
1.  Introduction
Variability of sea surface temperature (SST) in the tropical Atlantic is a powerful driver of climate variability 
over the surrounding continents (e.g., Folland et al., 2001; Foltz et al., 2019; Vallès-Casanova et al., 2020) and 
alters marine ecosystems through associated wind-induced upwelling of nutrients and resultant primary produc-
tivity (Grodsky et al., 2008; Radenac et al., 2020). On interannual time scales, tropical Atlantic SST variability 
is largely dominated by two seasonally phase-locked climate modes: the Atlantic meridional mode (AMM) and 
the Atlantic zonal mode (AZM). The positive and negative phases (i.e., warm and cold events) of the AZM are 
often referred to as Atlantic Niño and Niña events in reference to their Pacific counterparts, El Niño and La Niña 
(e.g., Lübbecke et al., 2018; Nobre & Shukla, 1996; Zebiak, 1993). While the AMM is defined as the anomalous 
meridional SST gradient between the northern and southern tropical Atlantic and is most pronounced from April 
to May (e.g., Chiang & Vimont, 2004; Foltz & McPhaden, 2010b; Rugg et al., 2016), the AZM is character-
ized by the timing, zonal extent, and intensity of a cold tongue of SST anomalies that forms in the central and 
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eastern Atlantic during boreal summer (e.g., Hormann et al., 2013; Zebiak, 1993). Atlantic Niños are extreme 
warm events that can cause severe rainfall and flooding over the Gulf of Guinea, West Africa, and northeast-
ern South America (e.g., Lübbecke et  al., 2018; Nobre & Shukla, 1996; Vallès-Casanova et  al., 2020). They 
can impact other equatorial basins through atmospheric teleconnections (Ding et al., 2012; Losada et al., 2010; 
Rodríguez-Fonseca et  al.,  2009) and have been shown to intensify tropical cyclone development in the Cape 
Verde region (Kim et al., 2023). However, weather and climate models struggle to represent and predict Atlantic 
Niño and Niña events (Richter et al., 2017). This deficiency is often attributed to weaker coupling between the 
ocean and the atmosphere in the equatorial Atlantic Ocean compared to the Pacific Ocean (Richter et al., 2014), 
pointing toward the need for a better understanding of the physical processes involved.

Atlantic Niño events can be initiated in multiple ways (e.g., Lübbecke et al., 2018; Vallès-Casanova et al., 2020). 
In analogy to the Pacific Ocean, coupled air-sea Bjerknes feedback (Bjerknes, 1969) is generally viewed as the 
leading generation mechanism for Atlantic Niño and Niña events (Keenlyside & Latif, 2007): (a) zonal wind 
anomalies in the western basin are forced by SST anomalies in the eastern basin; (b) thermocline depth anom-
alies in the eastern basin are forced by zonal wind anomalies in the western basin; and (c) SST anomalies in 
the eastern basin are then forced by the thermocline depth anomalies. All three components of the Bjerknes 
feedback have been found to be active in the Atlantic (e.g., Deppenmeier et al., 2016; Keenlyside & Latif, 2007; 
Prigent et al., 2020). The second component of the Bjerknes feedback describes the adjustment of the equato-
rial thermocline slope to wind stress forcing at the surface: a low-baroclinic mode, downwelling (upwelling), 
equatorial Kelvin wave is excited by westerly (easterly) wind anomalies in the western equatorial Atlantic such 
that it flattens (steepens) the thermocline slope and increases (decreases) the upper-ocean heat content as it 
propagates eastward along the equator. However, some warm events occur in the absence of equatorial westerly 
wind anomalies and seem to be forced instead by off-equatorial North Atlantic anomalous westerly winds (Foltz 
& McPhaden, 2010a; Lübbecke & McPhaden, 2013). As suggested by Richter et al. (2013) such off-equatorial 
forced events might be excited by equatorward advection of temperature anomalies or through off-equatorial 
westward-propagating Rossby waves reflecting into eastward-propagating equatorial Kelvin waves at the western 
boundary. The strong 2021 Atlantic Niño, however, seems to have been driven by a combination of off-equatorial 
and equatorial wind and wave forcing (S.-K. Lee et al., 2023; Song et al., 2023). S.-K. Lee et al. (2023) showed 
that the Kelvin wave that initiated the 2021 Atlantic Niño was excited by an off-equatorial Rossby wave (see also 
Burmeister et al., 2016) that reflected as an equatorial Kelvin wave off the Brazilian coast and that was reinforced 
by westerly wind bursts (WWBs) in the central and western equatorial Atlantic Ocean. The WWBs were associ-
ated with enhanced convection of the Madden-Julian Oscillation over the Atlantic.

The influence of equatorial Kelvin waves on upper-ocean variability has been studied in models and observations 
for both the Pacific (Escobar-Franco et al., 2022; Holmes & Thomas, 2016) and the Atlantic Ocean (Hormann & 
Brandt, 2009). Hormann and Brandt (2009) showed that Kelvin wave activity during an Atlantic Niño event in 
2002 exceeded Kelvin wave activity during an Atlantic Niña event in 2005, and that a strong downwelling Kelvin 
wave in 2002 caused a flatter east-west thermocline slope and a reduction in the core depth of the Equatorial 
Undercurrent (EUC) at 23°W. Using controlled numerical experiments, Holmes and Thomas  (2016) focused 
on the interaction of Kelvin waves and tropical instability waves (TIWs) in model simulations of the Pacific 
Ocean. They found that downwelling Kelvin waves reduce the meridional shear of the zonal background flow 
and thereby reduce the kinetic energy of TIWs by 38%, while upwelling Kelvin waves have the opposite effect 
on TIWs and increase their kinetic energy by 42%. Weaker (stronger) TIW activity shortly after a downwelling 
(upwelling) Kelvin wave was also observed by Inoue et al. (2019) during the 2008/2009 Pacific TIW season. 
Although Holmes and Thomas (2016) examined the response of TIW kinetic energy to equatorial Kelvin waves, 
they did not specifically focus on the link between these events and developing El Niño or La Niña variations. 
More recently, Escobar-Franco et  al.  (2022) confirmed that TIW activity is decreased during the passage of 
downwelling Kelvin waves using 26 years of satellite altimetry data. They further pointed out the role of TIWs as 
a feedback mechanism on ENSO variability through meridional, nonlinear dynamic heating, that can cause asym-
metric ENSO phases (see also Xue et al., 2023). However, to our knowledge, a detailed observational analysis of 
the response of equatorial currents and TIW activity to an Atlantic Niño event has not yet been conducted. A few 
previous studies point to an anticorrelation of AZM phases and TIW activity, but the empirical relationship is not 
statistically robust (Olivier et al., 2020; Perez et al., 2012; Wu & Bowman, 2007).

TIWs are the dominant source of intraseasonal (20–50 days) variability in the central equatorial Atlantic (Körner 
et al., 2022; Tuchen et al., 2018) and have been observed in sea surface temperature (Athié & Marin, 2008; Tuchen, 
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Perez, et al., 2022), sea surface salinity (T. Lee et al., 2014; Olivier et al., 2020; Tuchen, Perez, et al., 2022), sea 
surface height (Athié & Marin, 2008; von Schuckmann et al., 2008; Perez et al., 2012; Tuchen, Perez, et al., 2022), 
near-surface currents (Heukamp et al., 2022; Perez et al., 2019; Tuchen et al., 2018; Tuchen, Perez,  et al., 2022), 
surface Chl-a concentration (Grodsky et  al.,  2008; Menkes et  al.,  2002; W. Shi & Wang,  2021), nutrients 
(Sherman et  al., 2022), and oxygen (Eddebbar et  al.,  2021). TIWs are important components of the regional 
budgets of these variables, and year-to-year variations, low-frequency variability, and long-term trends of TIW 
activity may modulate the seasonal imprint of TIW-induced variability. In the Pacific Ocean, where TIW and 
Kelvin wave signals are easier to separate spatially and where warm/cold events are more pronounced than in the 
Atlantic Ocean, it is suggested that La Niña conditions favor stronger TIW activity and El Niño conditions favor 
weaker TIW activity (e.g., An, 2008; Wu & Bowman, 2007). TIWs can therefore act as an asymmetric negative 
feedback on ENSO with a cooling effect during El Niño and a ∼60% stronger warming effect during La Niña 
(An, 2008). In particular, the interaction of Niño/Niña events, TIWs, and surface chlorophyll-a concentration 
(Chl-a) variability poses a challenge for observational studies. Tian et al. (2019) showed that TIW-induced Chl-a 
variability modulates the penetration of shortwave radiation and feeds back onto ENSO variability: compared to 
an experimental run in which TIW-induced Chl-a variability is excluded, their control run produces an ENSO 
amplitude that is 27% larger. For the Atlantic Ocean, however, TIW-induced Chl-a variability is a largely over-
looked research topic. Supported by the expanding coverage of ocean color data by overlapping satellite missions, 
Chl-a data availability has improved recently, allowing for a detailed analysis of Chl-a variability at TIW scales 
under the seasonal influence of Atlantic Niño conditions in 2021.

In light of recent findings of an observed weakening of tropical Atlantic SST variability (Prigent et al., 2020) 
and a projected weakening of Atlantic Niño variability (Crespo et al., 2022; Yang et al., 2022), it is important to 
investigate and quantify the impact that such extreme events have on the upper equatorial ocean. The aim of this 
study is a comprehensive analysis of the oceanic impacts of the exceptionally strong 2021 Atlantic Niño, with a 
focus on near-surface currents, Kelvin wave propagation, TIW activity, and surface Chl-a concentration.

2.  Data
2.1.  Satellite and Reanalysis Data

Estimates of wind stress are derived from ERA5 horizontal wind speed at 10 m provided on a 0.25° horizontal 
grid and at 1-hr intervals (Hersbach et al., 2020), which are here averaged to daily means. The horizontal wind 
speed components (𝐴𝐴

⇀

𝒖𝒖𝟏𝟏𝟏𝟏 ) are converted to wind stress (𝐴𝐴
⇀

𝝉𝝉  ) via a bulk formula: 𝐴𝐴
⇀

𝝉𝝉= 𝜌𝜌𝑎𝑎 𝑐𝑐𝐷𝐷

⇀

𝒖𝒖𝟏𝟏𝟏𝟏 |
⇀

𝒖𝒖𝟏𝟏𝟏𝟏 | , where ρa is the 
density of air (1.22 kg m −3), and cD the drag coefficient (assumed to be a constant value of 0.0013). Daily SST 
fields from the NOAA Optimally Interpolated SST data set (OI-SST version 2.1) are available since September 
1981 on a 0.25° horizontal grid (Huang et al., 2021). Daily sea level anomaly (SLA) data are provided by the 
Copernicus Marine Environment Monitoring Service (CMEMS) since January 1993 with 0.25° horizontal reso-
lution (version vDT2021). Version vDT2021 uses a two-satellite constellation in order to obtain homogeneous 
data coverage. We further use daily sea surface salinity (SSS) data which have been made available by the Soil 
Moisture Active Passive (SMAP) mission and are available since April 2015 on a 0.25° horizontal grid (Meissner 
et al., 2018). Several (partly overlapping) satellite missions have measured ocean color data since September 
1997 and are used to infer surface Chl-a concentration. Since cloud coverage prevents satellite measurements 
in the visible light spectrum, data gaps are common in the tropical rain belt. To provide gap-free time series 
of surface Chl-a concentration, products have been developed that merge data from multiple sensors and use 
data-interpolating empirical orthogonal functions. Here, we use the Copernicus-GlobColour daily composites of 
surface Chl-a concentration at 4 km horizontal resolution provided since September 1997 (Copernicus, 2023b). 
The Copernicus product is constrained by in situ observations from numerous sources and databases (see “User 
Manual” and “Quality Information Document” under the provided reference for more details).

2.2.  Moored Observations

In situ observations of current velocities and subsurface temperature are provided by moored surface buoys at 
0°, 23°W and at 4°N, 23°W. Near-surface velocity measurements at 0°, 23°W are complemented by velocity 
data from a subsurface mooring in close proximity to the moored surface buoy (Tuchen, Brandt, et al., 2022). 
Data from the moored surface buoys and upper-ocean velocity data from the subsurface mooring are part of the 
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Prediction and Research Moored Array in the Tropical Atlantic (PIRATA; Bourlès et al., 2019; Foltz et al., 2019). 
The moored surface buoys are equipped with an acoustic current meter at a depth of around 10 m and have 
provided real-time velocity data since the years 2005 and 2006 at 0° and 4°N, respectively, while the subsur-
face mooring on the equator covers the upper ocean with an upward-looking Acoustic Doppler Current Profiler 
(ADCP) located at around 220 m since 2001 with few gaps at the beginning of the time series (Tuchen, Brandt, 
et al., 2022). Due to the reflection of the acoustic signal at the ocean surface, ADCP measurements near the 
surface are corrupted and the shallowest data point from the subsurface mooring is usually at 20 m depth. Veloc-
ity data from both the moored surface buoy and the subsurface mooring on the equator are combined into one 
comprehensive data set that is publicly available (Tuchen, Brandt, et al., 2022). Here we use the most recent 
version (v2.0) covering measurements from December 2001 to June 2023 (Tuchen et al., 2023).

2.3.  Drifter-Wind-Altimetry Synthesis

Global, daily maps of near-surface current velocities are made available from a synthesis of drifter measurements, 
wind-derived Ekman velocities, and geostrophic velocities from satellite altimetry (Lumpkin & Garzoli, 2011). 
The most recent version of this data set covers the time period from 1993 to 2021 and is provided on a 0.25° 
horizontal grid. Although it has been shown that this product tends to underestimate the observed high-frequency 
velocity fluctuations on the equator (Tuchen, Perez, et al., 2022), it is a valuable data source for examining the 
zonal background flow in the tropical and equatorial Atlantic during the 2021 Atlantic Niño. This data product 
is used to investigate TIW activity north of the equator, where TIW-induced SLA variability is strongest (e.g., 
Athié & Marin, 2008; Perez et al., 2012) and a pronounced band of barotropic energy conversion is observed, 
that is, conversion of mean kinetic energy into eddy kinetic energy (von Schuckmann et al., 2008; Tuchen, Perez, 
et al., 2022).

3.  Results
3.1.  Overview of the 2021 Atlantic Niño Event

The 2021 Atlantic Niño was generated by a combination of WWBs in the western and central equatorial Atlantic 
during the first week of May (Figure 1a) and a series of downwelling Rossby waves that were excited between 
January and April north of the equator. The Rossby waves propagated to the western boundary where they 
reflected into the Atlantic basin as downwelling equatorial Kelvin waves and were reinforced by the WWBs in 
the western and central equatorial Atlantic (cf. S.-K. Lee et al., 2023 for more details). The eastward propagation 
of positive SLA anomalies (Figure 1b) agrees well with the theoretical phase speed of a second baroclinic mode 
Kelvin wave, 1.4 m s −1 (Hormann & Brandt, 2009), and indicates a deepening thermocline. Shortly after the 
Kelvin wave crossed the Atlantic basin, sustained SST anomalies of more than +1°C developed in the central 
and eastern equatorial Atlantic (Figure 1c), with SST anomalies exceeding +2°C close to 10°W in June and July. 
The warm event lasted throughout boreal summer, with a slight disruption in September during the passing of an 
upwelling Kelvin wave, and plateaued at around 1°C from mid-September until the end of November (Figure 1c). 
The short-lived, weaker cooling signal observed in September was in good agreement with the theoretical east-
ward phase propagation speed of a first baroclinic mode Kelvin wave, 2.4 m s −1. However, this upwelling Kelvin 
wave did not have a strong impact on the thermocline slope, thus causing only a brief weakening of the positive 
SST anomalies. It should be noted that although the observed phase speed will be close to the propagation speed 
of the dominant wave, the observed wave is really a superposition of freely propagating equatorial Kelvin waves 
and locally forced waves.

Pronounced negative anomalies in Chl-a of up to −0.2 mg m −3 were observed during the 2021 Atlantic Niño 
from June to August (Figure  1d) that are seemingly anticorrelated with the positive SST anomalies and the 
deeper thermocline. However, in contrast to sustained positive SST anomalies, negative Chl-a anomalies did 
not persist beyond August and largely relaxed back to climatological values during boreal fall. The Atlantic 
Niño and its positive SST anomalies decayed in December, making it one of the longest-lived warm events on 
record. The decay of SST anomalies coincides with a pronounced upwelling Kelvin wave (i.e., second baroclinic 
mode) propagating from the western boundary in late December to the eastern boundary in late January with 
phase speed near 1.4 m s −1. While SST anomalies relaxed during boreal winter and the thermocline shoaled, a 
pronounced Chl-a bloom developed (Figure 1d), excited by the passage of the upwelling Kelvin wave and in good 
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agreement with negative SST anomalies. Although it is well known that Chl-a shows a pronounced semiannual 
cycle with peaks in boreal summer and winter (Brandt et al., 2023; Grodsky et al., 2008), the 2021–2022 winter-
time bloom greatly exceeded climatological values, making it the strongest wintertime Chl-a bloom on record 
(see Section 3.4).

3.2.  Impact of the 2021 Atlantic Niño on Equatorial Currents

We first examine the response of near-surface ocean currents to the 2021 Atlantic Niño as observed in the 
drifter-wind-altimetry synthesis product and mooring data. The mean surface zonal flow (u) in the equatorial 
Atlantic is characterized by the northern and the central branches of the westward South Equatorial Current 

Figure 1.  January 2021 to March 2022 equatorial anomalies of (a) zonal wind stress (𝜏x), (b) sea level anomaly (SLA), (c) 
sea surface temperature (SST), and (d) surface chlorophyll-a concentration (Chl-a). All variables have been averaged between 
1°N and 1°S and filtered with a 3 days and 0.75° longitude moving average. All anomalies are calculated with respect to 
the daily climatological value at each grid point computed from the complete length of the individual time series. The solid 
arrows in (b) indicate the theoretical propagation speed of a second baroclinic mode equatorial Kelvin wave (1.4 m s −1). The 
dash-dotted arrow in (b) indicates the theoretical propagation speed of a first baroclinic mode Kelvin wave (2.4 m s −1).
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(nSEC and cSEC) centered at around 1–2°N and 3–4°S, respectively, and the eastward North Equatorial Coun-
tercurrent (NECC) centered at around 5°N (Figure 2a). In particular, the region between the NECC and the nSEC 
exhibits strong meridional shear of zonal velocity generating a pronounced band of barotropic energy conversion 
(e.g., von Schuckmann et al., 2008; Specht et al., 2021). During the onset of the Atlantic Niño in May 2021, 
when the initial downwelling Kelvin wave propagates along the equatorial Atlantic, the westward flow between 
4°N and 4°S is greatly weakened (Figure 2b). Most notably, the westward nSEC is reduced by about 15 cm s −1 
(averaged between 30°W–10°W, 0°–3°N) compared to its climatological value of about −30 cm s −1 and remains 
weaker than usual during June and July (Figure  2c). Near-surface velocity data from the equatorial moored 
surface buoy at 23°W confirms the reduction of westward flow in May (Figure 2d); its eastward anomalies are of 
the same magnitude as those from the drifter-wind-altimetry synthesis product for the region centered around the 
nSEC. At 4°N, 23°W, eastward velocities are close to climatological values in May, but the anomalous eastward 
flow increases from 10 cm s −1 in June to 20 cm s −1 in July (Figure 2e). The latitudinal range in which equatorial 
Kelvin waves impact upper-ocean variability depends partly on the vertical mode of the wave, but the wave 

Figure 2.  (a) Monthly mean near-surface zonal velocity derived from the drifter-wind-altimetry synthesis during May 
computed from 1993 to 2021, (b) zonal velocity anomaly in May 2021, (c) monthly mean zonal velocity within the nSEC 
region indicated by box (30°W–10°W, 0°–3°N) in (a) and (b) from 1993 to 2021 (gray squares) and for 2021 (red squares). 
The white diamonds in (a, b) indicate the moored buoy locations at 0°, 23°W and 4°N, 23°W for which the long-term means 
(gray squares) and the 2021 monthly values of zonal velocity are shown in (d, e), respectively.
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amplitude declines exponentially away from the equator. Hence, at 4°N, the meridional influence of a second 
vertical mode Kelvin wave is largely reduced.

Holmes and Thomas (2016) suggested that a downwelling Kelvin wave reduces the meridional shear between the 
nSEC/NECC and between the nSEC/EUC, causing an overall reduction in TIW kinetic energy. In contrast to their 
numerical findings, our results show that during the 2021 Atlantic Niño, which was initiated by a strong down-
welling Kelvin wave, there is relatively little impact on the meridional shear of zonal velocity (du/dy) near the equa-
tor (Figure 3). Near the surface, monthly climatological values of du/dy are characterized by alternating positive and 
negative values between the NECC, nSEC, equatorial flow minimum, and the cSEC (Figure 3a). As positive du/dy 
is required to provide energy to TIWs via barotropic energy conversion, the presence of negative du/dy anomalies 
would be consistent with weaker TIWs. Monthly du/dy anomalies are virtually zero between 4°S and 3°N, except 
near the equator in June and July when weak positive du/dy anomalies are observed in a region with typically 
negative du/dy and near 2°N from February to June where weak positive du/dy anomalies are observed that would 
reinforce the positive climatological values (Figure 3b). However, larger negative anomalies are observed near 3°N 
from May to June and from 4°N to 6°N from March to July, reducing the typically positive du/dy at this latitude and 
consistent with weaker TIWs. As mentioned above, the meridional structure of a second vertical mode Kelvin wave 
indicates a reduced influence on latitudes beyond 4° latitude (Figure 3c). By mainly suppressing westward flow near 
the equator, the Kelvin wave is expected to reduce positive shear between the NECC and nSEC which is only partly 
observed (Figure 3b). Therefore, the changes in zonal flow close to the equator are likely caused by a superposition 
of the eastward-propagating Kelvin wave and the Rossby wave response (Perez & Kessler, 2009) to local wind forc-
ing and stratification (background temperature and salinity gradients) and cannot be explained by the passage of the 
Kelvin wave alone. However, the drifter-wind-altimetry synthesis product only provides a near-surface view. Next, 
we turn to moored velocity observations on the equator at 23°W for a subsurface perspective.

Zonal velocity (u) in the central equatorial Atlantic is mainly characterized by variability on semiannual and annual 
time scales (Brandt et al., 2016). In the upper 200 m, u is dominated by the EUC and its seasonal intensification 
and vertical migration (Brandt et al., 2014). The core depth of the EUC is typically located between 50 and 90 m, 
but during early and mid-2021 the EUC core was persistently 5–10 m deeper than usual (Figure 4a). The deepening 

Figure 3.  (a) Climatological meridional gradient of zonal velocity (du/dy) averaged between 30°W and 10°W, (b) anomalous 
du/dy for 2021 averaged between 30°W and 10°W from the drifter-wind-altimetry synthesis product. Monthly anomalies 
are given with respect to the long-term mean (1993–2021). (c) Theoretical meridional structure of the first (black), second 
(green), and third (red) baroclinic mode equatorial Kelvin wave (EKW) reconstructed from 𝐴𝐴 𝐴𝐴(𝑦𝑦) = 𝜂𝜂0 exp

(
−𝛽𝛽𝛽𝛽2∕2𝑐𝑐

)
 with 

η0 = 1, 𝐴𝐴 𝐴𝐴 = 𝑑𝑑𝑑𝑑∕𝑑𝑑𝑑𝑑 = 2.28 ∗ 10−11 m−1 s−1 , f Coriolis parameter, y distance from the equator, and c = 2.4 m s −1 (1.4 m s −1, 
0.9 m s −1) the phase velocity of a first (second, third) baroclinic mode equatorial Kelvin wave at 23°W (Hormann & 
Brandt, 2009).
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of the EUC roughly coincides with more westward velocities close to the surface in the first half of 2021, except 
for a short burst of eastward velocity anomalies reaching from the EUC core to the surface in May 2021, which 
is associated with the passage of the equatorial Kelvin wave at the mooring site. Interestingly, the EUC is deeper 
than usual during its usually shallowest phase in April/May, suggesting that the fourth baroclinic mode that domi-
nates the annual cycle of zonal velocity and that has a zero-crossing near the EUC core depth (Brandt et al., 2016) 
is likely modified during the onset of the Atlantic Niño. Prior to an Atlantic Niño event in 2002, Hormann and 
Brandt  (2009) observed a flattening of the thermocline slope and a shallower EUC core at 23°W. This is in 
contrast to our findings which show a consistently deeper than usual EUC core in the boreal summer of 2021. 
Meridional velocity (v) fluctuations are dominated by intraseasonal variability due to the propagation of TIWs 
primarily during boreal summer, but TIWs are sometimes present in fall and winter (Figure 4b). Moored velocity 
observations show that intraseasonal meridional velocity fluctuations (red diamonds in Figure 4b) were strikingly 
reduced in the boreal summer of 2021, and weak summertime TIW activity is observed.

To further disentangle the impacts of the 2021 Atlantic Niño on subsurface velocities, we examine the monthly 
mean vertical profiles of anomalous u (Figure 5a), eddy kinetic energy (EKE; Figure 5b), vertical gradient of zonal 

Figure 4.  Upper-ocean (a) zonal velocity, and (b) meridional velocity as observed at the moored observatory at 0°, 23°W 
between 2020 and 2022. The gray line in (a) marks the maximum zonal velocity for each time step as an indicator of the 
Equatorial Undercurrent (EUC) core depth, while the black diamonds show the monthly climatological EUC core depth with 
the standard error envelope (dark gray shading). The red diamonds in (b) represent the tropical instability wave (TIW) index, 
that is, the monthly standard deviation of intraseasonal meridional velocity defined between the surface and 50 m depth (in 
m s −1). Note the active TIW seasons in 2020 and 2022 in comparison to weak activity in 2021.
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velocity (du/dz; Figure 5c), and vertical gradient of meridional velocity (dv/dz; Figure 5d) during May-August 
2021 as observed at 0°, 23°W. In agreement with our previous results, near-surface (upper 20 m) eastward anom-
alies during May were as large as 15 cm s −1, while at about 40 m, westward anomalies of more than −10 cm s −1 
were observed (red line in Figure 5a). This is in agreement with a deeper than usual EUC enabling near-surface 
westward velocities to reach larger depths and shifting the maximum vertical shear of zonal velocity to larger 
depths (red line in Figure 5c). This vertical shift becomes most apparent during June (green line in Figure 5a), 
with westward velocity anomalies of close to −20 cm s −1 at 40 m and a deeper EUC at 23°W causing eastward 
anomalies of more than 10 cm s −1 from about 80 to 200 m. Westward flow anomalies at around 40–60 m prevail 
in July (blue line in Figure 5a), but this pattern clearly changes in August (black line in Figure 5a). Particularly 
important is the reduced du/dz above the EUC from May to July (Figure 5c), which is likely associated with 
the deeper than normal EUC and also possibly the weaker westward flow close to the surface. As the westward 
near-surface flow is associated with the nSEC at 1°N, strongly reduced horizontal shear between the EUC and 
the nSEC is expected. However, because the drifter-wind-altimetry synthesis product only provides velocities at 
an estimated depth of 15 m, the horizontal shear at EUC depth cannot be assessed. It is noteworthy that positive 
anomalies of du/dz are observed in the upper 40 m in August (black line in Figure 5c), indicating a dynamical 
shift that is also observed in dv/dz close to the surface (Figure 5d) where negative anomalies are present from 
May to July and positive anomalies are observed in August. EKE near the surface is greatly reduced from June to 
August, consistent with reduced TIW activity after the passage of the Kelvin wave in May (Figure 5b).

Figure 5.  Vertical profiles of monthly mean anomalies of (a) zonal velocity (u), (b) eddy kinetic energy (EKE), (c) vertical 
shear of zonal velocity (du/dz), and (d) vertical shear of meridional velocity (dv/dz) from May to August 2021 from moored 
velocity data at 0°, 23°W.
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3.3.  The Extremely Weak 2021 Tropical Instability Wave Season

Recent findings suggest that TIW activity was strongly reduced during the boreal summer of 2021 compared with 
the summertime TIWs of the last three to four decades (Tuchen, Perez, et al., 2022). One goal of this study is to 
quantify how the 2021 Atlantic Niño impacted TIW activity and to investigate potential mechanisms. To isolate 
variability due to TIWs, the time series have been temporally (20–50 days) and zonally (4°–20° longitudes) band-
pass filtered with a second-order Hamming window. Variables to which this filter is applied are indicated by a 
prime (e.g., u′). In a first step, we focus on the anomalous 2021 TIW season as observed in SST, SSS, Chl-a (all 
at 1°N where these parameters usually show highest TIW-induced variability, e.g., Tuchen, Perez, et al., 2022; 
Figures 6a–6c), and SLA at 4°N (Figure 6d). The Hovmoeller diagrams of anomalous TIW-induced variability 
show a clear reduction for all parameters during May-July when compared to climatological values. Interestingly, 
TIW-induced variability is not uniformly reduced throughout the entire summer of 2021, but rebounds in August 
when higher than normal variability is observed for the four parameters. This results in a delayed onset of the 
2021 TIW season and suppression of TIW activity during the climatological peak months of these parameters: 

Figure 6.  Hovmoeller diagrams of anomalous 2021 tropical instability wave (TIW) activity for (a) sea surface temperature 
(SST) at 1°N, (b) sea surface salinity (SSS) at 1°N, (c) surface chlorophyll-a concentration (Chl-a) at 1°N, (d) sea level 
anomaly (SLA) at 4°N, and anomalous (e) eddy temperature advection (ETA) at 4°N, and (f) barotropic energy conversion 
(BT) at 4°N. The difference (∆) from the daily climatological seasonal cycle at each grid point is shown. Note that for (a–d) 
the difference of the absolute intraseasonal anomalies (e.g., |SST′|) is used in order to preserve negative and positive phases of 
the individual waves, whereas in (e, f) differences are computed of the intraseasonal anomalies themselves. The contour lines 
in (d–f) show the 7 cm s −1 band-pass filtered near-surface meridional velocity (dashed: negative, solid: positive) from the 
drifter-wind-altimetry synthesis.
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July for the peak of TIW-induced variability in SST and Chl-a at 1°N, and SLA at 4°N, and June for the peak of 
TIW-induced SSS variability at 1°N (e.g., Olivier et al., 2020; Tuchen, Perez, et al., 2022).

Using near-surface velocities provided by the drifter-wind-altimetry synthesis, we investigate the eddy tempera-
ture advection (ETA) at 4°N due to TIWs (𝐴𝐴 −(𝑢𝑢′𝑑𝑑𝑑𝑑 ′∕𝑑𝑑𝑑𝑑 + 𝑣𝑣

′
𝑑𝑑𝑑𝑑

′∕𝑑𝑑𝑑𝑑) , Figure 6e). At 4°N, the TIW-induced ETA, 
which is usually negative and provides an advective cooling effect, is largely reduced from May to July 2021. In 
fact, positive ETA anomalies (Figure 6e) are so strong that the advective cooling effect is reversed, leading to 
advective warming from May to June (not shown). A decomposition of the upper-ocean temperature anomalies at 
4°N into individual contributions from TIW activity, surface heat fluxes, and others is complicated by the limited 
available observations. Nevertheless, analyzing subsurface temperatures from the moored surface buoy at 4°N, 
23°W shows a strong warming signal from June to September 2021 (Figure 7b) that could be due in part to the 
extremely weak TIW season (i.e., warming due to the reduction of TIW-induced advective cooling). In fact, posi-
tive temperature anomalies of about 0.7°C (averaged between July to September and from 10 to 40 m) are unprec-
edented when considering the available time series at this mooring site covering the years 2006–2022 (Figure 7c). 
Although not shown, meteorological observations available at the mooring demonstrate that incoming shortwave 
radiation was weaker than usual at 4°N, 23°W in 2021 (i.e., negative anomalies, tending to cool SST), but latent 
heat flux shows positive anomalies (warming) from January–June 2021 of comparable magnitude with anoma-
lous temperature advection (warming) due to TIWs. This suggests that suppressed TIW activity combined with 
anomalous latent heat flux played a substantial role in driving positive SST anomalies north of the equator.

As one generation mechanism for TIWs, the anomalous barotropic energy conversion (𝐴𝐴 𝐴𝐴𝐴𝐴 = −𝜌𝜌0𝑢𝑢′𝑣𝑣′𝑑𝑑𝑈𝑈∕𝑑𝑑𝑑𝑑 ) 
along 4°N is evaluated next (Figure  6f). BT was largely reduced from May to July (negative anomalies in 
Figure 6f), in agreement with overall weak TIW activity during those months, while in August stronger than 
usual BT (positive anomalies) is observed. TIWs are primarily generated by baroclinic and barotropic instability, 
which convert potential energy into EKE and mean kinetic energy into EKE, respectively. Near-surface BT can 
be estimated fairly well from velocity data provided by the drifter-wind-altimetry synthesis off the equator, while 
observational estimates of equatorial BT have higher uncertainty due to underestimated intraseasonal flow varia-
bility in gridded data products (Tuchen, Perez, et al., 2022). North of the equator BT usually peaks from June to 

Figure 7.  (a) Climatological seasonal cycle of subsurface temperature (0–120 m) at the 4°N, 23°W PIRATA moored 
surface buoy between 2006 and 2022. (b) Anomalous seasonal cycle of subsurface temperature at 4°N, 23°W in 2021. Black 
diamonds in (a, b) indicate depths at which moored temperature sensors are available. (c) Upper-ocean (10–40 m) temperature 
anomaly during July to September at 4°N, 23°W as indicated by the black box in (b).
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July when both components, the eddy momentum flux (𝐴𝐴 𝑢𝑢′𝑣𝑣′ ) and the meridional shear of background zonal flow 
(𝐴𝐴 𝐴𝐴𝑈𝑈∕𝑑𝑑𝑑𝑑 ; where 𝐴𝐴 𝑈𝑈  is the 50-day low-pass filtered zonal flow using a second-order Hamming window), peak as 
well (dashed lines in Figure 8). Clearly, the 2021 seasonal intensification of BT is delayed by 2 months (solid line 
in Figure 8a). Although the amplitude of the seasonal BT maximum in August 2021 is weaker than the climato-
logical BT maximum in June-July, it is about 3 times stronger than the typical BT amplitudes observed in August 
(Figure 8a). When separating BT into its components, Figure 8b shows that the shear term is slightly weaker than 
normal during June and July 2021 (compare blue lines), and there is an obvious 2-month delay in the peak of the 
eddy momentum flux in 2021 relative to climatology (compare black lines), which leads to the 2-month delay in 
the overall BT maximum. The amplitude of eddy momentum flux in August 2021 is comparable to the amplitude 
of the climatological peak that occurs during June-July. Hence, we conclude that a temporal shift in the eddy 
momentum flux predominantly caused the delay in TIW activity in 2021, while the reduced meridional shear 
provided background conditions favorable for suppressed TIW activity.

Baroclinic energy conversion cannot be estimated directly because of unavailable vertical velocity observations, 
but it is tightly linked to horizontal density gradients in the vicinity of the equatorial cold tongue (e.g., Yu 
et al., 1995). Thus, horizontal density gradients, which are largely controlled by meridional SST gradients at 
the surface, can be used as a proxy for baroclinic energy conversion. First, we examine the meridional SST 
gradient (dSST/dy) in the equatorial Atlantic, which is governed by the seasonal evolution of the cold tongue in 
boreal summer, when dSST/dy is maximum north of the equator (Figure 9a). Note that because meridional SST 
gradients are stronger than zonal gradients (dSST/dx), we only consider the meridional component here. At 1°N, 
where the strongest meridional gradient is typically observed, dSST/dy is positive year-round. The 2021 season 
reveals a strong reduction of dSST/dy centered on May-July north of the equator, consistent with the arrival of 
the initial Kelvin wave in May and the subsequent warming of the equatorial Atlantic, which prevents the full 
development of the cold tongue (Figure 9b). Weak meridional SST gradients are suggested to have three impacts. 
First, they reduce the TIW-induced SST variability by smoothing the typically sharp SST front north of the 

Figure 8.  (a) Barotropic energy conversion (×10 −5) between 2°N–6°N, 30°W–10°W in 2021 (solid lines; thin: daily, thick: 
15 days running mean applied) and climatology (dashed), (b) individual components of the barotropic energy conversion term 
in 2021: eddy momentum flux (u′v′; black; ×10 −5), and meridional shear of zonal background flow (d𝐴𝐴 𝑈𝑈  /dy; blue; ×10 −3). 𝐴𝐴 𝑈𝑈  
is defined as the 50-day low-pass filtered zonal velocity using a second-order Hamming window.
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equator where TIWs usually cause the highest SST variability (Perez et al., 2012). Second, through the gradient 
wind balance, weak dSST/dy reduces the meridional gradient of zonal geostrophic velocity, which counteracts the 
wind-driven Ekman shear near the equator (not shown) and contributes to the observed weak du/dy anomalies in 
2021 (Figure 3b). Third, baroclinic instability as a generation mechanism for TIWs is likely reduced by a weak 
north equatorial SST front. The persistence and the magnitude of the reduction in dSST/dy over a time period of 
3–4 months is unprecedented in the >40-year SST record. Similarly, the pronounced increase of dSST/dy later in 
December 2021 and January 2022 is a record-breaking positive anomaly and likely contributed to the develop-
ment of strong wintertime TIW activity through enhanced baroclinic energy conversion. Note, we find no striking 
signal in the horizontal gradients of sea surface salinity (SSS) anomalies (not shown), and for that reason did not 
use dSSS/dy as an indicator of anomalous baroclinic energy conversion.

3.4.  Intraseasonal Variability of Surface Chlorophyll-a Concentration

In this section, we will quantify how TIW-induced Chl-a variability responded to the exceptional 2021 Atlantic 
Niño. Chl-a in the central equatorial Atlantic (20°W-0°, 3°S–3°N; the ATL3 region) was at its lowest summer-
time level in June and July 2021 since the start of satellite-based ocean color measurements in 1997 (not shown). 
Another outstanding feature of the Chl-a time series in the central equatorial Atlantic (Figure 10a) is a pronounced 
wintertime bloom from December 2021 to January 2022 that is unprecedented in the whole record. Besides 
year-to-year fluctuations of the seasonal summer and winter maxima, pronounced intraseasonal fluctuations 
between June to August are observed for all years at varying amplitudes (0.1–0.3 mg m −3). The periodicity and 
seasonality of these intraseasonal fluctuations in the central equatorial Atlantic is indicative of TIWs.

However, as described above, TIW velocities were extremely weak during the summer of 2021 (Figure 4b). One 
possible explanation for the modest Chl-a variability of about 0.1 mg m −3 in 2021, despite weak TIW velocities, 
is that pronounced horizontal gradients of Chl-a compensated for weak TIW velocities. In general, summertime 
amplitudes of meridional Chl-a gradients (dChl-a/dy, Figure 10b) reach 0.1–0.2 mg m −3 deg −1 and are about 2–4 
times larger than zonal Chl-a gradients (dChl-a/dx, Figure 10c), as expected from seasonal upwelling that is typi-
cally strongest along the equator in the summer and generates sharp fronts to the north and south (see Figure 11a). 
dChl-a/dy values in summer 2021 were at levels comparable to those in 2020 and 2022, especially in August, 
when both zonal and meridional Chl-a gradients have elevated amplitudes of about 0.09 and 0.03 mg m −3 deg −1, 
respectively. Interestingly, the winter Chl-a peak in 2021–2022 is characterized by an extremely pronounced 
dChl-a/dy peak (∼0.2 mg m −3 deg −1; Figure 10b) that is the largest dChl-a/dy winter peak in the past 20 years 

Figure 9.  (a) Climatological meridional gradient of SST (dSST/dy) averaged between 30°–10°W, (b) anomalous dSST/dy for 
2021 averaged between 30°–10°W. Monthly anomalies are given with respect to the long-term mean (1982–2022).
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and is only exceeded by the dChl-a/dy peak in summer 2014 (not shown). Overall, dChl-a/dx is less correlated 
with TIW seasonality (Figure 10c), but may occasionally contribute to sharper horizontal Chl-a fronts during 
times when dChl-a/dy is weak.

In contrast to the equatorial cold tongue with its asymmetric SST fronts north and south of the equator (Figure 9a), 
the climatological Chl-a fronts are more symmetric with opposite signs about the equator (Figure 11a). In summer 
2021, the near-equatorial Chl-a fronts north and south of the equator were weaker than normal, with the south 
equatorial gradient more reduced than the north equatorial gradient (Figure 11b). At 1°N, where TIW-induced 
variability of Chl-a is most pronounced on average, dChl-a/dy was relatively close to climatological values in 
summer 2021 (Figure 11c). Hence, we conclude that horizontal Chl-a gradients, especially in the meridional 
direction, likely contributed to keeping TIW-induced Chl-a variability at a relatively high level, despite extremely 
weak TIW velocities.

Another measure of the relative role of horizontal Chl-a gradients in driving TIW-induced Chl-a vari-
ability is the eddy advection term, which can be calculated analogously to eddy temperature advection: 

𝐴𝐴 −
(
𝑢𝑢
′
𝑑𝑑Chl-𝑎𝑎

′∕𝑑𝑑𝑑𝑑 + 𝑣𝑣
′
𝑑𝑑Chl-𝑎𝑎

′∕𝑑𝑑𝑑𝑑
)
 . Zonal and meridional eddy Chl-a advection (ECA) were estimated at 

the 0°, 23°W and 4°N, 23°W mooring sites (Figure  12). Estimates with near-surface velocities from the 
drifter-wind-altimetry synthesis largely underestimate ECA both on the equator and to a lesser degree at 4°N, 
23°W, where estimates are more similar to ECA from moored velocities (not shown). Here, negative values 
indicate an advective loss of Chl-a due to eddies, that is, TIWs in this context, while positive values indicate 
an advective gain of Chl-a. The north equatorial region at 4°N, 23°W is typically associated with an advective 
gain of Chl-a from April to July (zonal; Figure  12a) and from May to August (meridional; Figure  12b) due 
to summertime TIW activity. In contrast, on the equator TIWs act to decrease Chl-a from July to December 
(zonal; Figure 12c) and from May to July (meridional; Figure 12d). In 2021, this pattern was reversed at 4°N, 
23°W, where advective loss of Chl-a is observed throughout the year for the meridional component and is most 
pronounced in August. On the equator, meridional ECA is reduced from May to July, meaning that less than 
usual Chl-a is advected away from the equator, possibly causing an accumulation of upwelled Chl-a on the 

Figure 10.  Time series of (a) surface chlorophyll-a concentration (Chl-a), (b) meridional Chl-a gradient (dChl-a/dy), and (c) 
zonal Chl-a gradient (dChl-a/dx) at 0°–2°N, 25°W–21°W. The yearly June-July-August time periods are marked in green. A 
15-day running mean is applied to all time series.
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equator. Little change is observed in zonal ECA at the equator compared to other years (Figure 12c). Similar to 
TIW-induced variability of physical parameters (see Figure 6), stronger than usual meridional ECA is observed 
in August. As a consequence, during boreal summer of 2021 less Chl-a is advected away from the equator and 
the equatorial Chl-a front is sustained rather than being reduced due to TIW activity. The resultant sharp Chl-a 
gradients might have enhanced TIW-induced Chl-a variability and could be a pathway through which modest 
TIW-induced Chl-a variability can result from relatively weak TIW velocities earlier in the season.

4.  Discussion
The presented results provide an assessment of the impacts of the 2021 Atlantic Niño on the upper equatorial 
ocean, with a focus on the modulation of equatorial currents and seasonal TIW activity in both physical and 
biogeochemical parameters. The downwelling equatorial Kelvin wave that initiated the Atlantic Niño caused a 
strong reduction of near-surface westward flow close to the equator during May 2021. This is in agreement with 
a recent study by Martín-Rey et al. (2023), who found that the nSEC is weakened during the onset of an Atlantic 
Niño event. However, while they showed that subsurface currents change little, we observe strengthening and 
deepening of the Equatorial Undercurrent (EUC) during the onset of the Atlantic Niño from May to June. Our 
findings also contrast with those of Góes and Wainer (2003) and Hormann and Brandt (2009) who found that 
the EUC core was shallower and weaker during warm events and deeper and stronger during cold events. While 
an overall weakening of the EUC during an Atlantic Niño is an intuitive response to reduced easterlies at the 
surface, our findings point out that this relation might be reversed during the onset of an extreme warm event. 
Such an acceleration and deepening of the EUC was observed during the 1983 Atlantic Niño event (Hisard & 
Hénin, 1987).

Figure 11.  (a) Climatological meridional gradient of surface chlorophyll-a concentration (dChl-a/dy) averaged between 
25°W–21°W, (b) anomalous dChl-a/dy for 2021 averaged between 25°W–21°W. Monthly anomalies are given with respect 
to the 1998–2022 mean. (c) Boreal summer (June-August) mean dChl-a/dy between 25°W–21°W as a function of latitude for 
each year (colors), and long-term climatological mean (black; MEAN).
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The rapid weakening of westward flow near the surface in response to the passage of the strong, downwelling 
Kelvin wave had less impact on the meridional shear of zonal velocity near the equator in the drifter-wind-altimetry 
synthesis than expected. It should be noted, however, that there is higher uncertainty in the drifter-wind-altimetry 
synthesis horizontal velocity estimates close to the equator (Tuchen, Perez, et al., 2022). In fact, near-surface 
moored velocity data at 0°, 23°W do show stronger than normal westward flow before and after the Kelvin 
wave pulse (Figures 2d and 5a), and the 4°N, 23°W mooring observed a strong eastward anomaly, indicative of 
increased meridional shear. However, it is possible that the strongest eastward velocity anomaly occurred between 
0° and 4°N and was largely unnoticed by in situ observations at subsurface level. According to the model study 
by Holmes and Thomas (2016), downwelling Kelvin waves considerably reduce the meridional shear of the zonal 
currents and therefore result in lower levels of TIW kinetic energy. The cause of the discrepancy is likely the 
broad and spatially uniform weakening of the surface zonal flow between 4°N and 4°S during the passage of the 
Kelvin wave, which when combined with local wind and density gradients did not introduce significant meridi-
onal shear anomalies except for some weakened shear between 2°N and 6°N. This demonstrates that in order to 
represent the nuanced temporal and vertical evolution of the subsurface circulation during an Atlantic Niño, high 
temporal resolution (monthly or shorter time scales) velocity observations are needed.

Despite only weak changes in the meridional shear of zonal velocity, a pronounced reduction of TIW activity 
was observed in SST, SSS, SLA, and meridional velocity, and to some extent also Chl-a, as is typically expected 
during an El Niño event (An, 2008). Such a strong and uniform TIW response to the 2021 Atlantic Niño, across 
multiple parameters, is unprecedented. At 4°N, 23°W the extremely low TIW activity caused a reversal of the 
eddy temperature advection (i.e., advective heating instead of advective cooling due to TIWs) which coincided 
with positive latent heat flux anomalies. These two factors contributed to the highest summertime upper-ocean 
temperatures north of the equator in at least 15 years. However, colocated observations of atmospheric and 
oceanic parameters, which are needed to calculate heat fluxes and heat budget, are only available at a few distinct 
sites in the equatorial Atlantic. This motivates future process studies to investigate the temporal-spatial structure 
of heat flux anomalies during extreme events like the 2021 Atlantic Niño. One promising approach is the use of 

Figure 12.  Monthly averages of (a) zonal (𝐴𝐴
(
−(𝑢𝑢′𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑎𝑎

′∕𝑑𝑑𝑑𝑑
)
 )) and (b) meridional (𝐴𝐴

(
−(𝑣𝑣′𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑎𝑎

′∕𝑑𝑑𝑑𝑑
)
 ) eddy Chl-a 

advection at 4°N, 23°W derived from moored velocity observations from 2006 to 2022 (blue diamonds) and during 2021 (red 
diamonds). Monthly averages of (c) zonal and (d) meridional eddy Chl-a advection at 0°, 23°W derived from moored velocity 
observations from 2005 to 2022 (blue diamonds) and during 2021 (red diamonds). Both horizontal velocity and surface Chl-a 
concentration have been band-pass filtered (20–50 days). Negative values indicate an advective loss of Chl-a, while positive 
values indicate an advective gain of Chl-a.
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uncrewed surface vehicles and underwater gliders in combination with enhanced coverage of floats and surface 
drifting buoys.

To further understand the reason for the extremely weak 2021 TIW season and the rebound of TIW activity in 
August, we examined the barotropic energy conversion term, that is, the product of meridional shear of zonal 
velocity and eddy momentum flux. The absence of barotropic energy conversion north of the equator during 
June and July 2021, when the term is usually at its maximum (Tuchen, Perez, et al., 2022), was followed by a 
late peak in August that was mainly driven by a similarly delayed peak in the eddy momentum flux. An obvious, 
but not easy to answer, question is: what drove the delay in the eddy momentum flux in the first place? Moored 
observations on the equator show that the vertical shear of both zonal velocity and meridional velocity close to 
the surface was reduced during May to July, which is indicative of reduced horizontal shear between the EUC 
and nSEC. Similarly, increased vertical shear of horizontal velocity in August, when the EUC is shallower than 
normal, might have forced increased barotropic and baroclinic instability. Vertical displacement and adjustment 
of surface and subsurface zonal currents in response to equatorial waves during the 2021 Atlantic Niño is one 
possible explanation for the exceptional intraseasonal anomalies of eddy momentum flux during the summer of 
2021.

Another focus of this study was to quantify the modulation of TIW-induced Chl-a variability in response to 
the 2021 Atlantic Niño. First of all, it is noteworthy that the boreal summer Chl-a concentrations in 2021 
were the lowest in more than a decade, while the boreal winter Chl-a concentrations in late 2021—early 2022 
were  the  highest since the start of satellite observations in 1997. From model experiments in the Pacific Ocean, 
it has been shown that TIW-induced Chl-a variability causes a 27% increase in ENSO amplitude compared to 
a model run with no TIW-induced Chl-a variability (Tian et al., 2019). Recently, it was shown that the surface 
Chl-a feedback effect on ENSO amplitude is similar to that of interannual variations of the deep Chl-a maximum 
(Q. Shi et al., 2023). Dedicated numerical model experiments or focused observational campaigns are required to 
further examine TIW-induced Chl-a variability at the surface and, in particular, in the subsurface and its feedback 
on Atlantic Niño amplitude in more detail. In our analysis, we find pronounced intraseasonal variations of surface 
Chl-a even with strongly reduced TIW velocities. However, to generate Chl-a variability, TIWs must either 
exhibit pronounced velocities or act on sharp horizontal Chl-a gradients. In fact, horizontal Chl-a gradients in 
the summer of 2021 are of comparable amplitude as in other years, especially at 1°N, where typically the highest 
TIW-induced Chl-a variability is observed. Evans et al. (2009) found that weak TIWs maintain nutrient levels 
and increase Chl-a concentrations due to suppressed advective processes. Here, we hypothesize that weak TIW 
velocities sustain the sharpness of the equatorial Chl-a front due to reduced eddy advection, that is, less advective 
loss of Chl-a due to TIWs. However, a more conclusive relation between TIWs and Chl-a variability is compli-
cated by several unknown factors, such as local production, decay, vertical distribution and upwelling of Chl-a.

5.  Conclusions
The 2021 Atlantic Niño caused exceptionally strong, positive SST anomalies over the whole equatorial Atlantic 
Ocean from June to December. This extreme warm event was the strongest since the start of satellite measure-
ments in the 1970s and therefore provided a unique opportunity to study its impacts on the upper equatorial ocean 
in great detail. In this study we focused on the modulation of equatorial currents and tropical instability wave 
(TIW) activity during the 2021 Atlantic Niño. The main new insights are:

•	 �During the passage of the strong, downwelling Kelvin wave that initiated the 2021 Atlantic Niño, a strong, 
brief, reduction of the westward near-surface currents was observed. In contrast to previous findings, a smaller 
than expected change in the meridional shear of zonal velocity was observed close to the equator suggesting 
that local (wind and buoyancy) processes must have compensated for the effect of the Kelvin wave. In the 
subsurface, a stronger and deeper than normal EUC was present during the onset of the 2021 Atlantic Niño.

•	 �TIW-induced variability in SST, SSS, SLA, and meridional velocity was sharply reduced from May to July, 
when those parameters usually peak climatologically. Elevated TIW activity in August, after the climato-
logical TIW peak, indicates that the 2021 TIW season was not only weaker than usual, but also delayed. 
Barotropic energy conversion was also delayed, with a peak in August driven primarily by a temporal shift 
in the eddy momentum flux. The north equatorial meridional SST gradient was largely reduced from May to 
July, suppressing both TIW-induced SST variability and baroclinic energy conversion. This is the first time 
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that such a strong and multiparameter weakening of TIW activity has been observed in response to a strong 
Atlantic Niño.

•	 �Despite weak TIW velocities, near-normal levels of intraseasonal Chl-a variability were observed probably 
because meridional Chl-a gradients partly compensated for the weak meridional velocities. In fact, weak TIW 
velocities are hypothesized to sustain a sharp Chl-a front because of weaker eddy advection that normally 
reduces Chl-a and its meridional gradient north of the equator. More research is required to disentangle the 
impact of TIWs on Chl-a variability from other processes such as local growth and decay.

Our results highlight the spatial and temporal complexity of the ocean's response to extreme events and the need 
to further advance our understanding of tropical Atlantic variability and its interactions with the upper ocean. 
The combination of extremely low Chl-a in boreal summer and the extreme high values the following winter 
are unprecedented in the last 25 years and deserve further attention as there could be impacts for marine ecosys-
tems. A strong rebound of Chl-a after El Niño has been shown by both observations and model simulations for 
the Pacific Ocean (e.g., Chavez et al., 1999; Lim et al., 2022), where it provides a source of resilience for local 
marine ecosystems. Such a likely connection between Atlantic Niño and marine ecosystems will be an important 
motivation for future research.

Data Availability Statements
All data used in this analysis are publicly available. Satellite observations and reanalysis data used in this study 
are available at the following links: NOAA OI-SST version 2.1 (Huang et al., 2021), CMEMS-C3S-SLA version 
DT2021 (Copernicus, 2023c), Copernicus Global Ocean Colour (Copernicus GlobColour), Bio-Geo-Chemical 
L4 daily data (Copernicus, 2023b), JPL SMAP Level 3 Sea Surface Salinity data V5.0 (JPL, 2020), ECMWF 
ERA5 hourly 10-m horizontal wind speed (Copernicus,  2023a). The near-surface drifter-wind-altimetry 
synthesis data can be accessed via: https://www.aoml.noaa.gov/ftp/pub/phod/lumpkin/decomp/. Oceanic 
and atmospheric data obtained by moored surface buoys are made available through the PIRATA program 
(https://www.pmel.noaa.gov/tao/drupal/disdel/). Moored velocity observations at 0°, 23°W are provided through 
the World Data Center PANGAEA (Tuchen et al., 2023).
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