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1.  Introduction
The equatorial Atlantic is marked by interannual variations in sea-surface temperatures (SSTs) that influence 
rainfall over the surrounding continents, particularly over West Africa. Early studies emphasized the similarity of 
this variability pattern with El Niño-Southern Oscillation (ENSO) in the Pacific, and the phenomenon was there-
fore dubbed “Atlantic Niño” (Merle, 1980). The similarities include SST anomalies that are most pronounced in 
the eastern half of the basin, and the role of the Bjerknes feedback (Bjerknes, 1969), in which equatorial SST 
anomalies induce changes in equatorial surface winds that further amplify the pattern. Subsequent research, 
however, identified several differences with ENSO, including the relatively weak role of the Bjerknes feedback 
(Nnamchi et al., 2021; Richter et al., 2017) and a strong influence from off-equatorial processes in some events 
(Foltz & McPhaden, 2010; Lübbecke & McPhaden, 2012; Richter et al., 2013). Partly motivated by these differ-
ences, the term “Atlantic Zonal Mode” (AZM) has gained traction in recent years and will be used in the present 
study.

The AZM is phased-locked to the seasonal cycle (e.g., Keenlyside & Latif, 2007; Richter et al., 2017; Nnamchi 
et al., 2021), with a primary variability peak in boreal summer (JJA) and a secondary one in boreal winter (NDJ; 
named AZM II by Okumura & Xie, 2006), as shown by the composites in Figure 1a. It should be noted that this 
timing can vary considerably for individual events, as pointed out by Vallès-Casanova et al. (2020).

Typical positive AZM events begin with a relaxation of the equatorial trades followed by a deepening of the 
thermocline and SST warming (and vice versa for negative AZM events; e.g., Richter & Tokinaga,  2021; 
Vallès-Casanova et al., 2020). Some warm events, however, are preceded by a strengthening of the equatorial 
trades (Richter et al., 2013). This behavior has been linked to negative wind stress curl anomalies north of the 
equator, which excite downwelling Rossby waves that are reflected into equatorial Kelvin waves at the western 
boundary (Burmeister et al., 2016; Foltz & McPhaden, 2010; Lübbecke & McPhaden, 2012).

From about 2000 onward, variability in the equatorial Atlantic has been relatively low (Prigent et al., 2020; Figure 
S1 in Supporting Information S1). This quiescent period has been attributed to a weaker Bjerknes feedback and 
stronger latent heat flux damping (Prigent et al., 2020), the latter being partially associated with the strengthening 
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of the trade winds over recent decades (Servain et al., 2014). A decrease in equatorial Atlantic SST variability 
was also found for the period 1950–2009 by Tokinaga and Xie (2011). Contrary to Servain et al.  (2014) and 
Prigent et al. (2020), they found a relaxation of the equatorial trades and the associated thermocline deepening 
to be responsible for the reduced SST variability. The opposing trade wind trends found in those studies may 
be partially attributable to the different study periods but also emphasize the uncertainty in observational wind 
products.

Just as it seemed that the 2000s and 2010s would end without any major AZM event, late 2019 saw the develop-
ment of an exceptionally strong event (Figure 1 and Figure S1 in Supporting Information S1) that may have been 
the warmest in the last 40 years (Figure S2a in Supporting Information S1). Another pronounced warm event 
developed in the summer of 2021 and continued until the end of the year. This raises the question whether the 
AZM may become more active again, thereby defying projected trends. As a first step to address this question, 
here we examine the generation mechanism of the 2019 event, put it into the context of previous events, investi-
gate the reasons for its exceptional strength, and discuss possible implications for AZM variability in the coming 
decades.

2.  Materials and Methods
Our SST data set is the Optimally Interpolated SST (OISST), version 2.1 (Huang et al., 2021). Most wind fields 
used are from the ERA5 atmospheric reanalysis, with additional surface wind stress products from GODAS, 
NCEP/NCAR reanalysis (Kistler et  al.,  2001), and the Japanese 55-year Reanalysis (JRA55; Kobayashi 
et  al.,  2015). Precipitation is from the Global Precipitation Climatology Project (GPCP), version 2.3 (Adler 
et al., 2003). The GODAS reanalysis is used for an ocean heat budget analysis. Subsurface in situ observations 
from the PIRATA moored array (Bourles et al., 2019) are used in the form of the enhanced PIRATA (ePIRATA) 
data set (Foltz et al., 2018). The satellite sea-surface heights are from AVISO. Interpolated outgoing longwave 
radiation (OLR) from NOAA satellites (Liebmann & Smith, 1996) are used to investigate remote influences.

Anomalies are calculated as deviations from the climatological cycle for the period 1988–2017 and linearly 
detrended over the analysis period. For the few datasets that do not reach back to 1988 (namely, ePIRATA 
[1997-present], and AVISO [1993-present]), we use the beginning of the record up to 2017 as the base period.

The composite positive events in Figure 1 were calculated from years in which the ATL3 index (defined as SST 
averaged over 20°W-0°E, 3°S-3°N) exceeds 0.8 standard deviations in the JJA average (AZM; years 1984, 1988, 
1991, 1995, 1996, 1999, 2007, 2008) or in the NDJ average (AZM II; years 1981, 1987, 1993, 1997, 2003, 2007).

Figure 1.  Evolution from March through February of the following year of (a) OISST v2.1 SST anomalies (K) in the ATL3, (b) surface zonal wind stress anomalies 
(Pa) in the ATL4, and (c) surface meridional wind stress (Pa) in the ATL3. The lines in each panel show a composite summertime AZM (black), a composite AZM II 
(gray line), and the 2019 event (red line). All anomalies are with respect to the 1988–2017 base period.

ATL3 SST ATL4 tau_x ATL3 tau_y(a) (c)(b)
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3.  Results
3.1.  Putting the 2019 Event Into Context

The 2019 AZM event developed in late 2019 and peaked in January 2020 (red line in Figure 1a). It can therefore 
be classified as an AZM II event (or a late-onset event in the terminology of Vallès-Casanova et al., 2020). From 
about June 2019 through October, its evolution in the ATL3 region qualitatively followed that of the compos-
ite AZM II event (gray line in Figure 1a), but, from October onward, it developed more rapidly and attained 
an amplitude of 1.2 K, three times higher than the composite AZM II, and 0.5 K higher than the composite 
summertime AZM (black line in Figure 1a; also Figure S3a in Supporting Information S1). The impression that 
2019 was exceptionally strong is supported by comparing 9 observational and reanalysis products from 1982 
onward (Figure S2a in Supporting Information S1). Six datasets rank the 2019 event as the strongest (OISST 
v2.1, HadISST, COBE2, ERA-5, GODAS, and ePIRATA), one data set rates it as the second strongest after 1988 
(ERSST), and two rank it as the fourth strongest (ICOADS and OISST v2.0).

3.2.  Evolution of the 2019 AZM Event

Up to and including October 2019, SST anomalies in the tropical Atlantic were weak (Figure 2), though some 
positive anomalies could be seen off southwest Africa in the Angola-Benguela area from July (not shown). The 
rapid increase from October to November (Figures 1a and 2) was preceded by westerly wind stress anomalies 
in the ATL4 (45°W-20°W, 3°S-3°N) with a peak of about 0.015 Pa in October (Figures 1b and 2 and Figure 
S2c in Supporting Information S1), which is unusually strong for this time of the year and, in fact, the strongest 
westerly  anomaly since 1979 (Figure S3b). Both the composite AZM II event and 2019 show pronounced easter-
lies  in  early summer that decay toward fall but only 2019 develops pronounced westerlies afterward (Figure 1b).

While the westerly anomalies in 2019 were substantial, they were quite comparable to those during the developing 
phase of summertime AZM events in MAM (Figure S3b in Supporting Information S1) and do not appear suffi-
cient to explain the exceptional strength of the 2019 event. This indicates that other factors must have contributed.

The rapid warming in October and November was not limited to the equator but extended southward to most of the 
southern subtropical Atlantic. Particularly warm SST along the southwest African coast indicates the occurrence 
of a Benguela Niño, which may have partially contributed to the equatorial wind anomalies (Hu & Huang, 2007; 
Imbol Koungue et al., 2021). We note, however, that there are basin-scale surface wind anomalies from Septem-
ber through November that suggest the involvement of a large-scale process. The wind anomalies are consistent 
with a weakening of the St. Helena high, which has been found to link AZM and Benguela events (Nnamchi 
et al., 2016; Lübbecke et al., 2010; Richter et al., 2010). North of the equator, cold SST anomalies  weakened the 
meridional gradient of sea-level pressure, which was associated with cross-equatorial winds  and a southward 
shift of the Atlantic ITCZ that continued into February.

We note that precipitation anomalies over land were rather inconsistent during the event, with the exception of dry 
anomalies over the coastal region of equatorial Africa. Over South America, a north-south dipole of precipitation 
anomalies was prominent in November and December but its sign reversed in January and February of 2020.

From February onward, SST anomalies in the ATL3 started decaying (Figures 1 and 2) and were close to zero in 
April (Figure S2b in Supporting Information S1). While anomalies on the equator weakened in February, warm 
anomalies off the equator were still relatively strong (Figure 2f).

3.3.  Generation Mechanism

The westerly wind anomalies in October suggest a straightforward generation mechanism in which downwelling 
equatorial Kelvin waves deepen the thermocline and reduce upwelling-induced cooling. Daily mean anomalies of 
the 20C-isotherm from ePIRATA confirm a substantial deepening of the thermocline, with a peak of almost 30m 
at the 0 N 0 E mooring in late November (Figure S4). This deepening progresses from west to east, as shown by 
the buoys at 0 N 23 W, 0 N 10 W, and 0 N 0 E, with positive anomalies commencing in mid-October. The 0 N 
35 W buoy, on the other hand, appears to evolve independently, and this is consistent with the wind anomalies in 
October being strongest east of 30°W (Figure 2).
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Depth-time sections of ocean temperature from the PIRATA buoys (Figure 3) show that, from spring to early 
summer, there were cold temperature anomalies in the eastern equatorial Atlantic, though these were mostly 
confined to the subsurface. From late summer to fall, subsurface temperatures were close to neutral, followed 
by the rapid development of the 2019 event. Maximum temperature anomalies exceeded 2K at 60m, which is 
below  the mixed layer but above both the climatological and the actual thermocline depth.

Analysis of the GODAS reanalysis suggests that vertical advection dominated the warming below the base of the 
mixed layer (Figure 4). This is consistent with the westerly wind stress forcing in the western equatorial Atlantic 
during fall (Figure 2). It should be noted, however, that vertical advection is most pronounced in boreal summer 
(not shown) when the equatorial wind stress forcing is weak. This may indicate limitations of the reanalysis 
product but could also be associated with remote influences from the northern equatorial Atlantic, as discussed 
below. Figures 1c and 2 also suggest that there were pronounced meridional wind anomalies over the ATL3 
region, indicating that meridional current convergence may have contributed to local downwelling anomalies and 
warming (e.g., Okumura & Xie, 2004). The analysis of the meridional current convergence, however, proved to 
be inconclusive (not shown).

Figure 2.  Evolution of the 2019 event from September 2019 through February 2020. Each panel shows anomalies of OISST 
SST (shading; K), ERA-5 surface wind stress (vectors; reference = 2 Pa*0.01), and GPCP precipitation (contours; interval 
1 mm/day; negative contours dashed, 0-contour omitted). All anomalies are with respect to the 1988–2017 base period.
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Analysis of AVISO daily sea-surface height (SSH) anomalies (Figure  5) 
provides some evidence for westward propagation of positive SSH anomalies 
north of the equator (Figure  5a; note that the x-axis is reversed), consist-
ent with Rossby waves. The waves appear to originate around 10°W from 
April through June. The Ekman pumping velocity calculated from the ERA-5 
reanalysis (Figure S5 in Supporting Information S1) suggests that the local 
surface wind stress curl generated these downwelling Rossby waves. They 
appear to be reflected into downwelling Kelvin waves at the western bound-
ary from August through October (Figure 5b) and reach the ATL3 region a 
few weeks later, where they contributed to preconditioning the 2019 event.

4.  Discussion
4.1.  Remote Forcing From the Indian and Pacific Oceans

Recent studies have suggested that the tropical Indian Ocean may influence 
the development of AZM events through changes in the Walker circulation 
(Liao & Wang, 2021; Zhang & Han, 2021). The 2019 AZM event roughly 
co-occurred with one of the strongest Indian Ocean Dipole (IOD; Doi 
et al., 2020; Saji et al., 1999) events on record. The accompanying warming 
in the western tropical Indian Ocean led to strong precipitation anomalies in 
October and November (Figure S6 in Supporting Information S1). While the 
timing of these convective anomalies seems too late to have played a role in 
the build-up of the 2019 AZM event, a contribution to the rapid development 
of the AZM from October to November cannot be ruled out. The analysis of 
outgoing longwave radiation (OLR) anomalies and ERA5 upper-level zonal 
winds, however, does not provide strong evidence for westward propaga-
tion from the equatorial Indian Ocean to the Atlantic (Figures S7 and S8 in 
Supporting Information S1), neither does the examination of anomalies in the 

monthly mean Walker circulation (Figure S9 in Supporting Information S1). Thus, there is no strong support for 
an important role of the Indian Ocean in the 2019 AZM event.

Additionally, there was an El Niño Modoki event in 2019 (Ashok et al., 2007; Doi et al., 2020), which may have 
influenced the equatorial Atlantic. The analysis of Kelvin wave propagation (Figure S8a in Supporting Informa-
tion S1), however, does not show major influences on the pronounced equatorial Atlantic westerlies in October.

Overall, it appears, that the 2019 AZM was not strongly influenced by the tropical Indian Ocean or Pacific. It 
should be noted, however, that OLR may not be able to track disturbances over dry continental regions, and that 
the reanalysis winds may not be well constrained. It is therefore possible that the actual remote influences were 
stronger than our analysis suggests. Dedicated GCM experiments may be able to shine more light on the Indian 
and Pacific Ocean influences.

4.2.  Implications for Equatorial Atlantic Variability in the Coming Decades

Both Tokinaga and Xie (2011) and Prigent et al. (2020) point to a weakening of equatorial Atlantic SST variabil-
ity in recent decades, and climate models tend to project a further decrease in variability, though confidence in 
these projections is undermined by model biases (Richter & Tokinaga, 2020) and high intermodel variations. It is 
therefore an interesting question, whether the 2019 AZM event was but a brief flicker or the harbinger of a trend 
reversal, the latter supported by the subsequent major warm event in 2021.

The cross-equatorial SST gradient is an aspect of the background state that has a large influence on the position 
of the ITCZ (e.g., Servain et al., 1999), which in turn modulates the strength of coupled feedbacks on the equator 
(Nnamchi et al., 2021; Richter et al., 2017; Zebiak & Cane, 1987). It is also linked to the state of the Atlantic 
Multidecadal Oscillation (Martin-Rey et al., 2018; see the Supplementary Information for more discussion on 
the AMO). More specifically, when SSTs south of the equator are relatively warm, the ITCZ and associated 
deep convection are located closer to the equator, which strengthens air-sea coupling. Figure S10 in Supporting 

Figure 3.  Depth-time section of monthly mean ocean temperature anomalies 
(shading; K) averaged over the three PIRATA moorings in the ATL3 region 
(0°N 23°W; 0°N 10°W; 0°N 0°E). The solid gray and black lines show the 
depth of the mixed layer (defined through a density criterion; see Foltz 
et al., 2018) and the 20C isotherm, respectively. The corresponding dashed 
lines show the climatological depths. The base period is 1999–2017.
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Information S1 shows the difference between south-equatorial SSTs (40°W-10°W, 8°S-2°S) and north-equatorial 
SSTs (40°W-10°W, 2°N-8°N). This index has moderately low values from approximately 1940 to 1960, high 
values from 1960 to 1990, and very low values from 1990 onward. This roughly aligns with the periods of high 
and low variability in the equatorial Atlantic, though a much more detailed analysis would be needed to confirm 
a physical relation. Nevertheless, based on the meridional SST gradient, a trend reversal is not in sight yet. We 
do note, however, that there is a slight increase in the SST gradient after 2005, which appears to have accelerated 
over the last few years. While it is difficult to predict the future evolution of the cross-equatorial SST gradient 
and equatorial Atlantic variability, continued monitoring over the next decade should show in which direction 
the system is moving.

5.  Conclusions
The 2019 positive AZM event was remarkable for its strength and timing. While most AZM events develop in 
boreal spring and peak in summer, the 2019 event did not develop until mid-fall. Rapid intensification in Octo-
ber and November led to one of the strongest AZM events in the satellite period, thereby terminating a roughly 
20-year quiescent interval.

At least two factors contributed to the rapid SST warming: (a) westerly wind anomalies over the central equatorial 
Atlantic during October and November excited downwelling Kelvin waves that deepened the thermocline in the 
east; (b) wind stress curl anomalies north of the equator induced downwelling Rossby waves, that were reflected 
into downwelling equatorial Kelvin waves at the western boundary around September and helped to precondition 
the equatorial Atlantic. Estimation of the thermodynamic budget in the GODAS ocean reanalysis suggests that 
upwelling anomalies dominated the warming. The budget analysis, however, cannot quantify which process was 

Figure 4.  Longitude-depth sections of terms relevant to the oceanic heat budget, meridionally averaged from 3°S to 3°N, and 
seasonally averaged over September-October-November (SON). The individual panel shows (a) temperature, (b) temperature 
tendency, (c) zonal advection, (d) meridional advection, and (e) vertical advection. The units are K/month, except for (a), 
which is in (k) All terms are derived from the GODAS ocean reanalysis. The base period is 1988–2017.
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dominant and is subject to substantial uncertainty due to the absence of large-scale vertical velocity measure-
ments and due to the impact of tropical Atlantic model biases on reanalysis products (Counillon et al., 2021).

Recent studies have suggested that the western Indian Ocean may influence the development of AZM events but, 
for the 2019 event, we did not find strong evidence for such a pathway. While 2019 did feature an exceptionally 
strong positive IOD event, the associated precipitation anomalies over the western Indian Ocean became promi-
nent only in October and November. Moreover, daily OLR and wind anomalies are more suggestive of eastward 
than westward, propagation, hinting at the possibility that the equatorial Atlantic may have contributed to the 
2019 positive IOD event. We also did not find strong evidence for a substantial influence of the El Niño Modoki 
that was ongoing in 2019. Nevertheless, based on the limited analysis presented here, an influence from the 
Indian and Pacific Oceans cannot be ruled out completely.

Whether the 2019 event marks the end of the 20-year quiescent period remains an open question. It is of interest, 
however, that another pronounced positive AZM developed in mid-2021 and lasted until December. Provided 
continued high-quality observations of the equatorial Atlantic, we should be able to tell by the end of the decade 
whether the equatorial Atlantic is returning to a period of high activity. If so, it would raise questions regarding 
the ability of climate models to project climate change patterns in the tropical Atlantic and may also have some 
bearing on the future of other tropical variability modes, such as the IOD and ENSO.

Data Availability Statement
All the datasets used in this study are publicly available. The following lists the datasets and the URLs from 
which we downloaded them. Registration (free of charge) is required for access to ERA5, JRA-55, and AVISO 
data. OISST: https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/v2.1/access/avhrr/ 
HadISST: https://www.metoffice.gov.uk/hadobs/hadisst/data/HadISST_sst.nc.gz COBE SST: https://downloads.
psl.noaa.gov/Datasets/COBE/sst.mon.mean.nc ICOADS: https://downloads.psl.noaa.gov/Datasets/icoads/1de-
gree/global/std/sst.mean.nc ERSST: https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/netcdf/ ERA5: https://
cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=form; hourly data 
on pressure levels (used in the Supplementary Information) can be found by following the link in the right column 
under “Related Data” GODAS: https://downloads.psl.noaa.gov/Datasets/godas/ NCEP Reanalysis: https://down-
loads.psl.noaa.gov/Datasets/ncep/ JRA-55: https://rda.ucar.edu/datasets/ds628.1/ GPCP: https://downloads.

Figure 5.  Longitude-time section of AVISO daily mean sea surface height (SSH) anomalies (m) averaged between (a) 3°N 
and 4°N, and (b) 0.5°S and 0.5°N. The base period is 1993–2012. The arrows indicate the propagation of oceanic Rossby 
waves in (a) and Kelvin waves in (b). Note that the x-axis in (a) has been reversed to help visualize wave reflection at the 
western boundary.
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psl.noaa.gov/Datasets/gpcp/precip.mon.mean.nc ePIRATA: http://www.aoml.noaa.gov/phod/epirata/ AVISO: 
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=form NOAA OLR: https://
downloads.psl.noaa.gov/Datasets/interp_OLR/olr.day.mean.nc
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