spring of positive AZM events, there is an anomalous southward
shift and strengthening of the ITCZ precipitation over South America (Fig. 7), which leads
to a north-south dipole in precipitation anomalies. While these anomalies are statistically
related to the AZM, it is not clear to what extent they are driven by it. The southward shift

of the ITCZ in early spring, for example, occurs during a time when the SST anomalies are
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still weak and may thus be seen as a driver of westerly wind events and the AZM. At the
same time, the early stages of the AZM are typically associated with an AMM-like pattern
that may have a larger impact on ITCZ position than the local SST anomalies associated
with the AZM.

Some studies have suggested that the AZM may even influence the Indian summer
monsoon (Kucharski et al. 2007; Kucharski et al. 2008; Pottapinjara et al. 2014). According
to these studies, a warm AZM event warms the troposphere over the tropical Indian Ocean
through the Gill (1980) mechanism. This leads to a stabilization of the atmospheric column,
a reduction in the number of monsoon depressions, and less rain over land. Pottapinjara et
al. (2014) argue that this mechanism should be particularly important during neutral ENSO

years.

6.2. Impact of the AZM on ENSO
A study by Rodriguez-Fonseca et al. (2009) brought attention to the possibility that

the AZM may enhance or even trigger ENSO, and that the strength of this influence may
be subject to decadal modulation. While, compared to ENSO, the SST anomalies of the
AZM are of weak amplitude and small spatial extent, they occur during late spring and
early summer, when SST anomalies are still weak in the equatorial Pacific.

The proposed mechanism for the equatorial Atlantic influence on ENSO is through
modulation of the Walker circulation (Rodriguez-Fonseca et al. 2009; Losada et al. 2010;
Ding et al. 2012; Kucharski et al. 2016). During positive AZM events, convection and
upper level divergence are strengthened over the central equatorial Atlantic. This is com-
pensated, in part, by descending motion and easterly surface wind anomalies over the cen-
tral and western equatorial Pacific. Such wind anomalies trigger upwelling Kelvin waves

that drive SST cooling toward the east, enhancing the chance of La Nifia development.
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Thus, positive AZM events may assist in the development of opposite signed ENSO events.
A study by Jia et al. (2019) suggests that this influence may be weakening under global
warming due to the stabilization of the troposphere.
Several studies suggest that ENSO prediction can be enhanced when SST anomalies
are prescribed in the tropical Atlantic (Frauen and Dommenget 2012; Dayan et al. 2014)
or even in the equatorial Atlantic only (Keenlyside et al. 2013), supporting the idea that
remote impacts from the Atlantic have the potential to alter ENSO development.
Notwithstanding the supportive evidence above, there remains considerable uncer-
tainty regarding the equatorial Atlantic influence on ENSO. While the AZM tends to peak
about half a year before ENSO, both events usually start developing in boreal spring. Thus,
it is difficult to establish the directionality of interbasin influences based on observational
studies alone. Numerical experiments can be helpful in this regard but are not unambiguous
either; restoring SSTs to observations in the tropical Atlantic, e.g., may implicitly introduce
information from the Pacific, as the Pacific remotely influences Atlantic SST. In the con-
text of prediction experiments, this may lead to an overestimate of the skill that can be

gained from tropical Atlantic variability, as noted by Keenlyside et al. (2013).

6.3. Impact of ENSO on the AZM

Despite ENSO’s far reaching impacts around the globe, its impacts on the equatorial
Atlantic are surprisingly inconsistent (Chang et al. 2006; Liibbecke and McPhaden 2010),
with the instantaneous correlation between ENSO and AZM indices close to zero (e.g.
Tokinaga et al. 2019). Perhaps most puzzling is the fact that two of the strongest El Nifio
events on record (1982 and 1997) were followed by AZM events of opposite sign (negative
and positive, respectively). This inconsistent relation can partly be explained by the differ-

ent seasonality of the two phenomena: ENSO is still in its early development when the
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AZM develops and therefore cannot exert its full strength on the equatorial Atlantic. This,
however, may only be part of the explanation. Chang et al. (2006) suggest that El Nifio has
two competing impacts on the equatorial Atlantic: a thermodynamic and a dynamical one.
The thermodynamic influence consists of tropospheric warming over the tropical Atlantic,
which leads to SST warming. The dynamic influence is a change in the Walker circulation
that leads to easterly surface wind anomalies and thus cools the equatorial Atlantic. Chang
et al. (2006) argue that, due to these competing effects, the net response of the equatorial
Atlantic is often weak.

Liibbecke and McPhaden (2012) point to the opposing surface wind anomalies on and
north of the equator that typically occur during ENSO. When positive SST anomalies are
present in the tropical Pacific during boreal spring, the Atlantic northeast trade winds
weaken and NTA SSTs warm, a well-established and robust impact of ENSO (e.g. Enfield
and Mayer 1997). Combined with the strengthening of the equatorial trades this leads to
negative wind stress curl anomalies and downwelling just north of the equator. As de-
scribed in section 4.6, subsequent Rossby wave reflection (Liibbecke and McPhaden 2012)
or meridional advection (Richter et al. 2013) can eventually lead to warming on the equator,
which opposes the SST anomalies that were generated by local dynamical processes.

Tokinaga et al. (2019) show that, for multi-year ENSO events, there is a consistent
influence on the equatorial Atlantic. Their results indicate that, during multi-year events,
zonal SST gradients across the western and central equatorial Pacific persist well into the
spring following the ENSO peak. This, they argue, allows the tropical Pacific to have a
strong influence on the equatorial Atlantic, whereas single-year events decay too quickly

in spring.
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Inconsistency of the Pacific-Atlantic relation may also arise through the modulation
of teleconnections by the background state. Based on observational analysis, Martin-Rey
et al. (2014) suggest that the Atlantic multi-decadal oscillation (AMO; also referred to as
Atlantic Multidecadal Variability or AMV) modulates the link between ENSO and the
AZM. According to their study, the interbasin link is strong during negative phases of the
AMYV, when SSTs are anomalously warm in the southern hemisphere, which is accompa-
nied by a southward shift of the Atlantic ITCZ. There is substantial uncertainty, however,
because the observational record is too short to reliably assess multidecadal variability, and

model simulations suffer from severe biases. The latter will be the topic of the next section.

7. Representation of equatorial Atlantic variability in GCMs

7.1. Mean state biases

While the observed equatorial Atlantic features a pronounced zonal SST gradient in
the annual mean, with warm SST in the west and cool SST in the east, GCMs struggle to
reproduce this gradient and, in some cases, even reverse it. An intercomparison study by
Davey al. (2002) was perhaps the first to point out the pervasiveness of this problem across
models. Subsequent multi-model studies not only confirmed that this bias is near-universal
but also showed that it has improved little despite decades of model development (Richter
and Xie 2008; Richter et al. 2014a), though a recent study suggests that a few CMIP6
models have relatively small equatorial Atlantic biases (Richter and Tokinaga 2020).

Equatorial SST biases are related to the underrepresentation of the equatorial Atlantic
cold tongue, which is most developed in boreal summer. As a consequence, the SST biases
also display a clear seasonality, with the weakest biases in spring and the most severe biases

in summer (Fig. 14; Chang et al. 2007; Richter and Xie 2008). This is in marked contrast
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to the equatorial surface westerly wind bias, which is most pronounced in spring but weak
in summer and other seasons (Fig. 14). In addition, AGCMs forced with observed SSTs do
still produce a pronounced westerly bias in spring (Richter and Xie 2008; Richter et al.
2014a; Richter and Tokinaga 2020). Based on these facts, Chang et al. (2007) and Richter
and Xie (2008) suggest that a significant portion of the equatorial Atlantic SST biases is
due to deficiencies in the atmospheric model component, which produces a westerly wind
bias even in the absence of SST biases. In coupled ocean-atmosphere models, such a west-
erly bias deepens the thermocline in the east (approximated by the depth of the 20°C iso-
therm in Fig. 14), which renders upwelling-related cooling less effective in summer, when
the cold tongue is observed to form. As a result, the most severe SST bias is seen in July.

Several subsequent studies have confirmed the important role of equatorial surface
wind biases (Wahl et al. 2011; Richter et al. 2012; Zermeno-Diaz and Zhang 2013; Richter
et al. 2014a; Voldoire et al. 2019). Errors in the oceanic model components, however, also
likely play an important role, as shown by several other studies (Hazeleger and Haarsma
2005; Jochum et al. 2012; Xu et al. 2014a; Song et al. 2015). In particular the representation
of the sharp equatorial thermocline and vertical mixing in the upper ocean pose a challenge
to models.

In addition to equatorial SST and wind, several other aspects are subject to biases. This
includes underrepresentation of stratocumulus clouds and warm SST biases in the south-
eastern tropical Atlantic (see Richter 2015 and Zuidema et al. 2016 for reviews), an Atlan-
tic ITCZ that is erroneously placed south of the equator in spring, deficient precipitation
over northeast South America, and excessive precipitation over Africa (e.g. Richter et al.

2016). The southeast Atlantic SST biases may be related to the equatorial ones through the
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equatorial-coastal wave guide (Xu et al. 2014a). In turn, the southeast Atlantic warm bias
may contribute to the southward shift of the Atlantic ITCZ (Xu et al. 2014b), though there

might be some model dependence regarding this impact (Small et al. 2015).

7.2. Errors in the simulated variability

In spite of their severe mean state errors, many models produce a mode of variability
that has similarities with the observed AZM in terms of spatial structure and temporal evo-
lution, including phase locking to summer (Richter et al. 2014a; Richter and Tokinaga
2020). The simulated AZM, however, is typically too weak and peaks one month later than
observed (Fig. 15; Richter et al. 2014a). This is consistent with a generally slower cold
tongue formation and equatorial trade wind strengthening (Fig. 16). The origin of this delay
in the seasonal cycle is unclear but it may be related to the unrealistic southward excursion
of the ITCZ in spring, which has a strong impact on surface winds and, subsequently, SST.
The southward excursion and delayed northward migration of the ITCZ are associated with
the late onset of the West Africa monsoon in simulations (Steinig et al. 2018).

The relation between ITCZ latitude and strength of the equatorial surface zonal wind
stress is reproduced by GCMs in a general sense (Fig. 12), though there is one qualitative
difference: the simulated ITCZ can shift farther south than the observed one. This has im-
portant implications for the mean state biases. Due to the close association of ITCZ latitude
and equatorial surface wind stress the southward position of the ITCZ translates into weak
equatorial trades in simulations. This hints that misrepresentation of deep convection lies
at the heart of the equatorial Atlantic bias problem.

Several studies suggest that the excessively deep thermocline in many models renders
upwelling related cooling less effective (Deppenmeier et al. 2016; Dippe and Greatbatch
2017; Jouanno et al. 2017). This weakens the Bjerknes feedback and thus reduces the role
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of ocean dynamics. Instead, thermodynamic processes, especially surface latent heat flux,
may exert a stronger control on SST variability in such models (Ding et al. 2015; Dippe
and Greatbatch 2017; Jouanno et al. 2017). In addition to an excessively deep mean ther-
mocline, errors in the seasonal cycle of both SST and thermocline may also affect the sim-
ulated interannual variability (Ding et al. 2015; Prodhomme et al. 2019)

The spatial structure of the AZM is captured relatively well by several GCMs (Richter
et al. 2014a), with SST warming in the central and eastern equatorial Atlantic and along
the southwest African coast. In some of the models, the amplitude of both SST and surface
wind anomalies is greater than observed, and in most of them the SST signature is too
narrowly confined along the equatorial-coastal wave guide. This gives the impression that
upwelling plays too prominent a role in the development of the SST anomalies but could
also mean that other processes that spread the SST anomalies horizontally are poorly rep-
resented. The former would be in contradiction to the above-mentioned studies that suggest

underestimation of dynamical processes in GCMs.

8. Prediction of equatorial Atlantic variability

Prediction of equatorial Atlantic interannual variability is a longstanding challenge for
GCM prediction systems (Stockdale et al. 2006; Richter et al. 2018), with the skill of dy-
namical forecasts often matched or even outperformed by persistence forecasts and simple
statistical models. This is in stark contrast to the equatorial Pacific, where dynamical fore-
casts clearly outperform persistence. There are two possible explanations for the Atlantic
predictability hurdle: 1) Current prediction models are inadequate. This could be due to

systematic errors in the model formulation, insufficient observations to initialize the mod-
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els, or shortcomings in the initialization procedure (data assimilation etc.). 2) The theoret-
ical predictability of the equatorial Atlantic is inherently low, due to, e.g., weak coupled
feedbacks or internal variability.

The relative roles of 1) and 2) in the predictability hurdle is difficult to estimate. The
few studies that have systematically investigated the link between systematic model errors
and prediction skill typically obtained ambiguous results (see Richter et al. 2018 for a dis-
cussion), though they do point to a link. Two recent studies suggest that there is a strong
link between skill and variability errors, if the latter are severe (Dippe and Greatbatch 2019;
Noel Keenlyside, personal communication). While alleviating biases in these models
through flux correction showed significant skill improvement, the flux-corrected models
could only rise to about the skill of the persistence forecast. Thus it remains an open ques-
tion, whether the current low skill in hindcast experiments (Richter et al. 2018) can be
significantly enhanced by fixing model errors.

Several studies suggest that the Bjerknes feedback in the equatorial Atlantic is much
weaker than in the Pacific (Zebiak 1993; Keenlyside and Latif 2007; Richter et al. 2014b;
Deppenmeier et al. 2016; Liibbecke and McPhaden 2013). Richter et al. (2017) point out
that coupled feedbacks are only strong during a relatively short period (approximately
April and May), leaving little time for AZM growth through dynamical processes. The
results of Nnamchi et al. (2015, 2016), by pointing to a significant role of thermodynamic
processes, also imply a weaker role of dynamic processes. Regarding the influence of SST
biases on model performance, Richter et al. (2018) showed that when an AGCM is forced
with observed SST anomalies added to a severely biased SST climatology, surface wind

anomalies are quite realistic. This suggests that AGCMs can produce a realistic response
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to SST anomalies even in the presence of mean state biases and, by extension, that SST
biases are not a major reason for the poor prediction skill (though oceanic subsurface tem-
perature biases might be). This could mean that only moderate gains in prediction skill can
be expected from fixing model errors. Additionally, the relatively strong role of atmos-
pheric internal variability in the equatorial Atlantic (Richter and Doi 2019) suggests that
inherent predictability may be relatively low in the equatorial Atlantic. On the other hand,
we do not know exactly how close to the limit current prediction systems are. Thus, there
is the possibility that skill improvement can be obtained through a denser observational
network (Tompkins and Feudale 2010) or refined initialization procedures. In any event,
more work will be needed to quantify the limits of equatorial Atlantic predictability and

the role of model errors.

9. Low-frequency modulation of equatorial Atlantic variability and

the impact of climate change

The observational record of Atlantic SST roughly extends from the 1870s to present,
but spatial coverage is mostly limited to commercial shipping routes until the advent of the
satellite observation era in the late 1970s. Estimating decadal and longer variability from
these data poses a challenge, as is projecting future changes based on biased GCMs. We
therefore keep brief the discussion of these aspects.

Decadal-to-interdecadal variability in the Atlantic basin is dominated by the AMV.
During the negative phase of the AMV, SSTs are warmer than normal on and south of the
equator (Kerr 2000; Knight et al. 2006), which is associated with a southward shift of the
ITCZ and weakening of the equatorial trades. This should lead to deepening of the thermo-

cline and reduce SST variability in the eastern equatorial Atlantic (Haarsma et al. 2008;
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Polo et al. 2013). Martin-Rey et al. (2018), on the other hand, find a shoaling of the ther-
mocline that is associated with a higher amplitude of the AZM. This is partially supported
by Svendsen et al. (2014), who find a strengthening of the equatorial Atlantic zonal SST
gradient during negative AMV events.

Strengthening and further westward extent of AZM events may also alter the telecon-
nections of the AZM, since convection is most active in the central and western part of the
basin. In combination with the warming of the equatorial background state, this leads to
stronger remote influences, particularly on the equatorial Pacific (Svendsen et al. 2014;
Losada and Rodriguez-Fonseca 2016).

There is evidence that the equatorial cold tongue and trades have weakened and that
the thermocline has deepened during the period 1950-2009 (Tokinaga and Xie 2011). Ac-
cording to the authors, this is associated with reduced SST variability in the eastern equa-
torial Atlantic. These results partially conflict with those of Martin-Rey et al. (2018), who
suggest strengthening of AZM variability during the recent negative phase of the AMV.
The weakening of the trades also needs to be reconciled with the observations of Servain
et al. (2014), who find trade wind strengthening over the entire tropical Atlantic. The ATL3
time series (Fig. 6) is suggestive of a reduction in variability during the last seven decades,
consistent with the result of Tokinaga and Xie (2011). Much more analysis will be needed,
however, to assess the relative roles of decadal modulation, greenhouse gas forcing, and
intrinsic variability (for the last, see Wittenberg et al. 2009 who discuss this problem in the
context of ENSO).

While the tropical Atlantic and most of the other tropical areas have warmed in recent

decades, the eastern tropical Pacific has been subject to cooling (Kosaka and Xie 2013),
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with implications on global climate. Li et al. (2016) argue that the tropical Atlantic warm-
ing has played an important role in this by inducing easterly anomalies over the equatorial
Pacific that strengthened upwelling-related cooling in the region. Historical simulations in
the CMIP5 archive are unable to replicate cooling periods of similar length in the eastern
tropical Pacific. McGregor et al. (2018) attribute this underestimation of decadal variability
to the remote impacts of tropical Atlantic SST biases.

The above discussion indicates that much work remains to verify historical trends and
to build confidence in global warming projections for the tropical Atlantic region and be-

yond.

10. Summary and open questions

In this chapter, we have reviewed variability in the equatorial Atlantic with a focus on
the Atlantic zonal mode (AZM), a pattern of interannual variability that resembles ENSO

in the Pacific.

10.1. Summary

The AZM is characterized by SST warming in the eastern and central equatorial At-
lantic that typically starts in early boreal spring, peaks in early summer, and decays in late
summer and early fall. SST variability has an amplitude of 1 K and shows spectral peaks
at periods of about 1.5-4.5 years, though these are not distinct from red noise. SST warming
is often preceded by westerly wind events over the western equatorial Atlantic, suggesting
a dynamic generation mechanism similar to ENSO, in which downwelling Kelvin waves
deepen the eastern thermocline and weaken cold tongue formation in the following months.

There are, however, also warm events that are preceded by easterly wind anomalies. During
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these events, off-equatorial processes, such as oceanic Rossby waves and meridional tem-
perature advection, seem to play an important role.

Coupled feedbacks, in particular the Bjerknes feedback, appear to be active but are
mostly limited to April and May. Before April, SST anomalies tend to be too weak to
initiate coupling, while after May the ITCZ migrates away from the equator (regardless of
any existing SST anomalies), which drastically weakens coupling strength. Together with
the significant influence of thermodynamics processes, and the relatively large role of in-
ternal atmospheric variability, this suggests relatively low predictability of the AZM, which
is consistent with current prediction systems struggling to beat persistence.

The AZM appears to be linked to the Atlantic meridional mode (AMM), a pattern of
opposite-signed SST anomalies north and south of equator. This link can be explained
through the wider circulation changes that accompany AZM events. In the early phase of
positive AZM events, the ITCZ shifts southward and trade winds strengthen north of the
equator but weaken on the equator and to the south of it. The resultant latent heat flux
anomalies lead to SST cooling to the north and warming to the south, which may be further
amplified through the WES feedback. The Benguela Nifo in the southeastern tropical At-
lantic, which is located within the southern lobe of the AMM, is also closely linked to the
AZM. This link can be explained through Kelvin waves along the equatorial-coastal wave-
guide, but also, to some extent, through the basin-wide wind anomalies.

ENSO has a strong and robust influence on the northern tropical Atlantic but the in-
fluence of ENSO on the AZM is weak and inconsistent. Explanations for this include the

competition of dynamical and thermodynamical influences, the northequatorial wind stress
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curl anomalies that often accompany ENSO events, and the sensitivity to the timing of
ENSO decay.

The AZM itself may be able to contribute to the development of ENSO events, and
may also have an influence on the Indian summer monsoon. It appears though, that these
relations are subject to decadal-scale modulation.

Finally, the AZM and its remote influences may be weakening under the influence of

greenhouse gas forcing, but much work remains to be done to confirm this.

10.2. Open questions

While much progress has been achieved in understanding the equatorial Atlantic mean
state and variability, many interesting questions and puzzles remain. Here we list some

questions we regard as central. We stress that this selection is very subjective.

10.2.1 What maintains the equatorial surface easterlies in boreal spring?

The pressure gradient force by itself would mandate westerlies over much of the basin
width but easterlies are observed. It has been hypothesized that vertical momentum
transport plays a crucial role but, to the authors’ knowledge, no study has systematically

analyzed this. (cf. section 3.1)

10.2.2 What is the role of atmospheric vertical momentum transport in interannual varia-
bility?

Previous studies have hinted that vertical momentum transport also plays a crucial role in
interannual variability, and that the decay of events is triggered by the decrease of vertical

momentum transport that occurs when the ITCZ migrates away from the equator. Much
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more work remains to be done to understand the role of vertical momentum transport. (cf.

section 4.3)

10.2.3 What is the cause of the asymmetric relation between equatorial surface zonal winds
and Atlantic ITCZ latitude?

There is a close relation between ITCZ latitude and the strength of the equatorial easterlies
in the western part of the basin. This relation is not symmetric about the equator because
winds are strong when the ITCZ is north of the equator but weak when it is on or south of
the equator. The cause of this asymmetry remains unknown. It may be related to the geom-
etries of South America and Africa or to the nature of the convective systems that constitute

the ITCZ. (cf. section 4.8)

10.2.4 What causes the inconsistent influence of ENSO on the AZM?
Several hypotheses have been put forward but their relative merits await further exploration.
None of them can satisfactorily explain the opposite outcomes of the 1982 and 1997 El

Nifios. (cf. section 6.3)

10.2.5 To what extent does equatorial Atlantic variability contribute to the development of
ENSO events?

It is clear that the equatorial Atlantic must have some influence on ENSO but, given the
small amplitude and geographical extent of the AZM, the question is how important this

influence can be. Observations may not be sufficient to solve this problem because the
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record is relatively short and because both events tend to develop in boreal spring. (cf.

section 6.2)

10.2.6 What are the theoretical limits of AZM predictability?
Recent studies suggest that predictability of the AZM is inherently low but much more

work has to be done to quantify this. (cf. section 8)

10.2.7 What is the role of GCM mean state biases in the tropical Atlantic on basin inter-
action and global warming projections?

GCM biases in the tropical Atlantic have proven to be hard to fix and may continue to pose
a challenge in the foreseeable future. Thus, it is important to understand how these biases
influence other basins, and how they might affect global warming projections. While a few

studies have started to address this, much work remains to be done. (cf. section 9).

10.3. Ways forward

Finally, we comment on how the questions raised in 10.2 may be addressed.

Convective momentum transport (10.2.1 and 10.2.2) is difficult to observe as it re-
quires precise measurements of horizontal and vertical velocity at high temporal resolution
in adverse weather conditions. Nevertheless, there are measurements that can be leveraged,
including field campaigns that are ongoing (Bony et al. 2017) or being planned (Bjorn
Stevens, personal communication). Explicitly simulating convective momentum transport
requires models with very high resolution (~ a few kilometers horizontally) in the tropical
Atlantic. Such simulations are becoming increasingly feasible, and it will be exciting to see
what can be learned from them. Both the aforementioned observations and simulations may

also shed light on the asymmetric relation between ITCZ latitude and equatorial surface
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winds (10.2.3). In addition, GCM sensitivity experiments with idealized changes in the
continental geometry may help to solve this puzzle.

GCM experimentation may also help in disentangling the two-way interaction between
the tropical Pacific and tropical Atlantic (10.2.5 and 10.2.6). Coordinated multi-model ex-
periments could be a valuable tool for this, and the authors are part of an effort to set up
such a model intercomparison. In addition, long-term climate records, such as those ob-
tained from coral proxies, could provide a means to corroborate results obtained from the
observational record (e.g. Tierney et al. 2015).

Quantifying the limits of AZM predictability (10.2.6) is a tough problem and any re-
sults may eventually be rendered obsolete by the actual skill improvements of prediction
systems. To wit, a recent multi-model skill assessment suggests substantial improvements
in the equatorial Atlantic (Chloe Prodhomme, personal communication). Nevertheless, at-
tempting to quantify skill limits should remain an important endeavor that can guide im-
provement efforts. This will require quantifying the stochastic component of the system,
as well as clarifying the impact of model biases on prediction skill. Neither of these two
topics has received much attention so far. Exploring the limits of predictability will also
require assessing the benefit of observational networks (e.g. data denial experiments) and
initialization procedures (e.g. coupled data assimilation).

The impact of mean state biases on inter-basin interaction and global warming projec-
tions (10.2.7) is another difficult problem. Numerical experiments with prescribed SST can
partially address this issue but suffer from all the potential inconsistencies of fixing one
component of a coupled system. A recent intercomparison of CMIP6 models suggests that

a few models now have relatively small biases in the tropical Atlantic, while at the same
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time producing relatively realistic interannual variability (Richter and Tokinaga 2020).
Thus, there is now a wide range of model behavior (from light to severe model errors) that
may allow systematic study of the impacts of tropical Atlantic biases on basin interaction

and climate change projections.
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Captions

Table 1. Definition of averaging areas used in this study.

Figure 1. Climatological SST (color shading; °C), 10-m wind vectors (m s-1) and
precipitation (blue shading; mm d-1) for 1979-2017. (a) MAM and (b) JJA seasons. SST
and near-surface winds are from ERAS, precipitation from GPCP.

Figure 2. Climatological ERAS SST (blue) and 10-m zonal wind (red) averaged over
the ATL3 (solid line) and ATL4 (dashed line) regions, as a function of calendar month.

Figure 3. ITCZ latitude (green line; calculated as the latitude of maximum GPCP
precipitation averaged between 45-20W) and ERAS surface zonal wind averaged over the
ATLA region (blue line; m s-1). The winds have been multiplied by a factor -1 to facilitate
comparison.

Figure 4. ERAS5 climatological SLP (black line) and surface zonal wind (green
dashed line) along the equator, averaged over March-April-May (MAM) and from 3°S to
3°N.

Figure 5. Equatorial vertical sections of climatological mass stream function (top;
contours in 3 x 10? kg s-1 intervals; zero contour thickened), 10-m zonal wind (middle; m
s-1 with westerly vectors in red and easterly in blue), and ocean subsurface temperature
(bottom; color in °C). (a) MAM and (b) JJA. Black lines on the bottom panels indicate the
climatological thermocline depth, defined by the maximum of vertical temperature gradi-
ent. All fields are derived from ERAS.

Figure 6. Time series of NCEP Reanalysis SST anomalies (K) averaged over the
ATLS3 region for the period 1949-2018. Linear detrending and 3-month running mean have
been applied.

Figure 7. February to July composite anomalies of SST (shading; °C), 10-m wind
(vector; m s-1), and precipitation (green contours at 1, 2, 3 mm day-1, and red contours at
-1, -2, -3 mm day-1) for positive AZM events (Atlantic Nifios). Data are from ERAS (SST
and 10-m wind) and GPCP (precipitation). The compositing criterion is based on the JJA
mean ATL3 SST exceeding 0.75 standard deviations. The years 1984, 1988, 1991, 1995,
1996, 1999, 2007 and 2008 are selected. The years 1987, 1998, 2006 and 2010 also meet
the criterion but are rejected due to being non-canonical (see section 4.6).

Figure 8. As in Fig.7, but for negative AZM events. The years 1982, 1983, 1992,
1997, 2004, 2005 and 2015 are selected for the composite.

Figure 9. Equatorial vertical sections of positive AZM composite anomalies from Feb-
ruary to July. Zonal wind (top; contours in 0.5 m s-1 intervals; zero contour thickened),
pressure velocity (top; color in 0.01 Pa s-1), 10-m zonal wind (middle; m s-1 with westerly
vectors in red and easterly in blue), and ocean subsurface temperature (bottom; color in
°C). Green and red lines on the bottom panels indicate the climatological and composite
thermocline depth, respectively. Atmospheric data are from ERAS5, oceanic data from
ORASA4.
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Figure 10. As in Fig. 9 but for negative AZM events.

Figure 11. Scatter plot of SST vs. surface zonal wind in the equatorial Pacific and
Atlantic. The indices plotted are (a) JJA surface zonal wind anomalies averaged over the
Nifio 4 region vs. DJF SST anomalies averaged over the Nifio 3 region, and (b) MAM
surface zonal wind anomalies averaged over the ATL4 region vs. JJA SST anomalies av-
eraged over the ATL3 region. The correlation coefficient between wind and SST is noted
in the lower right.

Figure 12. ERAS5 Surface zonal wind stress (N/m2; averaged 3°S-3°N) plotted as a
function of Atlantic ITCZ latitude, here defined as the latitude where the zonal average of
precipitation, averaged from 40°W to 20°W, attains its maximum. Surface zonal wind stress
and precipitation are from ERAS and GPCP, respectively (black line), and from the CMIP5
ensemble (blue line). The thin blue lines indicate the standard deviation of the inter-ensem-
ble spread.

Figure 13. Anomalies of SST (shading; K) and near-surface winds (vectors; reference
0.5 m s-1) from the first mode of a maximum covariance analysis (MCA) for MAM. The
MCA was calculated from linearly detrended ERAS data. The pattern depicts the positive
phase of the Atlantic Meridional Mode (AMM).

Figure 14. Latitude-time sections of CMIP5 ensemble mean biases of SST (shading;
K), surface winds (vectors; reference = 2 m/s), and depth of the 20°C isotherm (D20; purple
contour lines; interval = 4 m), averaged between 3S-3N. The reference fields are ERAS
(SST and surface winds), and ORAS4 (D20).

Figure 15. Climatological annual cycle of the standard deviation of ATL3 SST (K)
in ERAS (black line) and the CMIP5 ensemble (green line).

Figure 16. Climatological annual cycle of (a) ATL3 SST (°C), and (b) ATL4 sfc
zonal wind. The black and green lines denote ERAS and the CMIP5 ensemble, respectively.
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A. Tables

area name definition use

ATL3 20°W-0, 3°S-3°N area of maximum SST variability; primary in-
dex of AZM

ATLA4 45°-20°W, 3°S-3°N area of maximum surface zonal wind variability;

equatorial Atlantic SST gradient (by taking the
difference ATL4 minus ATL3)

Nifio 3 150-90°W, 5°S-5°N measure of ENSO SST variability

Nifio 4 160°E-150°W, 5°S-5°N | measure of ENSO surface zonal wind variability

Table 1. Definition of averaging areas used in this study.
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B. Figures
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Figure 1. Climatological SST (color shading; °C), 10-m wind vectors (m s-1) and precipita-
tion (blue shading; mm d™') for 1979-2017. (a) MAM and (b) JJA seasons. SST and near-surface
winds are from ERAS, precipitation from GPCP.
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Figure 2. Climatological ERAS SST (blue) and 10-m zonal wind (red) averaged over the

ATL3 (solid line) and ATL4 (dashed line) regions, as a function of calendar month.
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GPCP Precipitation and ERAS sfc zonal winds
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Figure 3. ITCZ latitude (degrees north; green line; calculated as the latitude of maximum
GPCP precipitation averaged between 45-20W) and ERAS surface zonal wind averaged over the

ATL4 region (blue line; m s'). The winds have been multiplied by a factor -1 to facilitate

comparison.
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Figure 4. ERAS climatological SLP (black line) and surface zonal wind (green dashed line)

along the equator, averaged over March-April-May (MAM) and from 3°S to 3°N.
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Figure 5. Equatorial vertical sections of climatological mass stream function (top; contours
in 3 x 10° kg s intervals; zero contour thickened), 10-m zonal wind (middle; m s with westerly
vectors in red and easterly in blue), and ocean subsurface temperature (bottom; color in °C). (a)
MAM and (b) JJA. Black lines on the bottom panels indicate the climatological thermocline depth,
defined by the maximum of vertical temperature gradient. All fields are derived from ERAS.
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ATL3 S5T anomalies (K) from NCEP Reanalysis (1949-2018)
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Figure 6. Time series of NCEP Reanalysis SST anomalies (K) averaged over the ATL3

region for the period 1949-2018. Linear detrending and 3-month running mean have been applied.
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Figure 7. February to July composite anomalies of SST (shading; °C), 10-m wind (vector; m
s, and precipitation (green contours at 1, 2, 3 mm day ', and red contours at -1, -2, -3 mm day ')
for positive AZM events (Atlantic Nifios). Data are from ERAS5 (SST and 10-m wind) and GPCP
(precipitation). The compositing criterion is based on the JJA mean ATL3 SST exceeding 0.75
standard deviations. The years 1984, 1988, 1991, 1995, 1996, 1999, 2007 and 2008 are selected.
The years 1987, 1998, 2006 and 2010 also meet the criterion but are rejected due to being non-

canonical (see section 4.6).
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Figure 8. Asin Fig.7, but for negative AZM events. The years 1982, 1983, 1992, 1997, 2004,
2005 and 2015 are selected for the composite.
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Figure 9. Equatorial vertical sections of positive AZM composite anomalies from February
to July. Zonal wind (top; contours in 0.5 m s intervals; zero contour thickened), pressure velocity
(top; color in 0.01 Pas™), 10-m zonal wind (middle; m s with westerly vectors in red and easterly
in blue), and ocean subsurface temperature (bottom; color in °C). Green and red lines on the bottom
panels indicate the climatological and composite thermocline depth, respectively. Atmospheric data

are from ERAS, oceanic data from ORAS4.
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Figure 10. Asin Fig. 9 but for negative AZM events.
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Figure 11. Scatter plot of SST vs. surface zonal wind in the equatorial Pacific and Atlantic.

The indices plotted are (a) JJA surface zonal wind anomalies averaged over the Nifio 4 region vs.

DIJF SST anomalies averaged over the Nifio 3 region, and (b) MAM surface zonal wind anomalies

averaged over the ATL4 region vs. JJA SST anomalies averaged over the ATL3 region. The cor-

relation coefficient between wind and SST is noted in the lower right.
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Figure 12. ERAS5 Surface zonal wind stress (N/m?; averaged 3°S-3°N) plotted as a function

of Atlantic ITCZ latitude, here defined as the latitude where the zonal average of precipitation,

averaged from 40°W to 20°W, attains its maximum. Surface zonal wind stress and precipitation are

from ERAS5 and GPCP, respectively (black line), and from the CMIP5 ensemble (blue line). The

thin blue lines indicate the standard deviation of the inter-ensemble spread.

58



MAM MCA mode #1
= . »ﬂ o |

= a : "- ; L
e e e

L

B e
20N | SOy
i I
LN LR B
0 - s L S
e R SN
L TR T T e
WO OW,OW W, W O® WOE B OE O OR R
L T R I R R
2{.:'5 I LU T T T T R T T T | - 7
r-"n.’qh-'rl-i. - = B & L
a = *t-‘tlitri“\.::li
60w 30W 0

06 04 -02 0 0.2 0.4 0.6
Figure 13. Anomalies of SST (shading; K) and near-surface winds (vectors; reference 0.5 m
s') from the first mode of a maximum covariance analysis (MCA) for MAM. The MCA was cal-
culated from linearly detrended ERAS data. The pattern depicts the positive phase of the Atlantic
Meridional Mode (AMM).
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Figure 14. Latitude-time sections of CMIP5 ensemble mean biases of SST (shading; K),
surface winds (vectors; reference = 2 m/s), and depth of the 20°C isotherm (D20; purple contour
lines; interval = 4 m), averaged between 3S-3N. The reference fields are ERAS (SST and surface

winds), and ORAS4 (D20).
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Figure 15. Climatological annual cycle of the standard deviation of ATL3 SST (K) in ERAS

(black line) and the CMIP5 ensemble (green line).
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Figure 16. Climatological annual cycle of (a) ATL3 SST (°C), and (b) ATL4 surface zonal

wind. The black and green lines denote ERAS and the CMIP5 ensemble, respectively.
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