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Abstract The shallow meridional overturning cells of the Atlantic Ocean, the subtropical cells
(STCs), consist of poleward Ekman transport at the surface, subduction in the subtropics, equatorward
flow at thermocline level and upwelling along the equator and at the eastern boundary. In this study, we
provide the first observational estimate of transport variability associated with the horizontal branches of
the Atlantic STCs in both hemispheres based on Argo float data and supplemented by reanalysis products.
Thermocline layer transport convergence and surface layer transport divergence between 10°N and 10°S
are dominated by seasonal variability. Meridional thermocline layer transport anomalies at the western
boundary and in the interior basin are anti-correlated and partially compensate each other at all resolved
time scales. It is suggested that the seesaw-like relation is forced by the large-scale off-equatorial wind
stress changes through low-baroclinic-mode Rossby wave adjustment. We further show that anomalies of
the thermocline layer interior transport convergence modulate sea surface temperature (SST) variability
in the upwelling regions along the equator and at the eastern boundary at time scales longer than 5 years.
Phases of weaker (stronger) interior transport are associated with phases of higher (lower) equatorial SST.
At these time scales, STC transport variability is forced by off-equatorial wind stress changes, especially by
those in the southern hemisphere. At shorter time scales, equatorial SST anomalies are, instead, mainly
forced by local changes of zonal wind stress.

Plain Language Summary In both hemispheres of the Atlantic Ocean, shallow meridional
overturning circulations provide a connection between the subtropics and equatorial upwelling regions.
The so-called subtropical cells (STCs) consist of poleward transport at the surface driven by the easterly
trade winds, subduction in the subtropics, equatorward flow at subsurface level and upwelling along

the equator and at the eastern boundary. In this study, we provide the first observational time series

of transport variability associated with the horizontal branches of the STCs estimated at 10°N and

10°S. It shows that both branches are dominated by variability on seasonal time scales. On longer time
scales, transport anomalies at the western boundary reveal a reversed relation to transport anomalies

in the interior leading to partial compensation. It is suggested that transport anomalies are affected

by adjustment to wind-forced oceanic planetary waves. We further show that the interior part of the
subsurface transport anomalies is connected to equatorial sea surface temperature (SST) anomalies at time
scales longer than 5 years. There, stronger (weaker) equatorward transport is associated with negative
(positive) equatorial SST anomalies. At shorter time scales, equatorial SST anomalies are, instead, mainly
forced by changes of local wind stress.

1. Introduction

The shallow tropical Atlantic Ocean is characterized by a superposition of the wind-driven and thermo-
haline circulation (e.g., Schott et al., 2004). Most prominently, the warm water return flow of the Atlantic
meridional overturning circulation (AMOC) crosses the equator on its northward pathway along the Bra-
zilian coast, as part of the North Brazil Undercurrent (NBUC)/North Brazil Current (Stramma et al., 1995).
Superimposed on the uppermost part of the AMOC return flow are shallow meridional overturning circula-
tions, referred to as the subtropical cells (STCs), that connect the subduction zones of the subtropical gyres
with the equatorial and eastern tropical upwelling regions (Liu et al., 1994; Luyten et al., 1983; McCreary
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& Lu, 1994). The STCs are confined to approximately the upper 300 m and are forced by equatorial Ekman
divergence due to the easterly trade winds. In a zonal average of each hemisphere, they consist of poleward
Ekman transport in the surface layer, subduction in the subtropics, equatorward geostrophic transport at
thermocline level and are eventually closed by upwelling along the equator and at the eastern boundary
(e.g., Fratantoni et al., 2000; Malanotte-Rizzoli et al., 2000; Schott et al., 2004). As a consequence of the
superposition of STCs and AMOC at the western boundary, an interhemispheric asymmetry in terms of
mean equatorward STC transport at thermocline level exists in which the southern hemisphere STC carries
about 2-3 times more water toward the equator than its counterpart in the northern hemisphere (Fratanto-
ni et al., 2000; Tuchen et al., 2019; Zhang et al., 2003). Besides this interhemispheric asymmetry, the mean
state of the Atlantic STCs further exhibits a zonal asymmetry between equatorward transport at the western
boundary and in the interior basin in both hemispheres (Tuchen et al., 2019; Zhang et al., 2003). Generally,
the western boundary pathways contribute more to the overall thermocline layer transport convergence due
to both a limitation of interior transport in the northern hemisphere caused by a potential vorticity ridge
(Malanotte-Rizzoli et al., 2000) and a strong western boundary current in the southern hemisphere support-
ed by the AMOC return flow (Schott et al., 2002). However, a general lack of Argo observations at the shelf
and continental slope and diverging results from model simulations of western boundary current transport
introduce a considerable uncertainty when compared to one of the few observational long-term records
along 11°S (Hummels et al., 2015; Tuchen et al., 2019). While there have been several studies describing the
mean state of the Atlantic STCs both from a model (e.g., Hazeleger & Drijfthout, 2006; Hazeleger et al., 2003)
and from an observational perspective (Tuchen et al., 2019; Zhang et al., 2003), little is known about the
temporal variability of the Atlantic STCs.

The majority of studies on STC variability has focused on the Pacific STCs. From these studies, two findings
stand out: First, numerical studies show that on interannual to decadal time scales transport anomalies
at the western boundary and in the interior basin are anti-correlated showing a seesaw-like relation (Ca-
potondi et al., 2005; Lee & Fukumori, 2003; Schott et al., 2007). On these time scales western boundary
and interior transport anomalies partly compensate each other. Lee and Fukumori (2003) attribute the
partial compensation to two different mechanisms: changes at the western boundary are suggested to be
forced by adjustment to variations in Ekman pumping while interior transport changes are associated with
near-equatorial wind stress changes. In contrast, Capotondi et al. (2005) argue that both western boundary
and interior transport variations are associated with baroclinic adjustment to Rossby waves due to large
scale changes of the wind stress curl. Knowledge about this anti-correlation is based on numerical stud-
ies for the Pacific Ocean and has so far not been shown for the Atlantic Ocean. Second, in observational
(McPhaden & Zhang, 2002, 2004) and numerical studies (Farneti et al., 2014; Liibbecke et al., 2008; Zhang
& McPhaden, 2006), it has been shown that decadal transport variations of the Pacific STCs can be linked
to decadal tropical sea surface temperature (SST) variability. Phases of anomalously large STC transport
coincide with phases of anomalously low tropical Pacific SST and vice versa (e.g., McPhaden & Zhang, 2002,
2004).

Two possible mechanisms on how the STCs could drive SST variability have been proposed. First, Gu and
Philander (1997) described how temperature anomalies are subducted in the subtropics and transported
equatorward by a constant geostrophic transport as part of the lower branch of the STCs (7’ mechanism;
with v being the meridional transport and T the temperature with the overbar marking the mean and the
prime marking anomalies relative to the mean). This scenario implies that subducted temperature anom-
alies are observed in the upwelling regions with a considerable time lag. In fact, travel times of subducted
particles could range from years to even decades when considering the possibility of multiple recirculations
before eventually reaching the upwelling areas. In the second mechanism, subducted water with constant
temperature is brought toward the tropics by an anomalously strong or weak equatorward thermocline
layer transport (VT mechanism; Kleeman et al., 1999). It is proposed that the rate at which subtropical
water is transported toward the tropics rather than its temperature anomaly drives tropical SST anomalies
by dynamical changes in the equatorial and eastern boundary upwelling rate. The v'7 mechanism could
explain the fast response of SST anomalies to transport changes described in previous studies. For the Pa-
cific Ocean, the model study of Hazeleger et al. (2001) could show that the response of tropical tempera-
ture anomalies to extra-tropical forcing is small and rather local wind stress anomalies are suggested to
drive variability both in the subtropics and tropics. Based on this and other studies, the v'7 mechanism by
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Kleeman et al. (1999) is deemed more likely (e.g., McPhaden & Zhang, 2002; Schott et al., 2004). However,
in the model by Kleeman et al. (1999), tropical SST anomalies are mainly driven by subtropical wind stress
changes (poleward of ~23°) whereas Nonaka et al. (2002) show that equatorial wind stress variability plays
an equally important role in modulating equatorial SST anomalies on interannual to decadal time scales.
Recently, Graffino et al. (2019) analyzed the role of differing magnitudes and locations of wind stress forc-
ing in driving Pacific STC and SST variability. They conclude that equatorial wind stress anomalies are not
responsible for STC changes but force local SST anomalies through thermocline adjustment to local wind
stress anomalies, whereas subtropical wind stress anomalies have the strongest impact on changes in STC
transport.

To date, studies on STC transport variability in the Atlantic Ocean have been limited to using either a forced
ocean model (Hiittl & Boning, 2006) or an ocean assimilation model (Rabe et al., 2008). These studies
focused mainly on the impact on the equatorial current system. Rabe et al. (2008) suggest that the STCs
and the Equatorial Undercurrent (EUC) are connected on pentadal (5 years) and longer time scales. In a
so-called loop response, changes in the wind-driven surface branches of the STCs, first lead to a response in
the EUC followed by changes in the thermocline layer transport convergence.

On global warming time scales, Luo et al. (2009) found for the Pacific that, due to an expected westward
shift of the potential vorticity barriers, the thermocline layer transport near the western boundary increases
while the interior transport decreases. These opposed transport trends appear to compensate each oth-
er resulting in no significant change in the total equatorward STC transport. On comparable time scales,
Oschlies et al. (2018) suggested that the ventilated tropical thermocline becomes shallower and thinner
leading to reduced oxygen undersaturation in upwelling regions and thus to a reduction in oxygen uptake
emphasizing the possible role of the STCs in ocean deoxygenation.

Since the start of the Argo program in the early 2000s, the number of observational hydrographic data in
all oceans increased dramatically and has already been used to derive a realistic mean state of the Atlantic
STCs (Tuchen et al., 2019). The first aim of this study is to provide transport time series of the horizontal
STC branches from observations such as Argo float data, moored velocity data at the western boundary
and satellite wind data accompanied by reanalysis products to extend the analysis further into the past.
The dominant temporal scales of transport variability of the horizontal STC branches and their compo-
nents are identified followed by a quantification of both the relation between thermocline layer transport
anomalies at the western boundary and in the interior and the relation between STC transport variability
and SST variability in the tropical Atlantic Ocean. SST fluctuations are known to have considerable effects
on various climate parameters. On interannual and decadal time scales tropical Atlantic SST anomalies are
connected to climate hazards such as extreme rainfall or droughts both over Brazil and Africa (e.g., Carton
et al., 1996) mostly associated with the meridional or zonal mode. Therefore, skillful prediction of tropical
SST variations has been the subject of numerous studies in order to better forecast future extreme events
(e.g., Chang et al., 1998).

The present study is structured as follows. Section 2 describes the data products which were used to derive
the transport time series of the horizontal branches of the STCs and the SST time series. Section 3 provides
an overview of the methods. In Section 4, we present the results which are divided into a description of the
observed transport variability, the relation between western boundary and interior transport anomalies and
the connection of STC variability to tropical SST variability. The presented results are then summarized and
complemented with a conclusion in Section 5.

2. Data

In this section, we provide an overview of the data that were used in this study. Transports at thermocline
level are mainly derived from hydrographic data from the Roemmich-Gilson Argo climatology (from here
on referred to asRG-clim; Roemmich & Gilson, 2009) and from the ECMWF Ocean Reanalysis System ver-
sion 4 (ORAS4; Balmaseda et al., 2013). RG-clim and ORAS4 provide monthly temperature and salinity data
on a 1° X 1° grid for a time period from 2004 to 2019 (RG-clim) and 1980 to 2017 (ORAS4), respectively. Ad-
ditionally, ORAS4 provides horizontal ocean velocities. The surface flux forcing of ORAS4 consists of daily
surface fluxes of heat, momentum and freshwater from ERA-40 (prior to 1989), ERA-interim (1989-2009)
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and from the operational ECMWF atmospheric reanalysis (from 2010 onwards; Balmaseda et al., 2013).
Under the assumption that below the wind-driven surface layer the flow is generally in geostrophic balance
we use total velocities from ORAS4 for comparison with the geostrophic velocities derived from RG-clim.
In order to quantify transport uncertainties at the western boundary due to sparse coverage by Argo floats,
thermocline layer transport calculations in the southern hemisphere are complemented by moored velocity
data at 11°S from 2013 to 2018 (update of Hummels et al., 2015). At 11°S, four moorings - arranged on a
cross-shore array — have been operating from 2013 to present. The moorings are located at isobaths well
below the lower boundary of the STC at ~: 900, 2,320, 3,520, and 4,110 m. By applying a gap filling method
described in Schott et al. (2005) and Hummels et al. (2015) an alongshore velocity data set with a temporal
resolution of 2.5 days and a spatial resolution of 5 km (horizontal) and 10 m (vertical) is derived.

Ekman transports are calculated from ocean surface wind speed data (typically 10 m above sea surface).
Here, we use two long-term reanalysis products with a monthly resolution, ERA-interim (Dee et al., 2011)
and ERAS (Hersbach & Dee, 2016), and two consecutive satellite scatterometer missions with weekly reso-
lution and an overlap of about 2.5 years, QuikSCAT (Ricciardulli et al., 2011) from July 1999 to November
2009 and Advanced Scatterometer (ASCAT; Ricciardulli & Wentz, 2016) from March 2007 to present. Both
wind reanalysis products span the time period from 1980 to 2019. ERA-interim is being phased out and data
stopped in August 2019 whereas ERA5 provides data to present. All wind products are provided at a 1/4°
horizontal resolution.

To analyze the link between STC transport variability and tropical SST variability on interannual to decadal
time scales, SST time series from the Optimum Interpolation SST Analysis Version 2 (OI-SST; Reynolds
et al., 2007) are used. Daily maps with a horizontal resolution of 1/4° are provided from January 1982 to
present.

3. Methods
3.1. Thermocline Transport

Equatorward transport within the thermocline layer is primarily associated with geostrophic flow. However,
geostrophic flow is also present above the thermocline layer where it reduces the wind-driven poleward
transport in the tropics (Schott et al., 2004). In order to derive geostrophic transports from hydrographic
properties we mainly follow the approach of Tuchen et al. (2019) and only give a brief overview of their
methods and definitions of the horizontal STC branches here. In a first step, hydrography from RG-clim
and ORAS4 are used to obtain maps of dynamic height anomalies for the tropical Atlantic Ocean. From the
zonal pressure gradient, which is a consequence of zonal differences in dynamic height anomalies, merid-
ional geostrophic velocities relative to a level of no motion at 1,000 dbar are calculated. Zonal geostrophic
velocities are derived analogously from the meridional gradient of dynamic height anomalies. Here, we
reference relative geostrophic velocities from RG-clim by prescribing the time-mean (2004-2019) horizontal
velocity from Argo float displacements within a parking pressure level range between 850 and 1,150 dbar
as the reference velocity at 1,000 dbar taken from the updated YoMaHa'07 data set (Lebedev et al., 2007).
Therefore, horizontal displacement values are binned and averaged in 1 X 1° boxes before being spatially
smoothed with an objective mapping routine (influence radius of 2° and cut-off radius of 4°). The mean
meridional velocity at depth is close to zero along 10°N and 10°S and only shows significant southward ve-
locities at the western boundary at 10°N (Figure S1). To account for those, we decided to reference relative
geostrophic velocities with the mean meridional velocity instead of assuming a level of no motion at depth.
However, the difference between both approaches is marginal. It has to be noted that the temporal and
spatial coverage by Argo float displacement data is not sufficient to facilitate reliable monthly values. Close
to the western boundary, coverage by Argo floats is naturally sparse and RG-clim fails to resolve the west-
ernmost part of the tropical Atlantic introducing a transport uncertainty which has already been described
in Tuchen et al. (2019). Here, we address the transport uncertainty at the western boundary by comparison
to moored velocity data along 11°S and to velocity data provided by ORAS4. In the mean state, ORAS4 and
mean ship section data along 11°S both reveal an underestimation of transport of about 2 Sv at the western
boundary in the southern hemisphere by Argo float data (Tuchen et al., 2019). At 10°N, there is no compa-
rable observational data set for the northern hemisphere western boundary transport. However, meridional
geostrophic velocity from Argo float data shows a mean northward transport west of 55°W which appears to
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20°N ' meridional transport from Argo float data rather overestimates the mean
0.1 zonally accumulated equatorward transport at 10°N by missing parts of
10°N 0.05 the northward transport at the western boundary.
0 3 o Geostrophic transport derived from the hydrographic properties of
ORAS4 is also missing the westernmost part of the western boundaries
10°s 8 -0.05 due to the calculation of meridional geostrophic velocities between zonal
01 grid points of temperature and salinity leading to an overall reduction of
20°S { 0.5° at each site of the basin. While RG-clim is referenced to the mean
70°W Gow 50W 40°W S0°W 20°W 10°W 0° 10°E 20E 0 meridional velocity from Argo float displacements, we use 370 dbar tem-
porally varying velocities provided by ORAS4 to reference geostrophic
Figure 1. Mean absolute geostrophic velocities in the tropical Atlantic velocities derived from the hydrographic properties in ORAS4. This pres-

Ocean between 2004 and 2019 within the thermocline layer (25.5 kg
m™? isopycnal) derived from the Roemmich & Gilson Argo climatology
(Roemmich & Gilson, 2009). Arrows show the horizontal absolute
geostrophic velocity; the color shading indicates the magnitude of the
meridional component of the absolute geostrophic velocity with red
(blue) showing northward (southward) flow. The seasonal outcropping

sure level is chosen in order to cover as many grid points as possible at the
western boundary that are deeper than the lower boundary of the STCs.

Finally, thermocline layer transports at 10°N and 10°S are derived by in-
tegrating meridional geostrophic velocities between a lower (26.0 kg m™>

of the 25.5 kg m™ isopycnal is superimposed (dark gray isoline) in both isopycnal) and an upper boundary (seasonally varying depth between 30
hemispheres. Zonal sections at 10°N and 10°S are divided into a western and 70 m) following Tuchen et al. (2019). At 26.0 kg m™* the sign of the
boundary (white line) and an interior part (black line) at 50°W and 32°W,  zonally averaged meridional geostrophic transport reverses. This is true
respectively.

for both the mean state and for the time series (not shown). Seasonal

outcropping of isopycnals of the thermocline layer is only observed in the

eastern parts of the subtropics and is treated as an absence of thermocline
layer transport in our calculation. However, the surface layer transport, which is chosen according to the
depth at which the absolute meridional velocity from ORAS4 changes its sign from poleward to equator-
ward, is unaffected by outcropping of isopycnals as it is bounded by depth. In the case of the 11°S moored
velocity data, the lower boundary of the thermocline layer is derived from the mean density field of five
cross-shore ship sections along the mooring array (26.0 kg m™* isopycnal as well). The upper boundary is set
to 60 m which marks the zonally averaged annual mean depth of meridional velocity reversal from ORA-S4
at this latitude (Tuchen et al., 2019).

Within the thermocline layer, the pattern of the mean horizontal geostrophic velocity from Argo float data
reveals the pathways of the equatorward branches of the STCs (Figure 1) which are in good agreement with
total velocities from ORAS4 (Figure S2). At around 15°S, the bifurcation of the South Equatorial Current
into the northward flowing NBUC and the southward flowing Brazil Current marks the division between
subducted water moving equatorward as part of the southern STC or AMOC and water being recirculated
within the subtropical gyre of the southern hemisphere. The southern section at 10°S is therefore chosen to
be equatorward of the bifurcation area (see Figure 1). The southern STC exhibits a substantial longitudinal
range in the interior basin with equatorward velocities in the 16-year Argo climatological mean. In contrast,
the interior pathway is largely limited in the northern hemisphere by the mean position of the Intertropical
Convergence Zone and the resulting potential vorticity barrier (Malanotte-Rizzoli et al., 2000). In order
to examine the variability of STC transport in more detail, the zonal sections at 10°N and 10°S, at which
transport time series are derived, are divided into a western boundary and an interior part at 50°W (32°W)
at 10°N (10°S) as indicated in Figure 1.

3.2. Ekman and Surface Layer Transport

Poleward transport in the surface layer of the tropical Atlantic is mainly driven by the north- and south-east-
erly trade winds forcing poleward Ekman transport in both hemispheres and leading to Ekman divergence
at the equator. Here, we use four different wind products which provide zonal and meridional wind speed
at 10 m height above the sea surface. From wind speed (u), we obtain wind stress (t) via the Bulk formula
calculation:

T=p,*cy*|ul*u
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Figure 2. Monthly time series of (a) thermocline layer transport convergence between 10°N and 10°S from RG-clim
(green), from the geostrophic component of ORAS4 (orange) and from total ORAS4 (blue) and thermocline layer
transport (b) along the western boundary at 10°N, (c) within the interior at 10°N, (d) along the western boundary at
10°S and (e) within the interior at 10°S. Note that the 11°S mooring transport time series in (d) is calculated between
35.85°W and 33.85°W. Positive (negative) values indicate northward (southward) transport (b-e).

using a reference density p, = 1.22 kg m™ and a drag coefficient ¢, = 0.0013. Meridional Ekman transport
is a function of zonal wind stress and the latitude-dependent Coriolis parameter. In the cases of ASCAT and
QuikSCAT, wind stress data are provided on a weekly basis and for the purpose of this study monthly means
are derived for all months that provide at least four data points.

In the surface layer of the tropical interior oceans, poleward Ekman transport opposes generally equator-
ward geostrophic transport due to zonal pressure gradients. Therefore, when combining both components,
we refer to the net surface layer transport divergence since the Ekman divergence dominates the surface lay-
er but is reduced by the geostrophic convergence. Different approaches are compared: surface layer trans-
ports are derived directly from velocity data (ORAS4 and 11°S mooring) or calculated as the sum of Ekman
transport and geostrophic transport. The lower boundary of the surface layer is the same seasonally varying
depth used as the upper boundary for the thermocline layer as described in Section 3.1.

4. Results
4.1. Transport Variability of the Horizontal STC Branches

Monthly thermocline layer transports are derived and summed up along the zonal sections at 10°N and
10°S, from the eastern to the western boundary. The difference between both hemispheres yields the month-
ly thermocline layer transport convergence time series (Figure 2a). Transport convergences vary between
~7 and 14 Sv. In general, we find good agreement between ORAS4 and ORAS4-geostr as expected. However,
there are larger differences between the geostrophic transport of RG-clim and both ORAS4-based products
which mainly originate from differences at the western boundary (Figures 2b and 2d). As already indicated
in Figure 2a the dominant signal in all time series is the seasonal cycle with a minimum in boreal summer
and a maximum in boreal winter which is most pronounced in RG-clim. A spectral analysis (not shown)
confirms the dominance of the annual signal but also reveals elevated variability at the semiannual cycle
and the 120-day period. At periods longer than 1 year, no spectral peaks that are significant against an AR-1
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Figure 3. Monthly time series of (a) net surface layer transport divergence (geostrophy + Ekman) between 10°N and
10°S from RG-clim/ASCAT (green), from ORAS4/ERAS (orange), and total ORAS4 (blue), meridional surface layer net
transport (b) along the western boundary at 10°N, (c) within the interior at 10°N, (d) along the western boundary at
10°S, and (e) within the interior at 10°S. Positive (negative) values indicate northward (southward) transport (b—e).

red noise spectrum could be observed. Nevertheless, interannual and longer-period fluctuations are evident
throughout the time series. For instance, we observe a transport convergence weakening from 2005 until
about 2010 followed by a strengthening until about 2016. Interannual transport fluctuations will be further
discussed in the next sections.

By separating the thermocline layer transport convergence into its components at 10°N and 10°S, both
further divided into a western boundary and an interior contribution (see also Figure 1), good agreement
between the three products in the interior parts is observed (Figures 2c and 2e), whereas especially the
southern hemisphere western boundary transport reveals obvious differences between RG-clim and the
ORAS4 products. This is mainly due to a better coverage of the western boundary by ORAS4 leading to both
enhanced northward western boundary transport at 10°N (Figure 2b) and reduced equatorward transport
at 10°S (Figure 2d).

When comparing western boundary transport in the southern hemisphere from ORAS4 to mooring data at
around 11°S, we find a comparable seasonal evolution and magnitude (Figure 2d). Note that the 11°S-moor-
ing transport is limited to longitudes west of about 33.85°W. However, when considering thermocline layer
transports from ORAS4-geostr only between 36°W and 34°W, both time series still agree well (not shown).
In contrast, thermocline layer transport at the western boundary derived from RG-clim appears to underes-
timate this particular branch of the STCs. Thermocline layer meridional transport is on average southward
in the northern hemisphere with occasional transport reversals both at the western boundary and in the in-
terior basin (Figures 2b and 2c). In comparison, transport in the southern hemisphere is generally stronger
and persistently northward throughout the presented time period (Figures 2d and 2e).

Above the thermocline layer, equatorward geostrophic transport is largely exceeded by the wind-driven
poleward Ekman transport. In total, a net surface layer transport divergence exists between 10°N and 10°S
(Figure 3a). Here, we subtract the geostrophic transport convergence of RG-clim (ORAS4-geostr) from the
Ekman divergence of ASCAT (ERAS5) for the period in which the particular time series overlap. In addi-
tion, surface layer transports are directly calculated from total velocities provided by ORAS4. All products
agree well on the seasonality which is mainly in phase with the seasonal evolution of the thermocline layer
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Figure 4. Monthly climatology of (a) thermocline layer transport convergence, (d) Ekman divergence, and (g) net surface layer transport divergence. Panels
(a, d, and g) are further separated into their individual transport components at 10°N (b, e, and h) and 10°S (c, f, and i). In each hemisphere, the transports are
divided into a western boundary (WB, solid lines) and an interior (INT, dashed lines) transport contribution.

transport convergence: a maximum in boreal winter and a minimum in boreal summer. However, analo-
gously to the thermocline layer, the largest differences in magnitude are observed at the western boundary
in both hemispheres (Figures 3b and 3d) while interior transports show good agreement (Figures 3c and
3e). At 10°S, geostrophic transport in the surface layer is northward at the western boundary (Figure 2d)
compensating the poleward Ekman transport (Figure 3d), while western boundary surface layer transport
at 10°N is mainly northward supporting the wind-driven transport (Figure 3b). Note that due to the small
zonal extent of the western boundary component as part of the zonal sections along 10°N and, especially,
10°S, the Ekman transport component is rather small compared to Ekman transport in the interior which is
cumulated over a larger distance. Besides the dominant annual and semiannual cycle, again, no statistically
significant spectral peaks are present at interannual to decadal time scales, although a similar oscillation as
described before for the thermocline layer transport convergence can be observed: a minimum of transport
divergence at around 2010 is followed by a strengthening until about 2013.

The relative importance of the representation of the western boundary in the data products becomes even
more obvious in the climatological cycles of the thermocline layer and surface layer transport components
(Figure 4). In the thermocline layer, the seasonal cycle is most pronounced in RG-clim with minimum
convergence values around 8 Sv in boreal summer (Figure 4a). This is due to a distinct minimum of equa-
torward transport at 10°N at the western boundary in boreal summer which is not reproduced in the ORAS4
products (Figure 4b). Generally, in both hemispheres all three products agree well for the interior but show
considerable differences at the western boundary (Figures 4b and 4c). The differences between the two
transport estimates based on ORAS4 must essentially originate from the 0.5° data loss that the geostroph-
ic transport derivation requires and emphasizes the importance of a high-resolved representation of the
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western boundary. Overall, at thermocline level, the climatological cycles from RG-clim suggest that the
seasonal cycle of the convergence is mainly driven by the seasonality at the western boundary in the north
and the interior in the south which shows concurrent minimum equatorward transport in boreal summer.

The Ekman divergence climatologies are calculated for the four different wind products which all agree
well on the seasonality (Figure 4d) and show some difference in magnitude away from the annual mini-
mum which occurs in late boreal summer. The seasonal cycle of Ekman divergence exhibits peak-to-peak
amplitudes of more than 10 Sv and is mainly driven by the northern hemisphere interior component where
Ekman transports even reverse to equatorward transport to show a distinct minimum during late boreal
summer (Figure 4e). However, besides a statistically significant annual cycle, we also observe a semiannual
cycle likely due to a relative minimum of poleward Ekman transport in the interior at 10°N in boreal spring
superimposed by a minimum in February/March in the interior at 10°S. In general, all four components of
the Ekman divergence (Figures 4e and 4f) are in good agreement in terms of the temporal evolution of the
seasonal cycle while their magnitudes reveal differences comparable to the western boundary thermocline
layer.

In the following, because of the good agreement between all wind products, further analysis involving
Ekman transports is carried out using data from one reanalysis product (ERAS5) and one satellite product
(ASCAT) only. ASCAT aligns better in time with RG-clim compared to QuikSCAT. It has been recently
shown that — in terms of wind speed agreement with ASCAT observations - ERA5 winds provide a 20%
improvement in comparison to ERA-interim (Belmonte Rivas & Stoffelen, 2019).

As previously described, the overall surface layer transport is a combination of Ekman transport and geo-
strophic transport. Here, we estimate both components individually and also compare them to surface layer
transports directly derived from ORAS4 (Figure 4g). Since the Ekman transport dominates the surface layer,
all products show poleward transport throughout the whole year leading to an overall surface layer diver-
gence while also agreeing on the same seasonality as the Ekman divergence (Figure 4d). The geostrophic
component reduces all four transport components in the surface layer to less poleward or even equator-
ward. In the southern hemisphere, the strong northward western boundary current exceeds the southward
Ekman transport in the surface layer and shows an overall equatorward transport of up to 2 Sv in boreal
summer (Figure 4i).

4.2. Western Boundary Versus Interior Transport Anomalies

As shown in the previous section, the thermocline layer transport convergence and the net surface layer
transport divergence vary dominantly on seasonal time scales with a modulation on interannual and longer
scales. In this section, we will show that even though interannual variability of the total thermocline layer
transport convergence might be relatively weak, interannual transport anomalies at the western boundary
and in the interior basin show a remarkable relation. First, we separate the thermocline layer transport
convergence time series into the western boundary and the interior components in both hemispheres (at
the longitudes indicated in Figure 1) before filtering out the dominating seasonal signal by applying a 2-year
running mean.

In both hemispheres, the time series of interannual transport fluctuations at the western boundary (WB)
and in the interior (INT) are out of phase for both RG-clim and ORAS4-geostr (Figure 5). Transport anoma-
lies at the western boundaries and anomalies in the interior basin are highly anti-correlated on interannual
time scales and as a result partly compensate each other. In the northern hemisphere, maximum cross-cor-
relation coefficients are as high as —0.78 for RG-clim (Figure 5a) and —0.43 for ORAS4-geostr (Figure 5c¢),
respectively.

Note that the anti-correlation in ORAS4-geostr is more pronounced in the later phase of the time series that
overlaps with RG-clim. The observed WB-INT relation can essentially be described as a seesaw in which the
two components are generally in opposite phases. For both products, meridional transport anomalies in the
interior reach about £0.3 Sv and are slightly smaller compared to western boundary transport anomalies
(up to £0.5 Sv and occasionally above at the western boundary in ORAS4-geostr). In the southern hemi-
sphere, a similar anti-correlation is observed (Figures 5b and 5d). There, transport anomalies show com-
parable amplitudes as in the northern hemisphere and cross-correlation coefficients are lower for RG-clim
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Figure 5. Time series of thermocline layer transport anomaly at 10°N (a and c¢) and 10°S (b and d) for RG-clim (a and
b) and ORAS4-geostr (c and d). Transport anomalies are separated into a western boundary (WB; blue) and interior
(INT; red) component within each hemisphere. A 2-year running mean is applied to all time series. Cross-correlation
coefficients that are (not) significant at the 95% confidence interval are marked in green (red). Further details on the
calculation of the cross-correlation coefficients and their significance are provided in the supporting information.

(—0.29) and about comparable for ORAS4-geostr (—0.52). Similar to 10°N, in the beginning of the time
series, the anti-correlation in ORAS4-geostr is not as pronounced as it is in the later part from about 1996
onwards. Interestingly, although in the mean state of the Atlantic STCs, the northern hemisphere compo-
nents only contribute about a third to the total mean convergence, their fluctuations show similar ampli-
tudes compared to those in the southern hemisphere. In order to identify the dominant time scale of this
anti-correlation a cross-spectral analysis was carried out (not shown) which does not favor a certain time
scale but rather shows a similar anti-correlation at all-time scales. Longer time series will be needed to gain
more insight into the time scale dependence of the WB versus INT relation.

Transport anomalies at the western boundary and in the interior are derived from integrated geostrophic
velocities separated at a fixed longitude at 50°W (32°W) at 10°N (10°S) and are zonally cumulated. In order
to find out which part of these zonal subsections dominates the WB and INT variability in each hemisphere
we linearly regress the thermocline layer meridional geostrophic velocities at 25.5 kg m™> point-by-point
onto the interannual interior transport anomaly time series of both hemispheres (Figure 6).

Positive values indicate a strong connection between INT transport anomalies and geostrophic velocity
anomalies on interannual time scales. In the northern hemisphere the zonal section along 10°N shows neg-
ative values at the western boundary and positive values east of 50°W confirming the previously described
general anti-correlation between WB and INT. In the southern hemisphere, the INT transport anomalies are
mainly driven by geostrophic velocity anomalies between 30° and 20°W which are clearly anti-correlated
with geostrophic velocity anomalies at the western boundary. In the eastern part, seasonal outcropping at
this particular isopycnal further emphasizes the role of the western part of the interior subsection for the
overall INT transport anomalies on interannual time scales. The linear regression of geostrophic velocity
anomalies onto the hemispheric WB transport anomaly (not shown) reveals a much wavier pattern suggest-
ing a larger role of, for example, Rossby waves which are excited close to the western boundary due to wind
stress changes.

From the mean state of the STCs, it is known that about three times more equatorward transport occurs
at 10°S compared to 10°N. Is this interhemispheric asymmetry also observed for interannual fluctuations?
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Figure 6. Linear regression of meridional geostrophic velocity anomalies (25.5 kg m™ isopycnal) onto the interior
thermocline layer transport anomaly for (a) the northern hemisphere and (b) the southern hemisphere from RG-clim.
Statistically insignificant values are masked in gray. Shown are only grid points without seasonal outcropping of the
25.5 kg m ™~ isopycnal. The zonal sections at 10°N and 10°S and their division into western boundary (white) and
interior (black) are superimposed. A 2-year running mean is applied to the time series.

In order to find out which hemisphere ultimately dominates the interannual variability of the overall ther-
mocline layer transport convergence, we use the combined hemispheric components (WB + INT) of the
STCs. It shows that the thermocline layer transport convergence anomaly of the STCs undergoes an about
pentadal oscillation (Figure 7).

RG-clim data reveal a weakening of thermocline layer transport convergence of about 1 Sv from the begin-
ning of the time series in 2005-2010 (Figure 7a). From then on, the thermocline layer transport convergence
strengthened by about 1 Sv over a time period of 6 years. However, it appears that generally one hemisphere
dominates the total convergence. For RG-clim, first, mainly the southern hemisphere is responsible for the
mentioned weakening of the thermocline layer transport convergence followed by a phase of equal con-
tribution from both hemispheres before a strengthening of the northern hemisphere STC causes the total
convergence to also strengthen.

This change of dominant hemisphere is also found for the thermocline layer transport convergence anom-
aly time series from ORAS4-geostr (Figure 7b). Besides agreeing on the dominant hemisphere for the time
period in which both data products overlap, it further shows that before 2005 the northern hemisphere
apparently dominated the thermocline layer transport convergence anomaly for about 15 years.

4.3. Impact on Sea Surface Temperature Variability

The STCs connect the subtropical subduction regions with tropical upwelling areas along the equator and at
the eastern boundary. In this section, we analyze the connection of the different horizontal STC branches to
equatorial SST variability on interannual to decadal time scales and discuss the observed time lags between
the different STC components.

Smoothed time series (2-year running mean) of thermocline layer transport convergence anomalies from
RG-clim and ORAS4-geostr are in good agreement and show variations on interannual to decadal time
scales (Figure 8a). They lead equatorial SST anomalies by about 2-3 years (Figure 8b). The particular
cross-correlation coefficients at zero lag are small (Figure 8a). Here, SST anomalies are based on a spatial
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Figure 7. Time series of thermocline layer transport anomalies for (a) RG-clim and (b) ORAS4. Thermocline layer
transport convergence anomalies (black) are separated into their northern hemisphere (blue) and southern hemisphere
(red) component. A 2-year running mean is applied to the time series.

average between 30°W to 10°W and 3°S to 1°N, where we find the strongest relation in a lag regression anal-
ysis of SST anomalies onto interior transport convergence anomalies (described in more detail in the later
part of this section). Transport anomalies vary between +0.7 Sv while SST anomalies are mainly observed in
a range between +0.4°C. Notably, the cross-correlation indicates that stronger thermocline layer transport
is followed by warmer SSTs.

For the Ekman divergence (r = —0.50) and the net surface layer transport divergence anomalies (r = —0.48),
we find considerable anti-correlations at zero lag (Figure 8c). However, maximum cross-correlation occurs
when the surface layer transport anomalies lead SST anomalies by about 3 months while Ekman transport
anomalies lag SST anomalies by about 4 months (Figure 8d).

When considering variability on longer time scales (here accomplished by applying a 5-year running mean
to all time series), the sign of the previously observed time lags is not affected but the lags are more pro-
nounced (Figures 9b and 9d). At these time scales, thermocline layer transport convergence anomalies
appear to be clearly leading SST anomalies (Figure 9a) but curiously, an increase of thermocline layer trans-
port appears to be again related to increased equatorial SST. In the surface layer, the time lags increase for
both ERAS5 and ORAS4-total and the anti-correlations decrease at longer time scales but are still visible
in the second half of the time series (Figures 9c and 9d) possibly indicating less time scale dependence in
terms of connection to equatorial SST anomalies than in the thermocline layer.

Following the results from the previous Section 4.2, it is suggested that by analyzing the total thermocline
layer transport convergence anomaly the individual contributions of the interior and western boundary
components could be compensating each other. We therefore split the total thermocline layer transport
convergence into a western boundary convergence and an interior convergence (Figure 10) with the same
boundaries as defined in Section 3.1 (as indicated in Figure 1) and analyze the observed variability both on
shorter (2-year running mean smoothing) and longer (5-year running mean smoothing) time scales. For
RG-clim the zero lag cross-correlation with SST anomalies increases drastically when considering only the
interior convergence (r = —0.84) while the convergence at the western boundary is positively correlated to
SST anomalies (r = 0.57) for the 2-year running mean case (Figure 10a).
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Figure 8. (a) Time series of anomalous thermocline layer transport convergence from RG-clim (green) and ORAS4-
geostr (blue) with equatorial Atlantic (30°-10°W, 3°S-1°N) sea surface temperature (SST) anomaly from OI-SST (red)
and (b) lag correlation analysis between the SST anomaly time series and RG-clim (green) and ORAS4-geostr (blue)
thermocline layer transport convergence anomalies. (c) Time series of anomalous Ekman transport divergence from
ERAS (black), anomalous surface layer transport divergence from ORAS4 (light blue) and the same equatorial SST
anomaly from OI-SST (red) as above and (d) lag correlation analysis between the SST anomaly time series and ERAS
(black) and ORAS4 (light blue) transport divergence anomalies. A 2-year running mean is applied to all time series.
Cross-correlation coefficients that are (not) significant at the 95% confidence interval are marked in green (red). Further
details on the calculation of the cross-correlation coefficients and their significance are provided in the supporting
information.

However, RG-INT lags SST anomalies by 2 months while RG-WB is leading SST anomalies by about 1 year
(Figure 10b). At first, the lag between RG-INT and SST might be counterintuitive. However, Klinger
et al. (2002) and also Capotondi et al. (2005) noted for the Pacific Ocean that SST anomalies lead interior
transport anomalies as well. Capotondi et al. (2005) attributed this striking temporal order to the continu-
ous zonal evolution of the STCs at 10°N/10°S. They suggested that by zonally averaging along these sections
an artificial time lag could evolve.

Another possible explanation could be that SST and interior transport convergence anomalies are fluctu-
ating more or less in parallel and are not impacting each other at shorter time scales. Initially, changes in
zonal wind stress force anomalous Ekman transport and a net surface divergence anomaly evolves which,
on the one hand, drives equatorial SST anomalies with a small temporal lag. On the other hand, by chang-
ing equatorial upwelling rates, the EUC must respond to less (more) demand of water with a weakening
(strengthening) transport which ultimately affects the interior STC branches as a supplier of the EUC (e.g.,
Rabe et al., 2008). By the time, this signal reaches the interior transport branches, equatorial SST has already
reacted to the wind forcing and appears to lead the interior transport convergence. Therefore, at shorter
time scales, the interior thermocline layer branches of the STCs are suggested to not have a direct impact on
equatorial SST but could rather respond with some delay to the same surface wind forcing.

For anomaly time series smoothed with a 5-year running mean, we find a comparable anti-correlation be-
tween interior transport convergence anomalies and equatorial SST anomalies, but both RG-INT and ORA-
INT now lead SST anomalies with a lag of about 2 months in RG-INT and a longer lag of about 6 months
in ORA-INT (Figure 10d). Importantly, the correlation between interior transport convergence and SST
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Figure 9. Same as Figure 8 but with a 5-year running mean applied to all time series.

anomalies is negative on these time scales, implying that stronger (weaker) interior transport is related to
lower (higher) SSTs, in agreement with studies for the Pacific Ocean (e.g., McPhaden & Zhang, 2002, 2004).

The comparison between the results for the 2- and 5-year running mean time series suggests that the STCs are
modulating equatorial SST rather on longer time scales which is consistent with model studies for the equatorial
Pacific showing that while the SST variability on interannual time scales is predominantly driven by equatorial
wind forcing, a significant part of the variability on decadal time scales is related to changes in the equatorward
STC transport (Farneti et al., 2014; Lohmann & Latif, 2007; Liibbecke et al., 2008; Nonaka et al., 2002).

In order to quantify the SST response to STC changes, a linear point-by-point regression of the decadal (5-
year running mean) RG-INT-CONV anomaly time series on decadal SST anomalies at the lag with maximum
cross-correlation is carried out (Figure 11a). The SST response at this time lag reaches values of more than —2°C
per Sv along an equatorial region between 30° and 10°W. Another region with a strong negative SST response
to positive INT-conv changes exists in the eastern boundary upwelling region off Angola. In contrast to decadal
variations in the lower STC branch, we have seen that changes in the upper horizontal branches of the STCs lead
SST anomalies by about 12 months (Figure 9d). The SST response to surface layer transport anomalies shows the
strongest regression coefficients in three regions: (1) southern central equatorial Atlantic, (2) along the eastern
boundary upwelling off Mauritania and Senegal, and (3) along the Angolan upwelling region (Figure 11b).

Finally, the temporal and spatial role of wind for equatorial SST anomalies and the horizontal STC branches
is examined both on interannual (2-year running mean) and on decadal time scales (5-year running mean).
A lag correlation analysis between zonally averaged zonal wind stress anomalies at each latitude and equa-
torial SST anomalies (Figures 12a and 12b) reveals two findings. First, a relatively fast connection (corre-
lation coefficients above 0.5) is observed between local zonal wind stress and equatorial SST anomalies at
both time scales. This rather symmetric correlation about the zero lag is indicative of a positive feedback.
Second, away from local forcing, the southern hemisphere appears to be more closely linked to equatori-
al SST anomalies as indicated by high correlation coefficients between 15° and 25°S with short time lag
(Figure 12a). However, in the northern hemisphere, with a lag of about 2 years, we also find considerable
correlation coefficients of more than 0.5 at both time scales.
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Figure 10. Time series of thermocline layer transport convergence anomaly divided into interior (dashed lines)
and western boundary (solid lines) components for RG-clim (green) and ORAS4-geostr (blue) smoothed with (a) a
2-year running mean and (c) a 5-year running mean. Equatorial SST anomaly time series in (a) and (c) are the same
as in Figures 8 and 9, respectively. The lag correlation analysis between the equatorial SST anomaly time series and
individual thermocline layer transport convergence anomalies is shown for (b) 2-year running mean and (d) 5-year
running mean smoothed time series. Cross-correlation coefficients that are (not) significant at the 95% confidence
interval are marked in green (red). Further details on the calculation of the cross-correlation coefficients and their
significance are provided in the supporting information.
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Figure 11. Linear regression of (a) interior transport convergence anomalies (RG-clim) and (b) surface transport
divergence anomalies (ORAS4) point-by-point onto SST anomalies at the time lags defined in Figure 10a and Figure 9c:
INT-CONV leads by 2 months and Surf-DIV leads by 12 months. The time lags are based on lag correlations between
transport and equatorial SST anomalies (averaged within the red box). Black contours mark significant regression
coefficients, whereas white contours mark regions where a transport anomaly of 1 Sv of INT-CONV (Surf-DIV) forces a
negative SST anomaly of —2°C (—1°C). A 5-year running mean is applied to all time series.
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Figure 12. Lag correlation analysis as a function of latitude between ERA5 zonal wind stress anomalies and (a and b)
equatorial SST anomalies (30°-10°W, 3°S-1°N), (c and d) interior transport convergence anomalies and (e and f) net
surface layer transport divergence anomalies. All time series of the left (right) panels are smoothed by a 2-year (5-year)
running mean. The —0.5 (0.5 for [a] and [b]) correlation isoline is marked by the white contours.

Previous model studies discussed the role of local versus remote forcing of equatorial SST variations, focus-
ing on the Pacific. For instance, Nonaka et al. (2002) partly disagree with Kleeman et al. (1999) by showing
that for decadal equatorial SST variations, the near-equatorial wind stress is as important as off-equatorial
wind stress while Kleeman et al. (1999) proposed changes of wind stress and subduction mainly poleward
of 23° to impact equatorial SST changes. However, the findings of Nonaka et al. (2002) have been ques-
tioned by Kroger et al. (2005) who showed that the relative contributions of equatorial and off-equatorial
wind stress in driving SST variability on interannual to decadal time scales are significantly different. Most
recently, Graffino et al. (2019) showed that equatorial SST anomalies are mainly driven by local wind stress
anomalies while changes in the STC transport are rather forced by off-equatorial wind stress anomalies. For
the interior STC convergence we observe maximum correlation with zonal wind stress anomalies south of
the equator with the wind rather leading transport anomalies (Figure 12¢). At longer time scales, the south-
ern hemisphere still dominates interior transport anomalies (Figure 12d) and the highest correlations are
observed at around 10°S and 20°S but also north of the equator.

Last, in the surface layer STC branch, off-equatorial zonal wind stress changes in the southern hemisphere
dominate transport anomalies with close to no time lag around 10°S at both time scales (Figures 12e and
12f) indicating that mainly the south-easterly trade winds force the observed surface layer transport diver-
gence between 10°N and 10°S.

5. Summary and Conclusion

In this study, the variability of transport associated with the individual horizontal branches of the Atlantic
STCs and their impact on tropical SST variability on interannual to decadal time scales has been investigat-
ed by using a variety of observational and reanalysis products.

The study provides a first observational estimate of the temporal evolution of thermocline layer transport
convergence and net surface layer transport divergence (Ekman + geostrophy). In both horizontal STC
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branches, the seasonal cycle clearly dominates the time series (Figures 2 and 3). Thermocline layer trans-
port convergence calculated between 10°N and 10°S shows a seasonal cycle with minimum values of about
7-9 Sv in boreal summer and maximum values of about 12-14 Sv in boreal winter. By separating the total
thermocline layer transport convergence into its hemispheric and western boundary/interior components,
we show that the western boundary in the northern hemisphere and the interior part of the southern hem-
isphere section dominate the observed annual cycle (Figures 2 and 4). While no statistically significant
peaks are found on interannual or decadal time scales, which is likely a consequence of the rather short
time period analyzed, the time series are clearly modulated on those longer time scales. Previous numerical
studies also found rather small interannual variations of less than 2 Sv amplitude (Hiittl & Boning, 2006;
Rabe et al., 2008). In the surface layer, the Ekman divergence between 10°N and 10°S exhibits a pronounced
annual cycle of more than 10 Sv peak-to-peak amplitude (Figure 4) which is eventually reduced by an
out-of-phase annual cycle of the surface geostrophic transport convergence. Comparison between different
products for western boundary transports reveals considerable differences depending on data coverage and
handling. Here, we made use of the 11°S mooring array providing almost 5 years of velocity data at the
western boundary for the time period 2013-2018 (update of Hummels et al., 2015). We conclude that the
seasonal cycle of western boundary transport is best captured by ORAS4 whereas the transport calculation
from the Argo data product (RG-clim) underestimates the magnitude and shows larger differences in the
seasonality of western boundary transport.

In a next step, we focused on the relation between interannual anomalies of western boundary and inte-
rior thermocline layer transports which are zonally separated at 50°W (32°W) in the northern (southern)
hemisphere based on previous observational studies (Tuchen et al., 2019; Zhang et al., 2003). In both hem-
ispheres, observations and reanalysis data show that contributions from the western boundary and the
interior basin are anti-correlated and partially compensate each other (Figure 5). This relation is weakest
for RG-clim in the southern hemisphere which is likely a consequence of the mentioned misrepresentation
of magnitude and seasonality of western boundary current transport. However, to our knowledge, this rela-
tion has not yet been derived from observations but shown in numerical studies for the Pacific and Atlantic
Ocean before. For the Pacific, Capotondi et al. (2005) show that variations at the western boundary and in
the interior basin can both be associated with baroclinic Rossby wave adjustment. In their numerical study,
large-scale changes of the wind stress curl drive instantaneous changes in the Ekman transport and Ekman
pumping finally leading to changes of the subtropical gyres through an excitation of baroclinic Rossby
waves. On their westward path, Rossby waves are suggested to first impact the interior parts of the basins
before reaching the western boundary. Rossby waves alter the density structure and the zonal slope of the
thermocline which eventually leads to changes in meridional transport. The higher the baroclinic mode
and the further away from the equator the larger the lag between changes in the interior and changes at the
western boundary. In this study, we find an almost instantaneous anti-correlation (Figure 5) suggesting that
rather low-baroclinic-mode Rossby wave adjustment dominates. The highest anti-correlation is found at a
time lag of about 1 month with the western boundary leading interior transport anomalies consistent with
Rabe et al. (2008) but contradicting to the theory of westward propagating Rossby waves and emphasizing
the possible role of locally generated Rossby waves. However, wind stress curl forcing in the western parts
of the basins and poleward of 10°N/10°S could result in equatorward propagating coastally trapped waves
whose signature is then observed in our western boundary transport components and could therefore dis-
tort the phase relation to interior transport anomalies.

Overall, the total thermocline layer transport convergence undergoes a weakening from 2005 to 2010
which is followed by a strengthening until about 2015/2016 (Figure 2). The northern hemisphere seems to
dominate the recent strengthening while the southern hemisphere appears to be responsible for the pre-
vious weakening (Figure 7). However, reanalysis data suggest that previous interannual thermocline layer
transport variations have been alternatingly dominated by contributions from the southern and northern
hemisphere.

The final focus of this study was to analyze the impact of STC transport variability on equatorial SST var-
iability at longer time scales. We observe the highest anti-correlations between anomalies of the interi-
or part of the thermocline layer transport convergence and equatorial SST (—0.84 for RG-clim and —0.54
for ORAS4-geostr; Figure 10a). Including the western boundary thermocline layer transport convergence
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drastically reduces this anti-correlation (Figures 8a and 9a) emphasizing the importance of the interior
pathway as the link to the tropics. This is remarkable since, in the mean, the interior pathways are contribut-
ing less to the overall thermocline layer transport convergence but on pentadal time scales seem to be more
closely related to SST variability. Another curious finding is that variations in the western boundary current
transport and the total thermocline convergence are positively correlated with equatorial SST anomalies on
both interannual and decadal time scales, suggesting that stronger STCs are associated with warmer SSTs.
When considering thermocline layer convergence and surface layer divergence as the only contributors to
the warm water volume (WWYV) above the lower boundary of the thermocline layer (i.e., neglecting diapyc-
nal transport), a thermocline layer convergence leads to an increase in WWYV which is generally associated
with an increase in SST. Our results suggest that on longer time scales thermocline layer convergence and
the surface layer divergence anomalies are more correlated indicating a smaller impact on WWV changes
so that rather an anti-correlation between thermocline layer convergence anomalies and SST anomalies
is established. The relation of transport anomalies and WWYV deserves further attention and will require
further analysis.

In the Pacific, McPhaden and Zhang (2002, 2004) found an anti-correlation between interior meridional
transport and tropically averaged SST, similar to our results for the interior convergence. However, in their
studies, due to sparse observational data at the western boundary only the interior transport convergence
could be related to SST variability and transport at the western boundary had to be derived as a residual
between Ekman transport and interior transport. Also, the sparseness of observations forced the authors to
calculate meridional transport in temporal bins of 7-10 years. Consequently, McPhaden and Zhang (2002)
were not able to consider interannual variability and rather focused on decadal timescales. However, their
analysis generally supports the v'T mechanism proposed by Kleeman et al. (1999). Our results partially
question the previously assumed mechanism of how the thermocline layer branches of the STCs modulate
equatorial SST temperature. It appears that only on longer time scales the STCs play a role in modulating
SST anomalies along the equator and at the eastern boundary (Figures 10c and 11a). The coherence and
phase spectrum between interior transport convergence and equatorial SST reassuringly shows a phase
shift at a period of 5 years beyond which the interior transport convergence appears to lead equatorial
SST anomalies (Figure S3). At shorter time scales the local wind stress forcing dominates SST changes
(Figures 10a, 10b, 12a, and 12b). This is consistent with the findings of Rabe et al. (2008) who show that
on time scales longer than 5 years to decadal an initial wind stress change is followed by, first, a response
in the EUC and later in the STC transport convergence. However, in their study, the time lags between the
responses of the different STC components were about 1 year which is considerably longer than observed
in this analysis (Figure 10d).

The presented study aims to serve as a first observational estimate of transport variability associated with
the Atlantic STCs. The absence of observational studies on Atlantic STC variability emphasizes the need for
an analysis of the temporal evolution of the horizontal branches of the STCs and a discussion of their link to
equatorial SST anomalies — a relation which for the Atlantic Ocean, so far, is only discussed in a few model
studies. The presented results challenge the view of how the STCs have an impact on equatorial SST anom-
alies and provide approaches for future numerical models to further investigate this relation. However, the
role of STC-driven SST anomalies in contrast or in combination with the tropical Atlantic modes remains
unsolved and demands further analysis beyond the scope of this study. In addition, extensive observational
efforts are needed to better resolve the spatial structure of the Atlantic STCs. Especially the western bound-
aries are sparsely sampled and introduce uncertainties to the analysis (Tuchen et al., 2019). Long-term
mooring arrays and repeated ship sections in the tropical Atlantic (e.g., Hummels et al., 2015) are essential
to resolve the temporal and spatial evolution of the Atlantic STCs.

Data Availability Statement

Horizontal displacement data from the updated YoMaHa*07 data set are available at http://apdrc.soest.
hawaii.edu/projects/Argo/data/trjctry/. Reanalysis data from ORA-S4 can be accessed via ftp://ftp-icdc.cen.
uni-hamburg.de/EASYInit/ORA-S4/monthly_1x1/. C-2015 ASCAT and QuikScat data are produced by Re-
mote Sensing Systems and sponsored by the NASA Ocean Vector Winds Science Team. Data are available
at www.remss.com. ERA5 monthly averaged data on single levels from 1979 to present is distributed by
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