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Abstract Based on velocity data from a long-term moored observatory located at 0°N, 23°W we present
evidence of a vertical asymmetry during the intraseasonal maxima of northward and southward upper-ocean
flow in the equatorial Atlantic Ocean. Periods of northward flow are characterized by a meridional velocity
maximum close to the surface, while southward phases show a subsurface velocity maximum at about 40 m.
We show that the observed asymmetry is caused by the local winds. Southerly wind stress at the equator drives
northward flow near the surface and southward flow below that is superimposed on the Tropical Instability
Wave (TIW) velocity field. This wind-driven overturning cell, known as the Equatorial Roll, shows a distinct
seasonal cycle linked to the seasonality of the meridional component of the south-easterly trade winds. The
superposition of vertical shear of the Equatorial Roll and TIWs causes asymmetric mixing during northward
and southward TIW phases.

Plain Language Summary Tropical Instability Waves (TIWs) are clear in satellite measurements
of sea surface temperature as horizontal undulations with wavelength of the order of 1,000 km in equatorial
regions of both Atlantic and Pacific Oceans. TIWs are characterized by their distinctive upper-ocean meridional
velocity structure. TIWs amplify vertical shear and thus contribute to the generation of turbulence which in
turn leads to the mixing of heat and freshwater downward into the deeper ocean. In this study we show that

the prevailing southerly winds in the central equatorial Atlantic drive near-surface northward and subsurface
southward flows, which are superposed on the meridional TIW velocity field. The strength of this wind

driven cell is linked to the seasonal cycle of the northward component of the trade winds, peaking in boreal

fall when TIWs reach their maximum amplitude. The overturning cell affects the vertical structure of the
meridional velocity field and thus has impact on the generation of current shear and turbulence. We show that
the overturning reduces/enhances shear during northward/southward TIW flow, an asymmetry that is consistent
with independent measurements showing asymmetric mixing.

1. Introduction

The mean circulation in the central tropical Atlantic Ocean is dominated by vigorous zonal currents (Brandt
et al., 2006). At the equator, the most prominent currents are the Equatorial Undercurrent (EUC) flowing east-
wards at thermocline level, bounded by the different branches of the westward flowing South Equatorial Current
(SEC). These are the northern SEC (nSEC) at 2°N and the central SEC (cSEC) at 4°S. Mean surface flow at
the equator is westward as well, leading to substantial vertical shear at the equator (Hummels et al., 2013). The
seasonal variability of the equatorial current system is in large part controlled by the direction and strength of
the trade winds that are tightly linked to the annual migration of the Intertropical Convergence Zone (ITCZ).
During the northward migration of the ITCZ in boreal spring/early summer, the westward component of the
southeast trade winds intensifies and accelerates the nSEC and the eastward North Equatorial Counter Current
(NECC) (Grodsky et al., 2003, 2005). In turn, the intense meridional shear of zonal velocity between the EUC,
nSEC, and NECC during boreal summer leads to barotropic shear instabilities generating Tropical Instability
Waves (TIWs) (Grodsky et al., 2005; Jochum et al., 2004; Kelly et al., 1995; Perez et al., 2019). Addition-
ally, baroclinic instabilities associated with the intensified zonal current system contribute to TIW generation
(McCreary & Yu, 1992; von Schuckmann et al., 2008). The vertical structure of TIWSs as obtained from cruises in
the equatorial Pacific revealed vertical asymmetries in the TIW velocity field with surface-intensified northward
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and subsurface-intensified southward flow along 4°N, but suggested symmetric flow directly on the equator
(Kennan & Flament, 2000).

TIWs add vertical shear of meridional velocity to the total vertical shear, which is typically dominated by the
vertical shear of zonal velocity above the core of the EUC, thereby intensifying diapycnal mixing (Hummels
et al., 2013; Inoue et al., 2019; Moum et al., 2009). To explain variations in the TIW-induced mixing, Holmes
and Thomas (2015) suggested vortex stretching and enhanced shear of the EUC flow at the leading edge of
TIW warm phases at the equator. Liu et al. (2019) and Specht et al. (2021) further reported on the existence of
subsurface-intensified TIWs at the equator that primarily manifest in zonal velocities with maximum amplitudes
at 70-90 m in the Pacific Ocean and 30-90 m in the Atlantic Ocean, leading to complex shear and diapycnal
mixing structures.

The impact of the wind on the equatorial flow field is, however, not limited to the forcing of zonal currents and
can drive cross-equatorial flow. Mayer and Weisberg (1993) showed that the wind curl at the equator in the
Atlantic Ocean drives an interior southward cross-equatorial Sverdrup flow responsible for the establishment of
an equatorial gyre (e.g., Fratantoni et al., 2000). Moreover, Perez et al. (2014) presented long-term time-mean
meridional sections along 23°W that reveal tropical cells (TC) north and south of the equator with near-surface
poleward and subsurface equatorward flow driven by the winds. The northern TC expands across the equator,
resulting in northward flow above ~30 m depth and southward flow below down to ~100 m at the equator, indi-
cating the existence of a shallow cross-equatorial overturning cell, a feature that was first described in the Indian
Ocean (Miyama et al., 2003; Schott et al., 2002; Wacongne & Pacanowski, 1996; Wang & McPhaden, 2017)
and is referred to as the Equatorial Roll (ER). Particularly during September/October southerly winds prevail at
the equator. These winds turn northeastward north of the equator associated with the establishment of the West
African Monsoon, thus the situation in the equatorial Atlantic resembles very closely that of the Indian Ocean
mean wind field (Schott et al., 2009).

With the present study we aim to investigate mean characteristics of TIW associated meridional velocity fields in
the central equatorial Atlantic. We will differentiate between north-/southward TIW phases that are defined with-
out subtracting the climatology of meridional velocity. We attribute the enhanced vertical shear of meridional
velocity during southward TIW phases to the superposition of TIWs and the wind-forced meridional circulation.

2. Data

Approximately 20 years of current velocity data (Tuchen et al., 2022) from a moored observatory that is part of
the Prediction and Research Moored Array in the Tropical Atlantic (PIRATA) (Bourles et al., 2019) at 0°N, 23°W
are investigated in this study. To reduce short period variability, a 48-hr boxcar window was applied to the data
set. Due to gaps in the data, we only consider data with coverage of at least 75% in the upper 75 m (Figure S1 in
Supporting Information S1). Moreover, we make use of daily mean wind speed recorded at the PIRATA buoy
between 2001 and 2021 as well as a wind stress curl climatology from Risien and Chelton (2008). Further, daily
mean y-pod turbulence data (Moum et al., 2022, Text S1 in Supporting Information S1) from the mooring site
are investigated.

3. Upper Ocean Meridional Velocity Fluctuations at 0°N, 23°W

In contrast to the rather slowly-varying zonal current system in the equatorial Atlantic, with westward surface
velocities of the nSEC and eastward flow at thermocline level by the EUC (e.g., Brandt et al., 2021), the merid-
ional velocity recorded at the 0°N, 23°W mooring site is dominated by intraseasonal variability with periods of
18-50 days (Figures la and 1b). First, we will focus on meridional velocity fluctuations averaged between the
uppermost available velocity records and 75 m. The derived fluctuations are a manifestation of TIWs, a continu-
ous band of wave-like structures passing the mooring site from east to west, thereby changing the flow direction
from northward in the leading phase of a TIW to southward in the subsequent phase. The moored velocity records
show that the amplitude of the meridional velocity fluctuations undergoes a distinct seasonal cycle (Korner
et al., 2022; Tuchen et al., 2018) with increasing amplitudes during boreal spring and early summer, maximum
velocities occasionally exceeding 50 cm/s in boreal summer and early fall before decreasing again in late boreal
fall and winter. Despite the seasonality, the record also reveals strong year-to-year variability in the strength and
occurrence of TIWs.
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Figure 1. Mooring record of mean 0—75 m meridional velocities at 0°N, 23°W for (a) 2013 and (b) 2015. Black arrows in (a) and (b) denote flow phases that are
identified as tropical instability waves (TIW) phases. Tick marks denote the center of the month. Dashed black lines indicate the amplitude and duration criteria for two
cases. Depth-time composites of meridional velocities of (c) northward and (d) southward TIW phases from 2001 to 2021 centered at their corresponding maximum
mean 0-75 m meridional velocities. Only the 40 strongest TIW peaks of each phase are considered. Note that the meridional velocity climatology is not subtracted.

In 2015, the seasonal cycle in the magnitude of TIW associated velocities was well established with pronounced
meridional velocity fluctuations in boreal summer (Figure 1b). However, in other years, as for instance 2013,
hardly any seasonal intensification is observed and meridional velocity amplitudes rarely exceed 20 cm/s
(Figure 1a). Independent of the strength of the seasonal cycle, these 2 years generally indicate events of enhanced
southward velocities to outlast and exceed events of enhanced northward flow in terms of duration and amplitude.
To account for this asymmetry, we apply a specific method to detect northward and southward flow phases in the
mean 0-75 m meridional velocity that we attribute to the passage of TIWs. For instance, a northward velocity
peak is considered part of a TIW if

[A1] + |Az]

> 40
> cm/s

M
where A, (A,) denotes the difference of the maximum northward flow of the considered velocity peak and the
maximum velocity of the previous (subsequent) southward flow phase. Further, we only consider velocity peaks
that fulfill a duration criterion following the observed intraseasonal peak of meridional velocity variability shown

by Tuchen et al. (2018).
18days <T (Ps)—T (Pp) <50 days 2)

where T(P,) (T(P,)) denotes the time of the occurrence of the subsequent (previous) southward velocity peak.
The same method is applied to the southward velocity peaks. The application of these criteria is visualized for
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two example cases by the dashed black lines in Figure 1b. By applying this method, 60 northward TIW phases
and 68 southward TIW phases were identified during the whole measurement period from 2001 to 2021 of
which we choose the 40 northward and 40 southward phases with the largest amplitudes (Equation 1) for further
investigation.

To compare the peak amplitude and duration of northward and southward TIW phases, all 40 identified north-
ward/southward TIW phases were separated and centered at their maximum velocity. We find that the mean peak
amplitude of southward TIW phases is larger and the southward flow lasts longer (—39 + 9 cm/s, 16.5 + 7 days)
than the corresponding means of all northward TIW phases (31 + 11 cm/s, 10.5 + 5 days). The uncertainty given
here represents one standard deviation.

In order to understand the dominance of southward TIW phases, we further expand our investigation toward
the vertical, yielding depth-time composites of northward/southward TIW phases shown in Figures 1c and 1d.
The meridional velocity composites of maximum northward and southward flow phases at the equator reveal
remarkable differences in their vertical structure. While the northward flow steadily increases toward the surface
(Figure 1c), the flow of the southward phase peaks at 40 m and then decreases toward the surface (Figure 1d).
Moreover, duration of northward flow is longest close to the surface while southward flow duration is longest
at about 50 m depth. The difference in the vertical structure is consistent with the imbalances found in the mean
strength and duration of northward/southward TIW phases (Figures 1a and 1b). Since measurements shallower
than 20 m are underrepresented in our data set, the 0—75 m mean meridional velocity is biased by an over-
representation of the strong southward, subsurface flow compared to the northward near-surface maximum of
northward TIW phases.

Although the cause of the imbalance in mean peak amplitude and duration can largely be attributed to the sparse
data coverage near the surface, the asymmetry in the vertical structure of northward and southward TIW phases
has not yet been described and is unexpected given that, for example, TIWs in the equatorial Pacific were observed
to be symmetric (Kennant & Flament, 2000).

To further investigate the difference in the vertical structure, we turn our attention to the impact of the prevailing
southerly winds in the equatorial Atlantic.

4. Impact of Meridional Winds on Upper Ocean Velocities in the Equatorial Atlantic

The surface wind in the equatorial Atlantic is dominated by southeast trade winds as the mean position of the
ITCZ is located north of the equator. Hence, the southeast trades crossing the equator result in a northward wind
component at the equator on average. Superimposed on the mean wind field is a pronounced seasonal cycle asso-
ciated with the seasonal migration of the ITCZ. During late boreal summer, the ITCZ is at its northernmost posi-
tion. During that time of the year, south of the equator, southeast trades prevail, while on the equator, the winds
turn northward and north-northeastward further north. The meridional wind component and the absence of the
Coriolis force close to the equator provide reasonable conditions for the development of the Atlantic Equatorial
Roll (ER). In order to assess the characteristics of the ER and its impact on the equatorial Atlantic circulation,
a linear lead-lag regression analysis was applied to daily mean upper-ocean meridional velocity and meridional
wind stress, 7, that is derived from PIRATA wind speed measurements:

Ty = Pyir * Ca % | Wio | * V1o

where p,;. = 1.22kgm™ is the air density, ¢4 = 0.0013 the drag coefficient, 610 the wind speed vector, and v
the meridional wind component. Here, we assume PIRATA winds measured at 4 m height equal winds at 10 m
height.

Despite the elevated variability, regression analysis for different depths (Figure 2) suggests the existence of a
shallow, wind-driven baroclinic response of the meridional flow reaching as deep as 80 m at the mooring site.
As already pointed out, the availability of near-surface velocity data is sparse and largely limited to an enhanced
monitoring period (Wenegrat et al., 2014; Wenegrat & McPhaden, 2015) and single-point current meter data at
10-12 m depth (Tuchen et al., 2022). However, even this limited data set reveals a strong positive regression coef-
ficient of (3.5111.13 m? N*‘s*') between meridional wind stress and meridional current velocity at 5 m depth
(Figure 2a). Positive regression coefficients persist down to 20 m depth, but are substantially weakened compared
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Figure 2. Scatter plots and regression analysis of daily mean meridional wind stress and meridional current speed at 0°N, 23°W for the whole measurement period
from 2001 to 2021. To account for autocorrelation, uncertainties are computed as 95% confidence intervals of regression coefficients performed with a low-pass filtered
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m2

to the 5 m value. In the upper 20 m, maximum regression coefficients are found with 1 day wind lead time,
indicating an almost instantaneous response of the near-surface velocity to changes in the meridional wind field
(Figure 2a, 2b and 2c¢). In the deeper water column, the slope of the regression line turns negative and reaches its
maximum at 50 m depth (—1.63 +0.59 m® N“s“) (Figure 2d). The now inverse relation weakens further down
to 65 m (—0.95 +0.73m3 N“s“) before finally fading out (Figures 2e and 2f). Enhanced negative regression
coefficients between 25 and 80 m are found at wind-lead-times between 5 and 6 days (Figures 2c—2e, Figure
S2 in Supporting Information S1). Hence, in contrast to the instantaneous response of the meridional velocity
in the near-surface layer to changes in the meridional wind stress, the maximum subsurface flow is delayed.
Calculating this relation for low-/high-pass filtered wind-stress and velocity data indicates, despite differing
amplitudes and phase lags, a consistent vertical structure from daily to seasonal timescales (Figure S2 in Support-
ing Information S1).

The vertical profile of the regression coefficients constructed from the maximum lead-lag regression coefficient
at each depth level (Figure S2a in Supporting Information S1) and the climatological monthly mean meridional
wind stress are further used to derive a climatology of the ER meridional flow, that is shown together with the
meridional wind stress climatology as well as wind stress curl in Figure 3. Missing values in the regression
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Figure 3. Monthly climatology of (a) mean meridional wind stress (mooring observations) and (b) wind stress curl (Risien & Chelton, 2008) at 0°N, 23°W, error bars
indicate one standard deviation and (c) ER meridional velocity field.

coefficient profile due to non-significant regressions were filled by linear interpolation. As already indicated
in Figure 2, the meridional wind stress undergoes a distinct seasonal cycle with weak northward or even south-
ward wind stress from February to April and pronounced northward wind stress from September to November
(Figure 3a). The curl of the wind stress is persistently negative, yielding southward Sverdrup transport highlight-
ing the analogy to the Indian Ocean ER (Figure 3b). In the upper 22.5 m, ER velocities are directed northward
and reach their maximum in October, exceeding 15 cm/s. Further down, ER-associated velocities are southward
and weaker in amplitude reaching maximum speeds of 8 cm/s at 50 m in October. Southward velocities cover the
depth range from 25 to 80 m (Figure 3c). During this part of the year, the magnitude of both northward surface
flow and southward subsurface flow thus represents a significant contribution to the total cross-equatorial flow
field, which is otherwise largely determined by the velocity signature of TIWs. Clearly, the ER flow is the
dominant process in shaping the seasonal cycle of the meridional velocity at the mooring site (Figure 3c) as it
compares well to the monthly climatology of the meridional flow (Figure S3 in Supporting Information S1).

5. Superposition of Tropical Instability Waves and the Equatorial Roll

Assuming a linear superposition, the measured wind can be used to reconstruct and subtract the velocity field
of the ER from the meridional flow field. For this, we reconstruct a daily ER velocity field from the vertical
regression profile and the PIRATA wind data. At depth, the wind lead is chosen in accordance with the regression
analysis (Figure S2a in Supporting Information S1). After subtracting the resulting ER velocity field, the vertical
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structure of northward and southward flow phases appears more similar, confirming that TIWs in the central
equatorial Atlantic are generally symmetric (Figures 4a and 4b) similarly to the results obtained for TIWs in the
equatorial Pacific by Kennant and Flament (2000).

Apart from affecting the meridional flow, the ER adds vertical shear of meridional velocity (V). The presence
of the EUC and westward flow at the surface above causes elevated levels of vertical shear of zonal velocity (U ;)
that lead to a state of marginal instability in the upper equatorial thermocline (e.g., Smyth et al., 2013). The mean
shear profiles indicate that TIWs provide an additional source of shear to the upper ocean, particularly in the
depth range between 50 and 90 m (Figures 4c and 4d). Moreover, the ER adds V ; in the near-surface down to a
depth of 40 m during the southward TIW phase and strongly reduces near-surface V ; during the northward TIW
phase. This also applies to the depth range between 50 and 100 m, but the effect of the ER on V', is reduced. This
asymmetry in the shear field introduced by the ER is further supported by y-pod turbulence data at the mooring
site (Figures 4e and 4f), providing evidence for enhanced dissipation rates of turbulent kinetic energy (TKE) at
21 and 65 m during periods of pronounced southward flow phases (20-40 cm/s) compared to northward flow
phases of similar magnitude. At 21 m the imbalance is not as pronounced as at 65 m due to increased stability of
the water column, which might be the result of warm water advection during southward TIW flow, counteracting
the enhanced shear. TIW-phase averaged dissipation rates of TKE for all available depth levels and uncertainties
are presented in Table S1 in Supporting Information S1. The observed asymmetry should be most intense from
August to October when TIWs are still pronounced, and the ER reaches its maximum. Compared to the magni-
tude of the dominant vertical shear of zonal velocity associated with the EUC and westward flow above, the TIW
and ER shear, however, plays a minor role except for the depth range of the EUC core at 75 m with a minimum
in U ; and close to the surface where U ; and V', are similar in magnitude.

6. Summary and Discussion

Variability of the equatorial upper-ocean meridional flow as derived from velocity records of moored observa-
tions in the central equatorial Atlantic can be separated into contributions from TIWs and shallow wind-driven
meridional baroclinic flow, the ER. The ER, quantified here by linearly regressing meridional wind stress onto
meridional velocity from moorings, is characterized by near-surface (<22.5 m depth) northward flow and south-
ward flow between 22.5 and 80 m with a maximum at about 50 m depth. These results provide observational
support for previous model studies suggesting that the basic dynamics of the ER are linear and that ER flow is
a direct (local) response to the meridional wind stress (Miyama et al., 2003; Pacanowski & Philander, 1981;
Wacogne and Pacanowski, 1996). The vertical structure of the ER in the central equatorial Atlantic compares well
to observations and model results of the vertical ER structure in the Indian Ocean (e.g., Miyama et al., 2003; Schott
et al., 2002; Wang & McPhaden, 2017). Furthermore, as noted in previous studies from the Indian Ocean (Wang
& McPhaden, 2017) our findings indicate that the opposing ER-associated meridional flows occur at different
densities and involve a net northward heat transport that could be partly balanced by eddy-fluxes (McWilliams &
Danabasoglu, 2002). However, the magnitude of the northward heat transport and possible consequences for the
mixed-layer heat budget cannot be assessed here.

Once the ER flow is subtracted from the composites of maximum northward and southward intraseasonal flow
phases, a near-symmetric meridional flow structure remains that can be ascribed to the signature of northward
and southward TIW phases. This symmetry of the TIW phases agrees well with previous studies of TIWs in the
equatorial Pacific (Kennan & Flament, 2000).

Shear-driven turbulent mixing in the upper EUC in the Atlantic and Pacific cold tongue is a critical component
of the mixed-layer heat budget that drives SST variability and thus affects climate variability (e.g., Hummels
et al., 2013; Moum et al., 2013). TIWs enhance the vertical shear of meridional velocity at the equator below the
mixed layer. For a train of six TIWs in the Pacific, Inoue et al. (2019) found enhanced vertical shear in the late
southern phase and enhanced mixing during the transition from northern to southern flow which they attributed
to vortex stretching. In the Atlantic, we show that the seasonal evolution of the ER further modifies the shear field
depending on the TIW phase.

With this study, we suggest that the superposition of TIWs and ER has an impact on the strength and seasonal
variability of equatorial mixing, thus affecting the mixed-layer heat and freshwater budget. Our results show
that the vertical shear of meridional velocity at the equator is not only due to TIWSs, but additionally due to the
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(green) and zonal (magenta) velocity of the whole recording period. Scatter plots of 0—75 m mean meridional velocity
and mean values of turbulent kinetic energy (TKE) dissipation rate (¢) at 21 m (e) and 65 m (f) from the y-pod data. Black
markers indicate mean ¢ in bins of 0.2 m/s and their 95% confidence intervals. Color represents the meridional wind stress
magnitude.
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presence of the ER. Thus, the superposition of the ER and the TIWs results in asymmetric vertical shear during
north- and southward TIW phases. Indeed, the y-pod data also show an asymmetry in diapycnal mixing at 21 and
65 m depth which is stronger during southward than during northward TIW phases.

In general, our results suggest that strong southerly wind events combined with southward TIW phases could
trigger elevated diapycnal mixing by the combined shear of the EUC, TIWs, and the ER. Due to the overlapping
seasonal peaks of TIWs and ER in boreal fall this season might be most favorable for such enhanced mixing
events.
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The moored velocity data set is available at https://doi.pangaea.de/10.1594/PANGAEA.941042. Buoy wind and
x-pod data can be accessed at https://www.pmel.noaa.gov/tao/drupal/disdel/.
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