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[1] Pathways of subtropical cells (STCs) and the basin-wide meridional overturning
circulation (MOC) are studied in the tropical Atlantic using a particle tracking algorithm
and transports from a high-resolution ocean model. Here 16 Sv (=106 m3 s�1) of
MOC water flows to the equator from the south, primarily in the North Brazil Current. The
MOC water recirculates in the tropics and, after crossing the equator about half of it,
stays along the western boundary and the other half loops in a cyclonic circulation
northward to join the North Equatorial Current. The STC on the Southern Hemisphere has
a strength of 4 Sv. The northern STC has a strength of 1.5 Sv; it is confined to the
retroflection area close to the equator and it contains primarily MOC water. In total, 5.5 Sv
of MOC water entrains into the mixed layer in the tropical Atlantic. Here 2 Sv of MOC
water recirculates in the southern STC and 1.5 Sv in the northern STC. The STCs are
weaker than suggested from observations, but the interior flows in the model compare
well to observations. The heat transport divergence that is associated with warming of
MOC water masses between 10�S and 10�N is 0.22 PW (=1015W). The fresh water
transport divergence of MOC water masses in the tropical Atlantic is 0.16 Sv. It is
concluded that the MOC can substantially affect the tropical circulation, but the tropical
circulation itself can also affect MOC properties.
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1. Introduction

[2] Heat is transferred northward in the entire Atlantic
Ocean. This can be attributed to the presence of a basin-
wide meridional overturning circulation (MOC) that con-
sists of a northward branch in the upper layers, sinking at
high latitudes associated with the formation of North
Atlantic Deep Water and a southward return flow at depth
[Schmitz, 1995]. In addition to this basin-wide MOC, heat
and mass are transferred by shallow wind-driven overturn-
ing cells at low latitudes. In these subtropical cells (STCs),
water masses subduct from the surface in the subtropics and
transfer water masses subsurface to the equator where
Ekman divergence drives upwelling and poleward surface
flow [McCreary and Lu, 1994]. Western boundary currents,
mesoscale eddies, and a complex structure of zonal currents
near the equator complicate this circulation scheme in the
tropical Atlantic [e.g., Johns et al., 1990; Schott et al.,
1998].
[3] In the subtropical South Atlantic, water masses are

transferred equatorward below the mixed layer by both the
STC and the MOC. There seems to be an unopposed
subsurface flow toward the equator originating from sub-
duction zones along the South Equatorial Current and a

compensating southward surface flow [e.g., Schott et al.,
1998; Fratantoni et al., 2000; Hazeleger et al., 2003]. In the
North Atlantic the MOC and the STC transfer water
northward in the surface layer, while the STC transfers
water southward below the mixed layer. Owing to strong
interhemispheric transport by the MOC, observations and
model results indicate that the zonal mean circulation north
of the equator is northward in the upper ocean [e.g., Jochum
and Malanotte-Rizzoli, 2001]. The MOC is presumably
localized in the northward flowing North Brazil Current,
in the along-shore currents along Guiana, and in North
Brazil Current eddies. A northern STC may hardly exist
because the North Equatorial Counter Current and the
upwelling below the Intertropical Convergence zone can
effectively block an oceanic connection between the North-
ern Hemisphere subtropics and the equator [Zhang et al.,
2003].
[4] The ventilation of the equatorial thermocline is of

importance because low-frequency tropical Atlantic climate
variability is partly related to thermocline properties which
are set by subduction [Zebiak, 1993]. Also, the properties of
the MOC can be modified due to mixing and surface fluxes
in the Atlantic basin. This makes the Atlantic, and the
tropics in particular, an active conduit for the upper branch
of the MOC. The STCs and the MOC are likely to interact
with each other, but it is largely unknown to what extent.
[5] It is our goal to determine the MOC and STC path-

ways and their interaction in the tropical Atlantic region. It
is nearly impossible to determine these characteristics from
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observational data. Water mass analysis, tracer analysis,
geostrophic, and direct current measurements can be used
to determine sources of water masses [Zhang et al., 2003;
Johns et al., 2003], but if the MOC recirculates in the STCs
and ventilates multiple times in the Atlantic, its character-
istics will be lost. However, we can quantify and visualize
this using model results. Here we will analyze output from a
high-resolution ocean model and decompose the circulation
into a part that is associated with the STCs and a part that is
associated with the MOC. We use seasonally averaged
transports and a particle tracking algorithm. The advantage
of using the Lagrangian tracking technique is that pathways
of the MOC and STC can be disentangled and that the
degree of recirculation can be quantified. Blanke et al.
[1999], Malanotte-Rizzoli et al. [2000], and Halliwell et
al. [2003] also used Lagrangian analysis in an ocean model
to determine STC and MOC pathways. These studies used
coarse resolution models and some of them used annual
mean data unlike our study. In earlier studies we showed
that high-frequency variability matters for the subduction
sites and pathways for ventilated water [Hazeleger et al.,
2003; Hazeleger and de Vries, 2003b]. Here we build
further upon our analysis of the ventilation of the equatorial
thermocline in the Atlantic.

2. Methods

2.1. Model

[6] Data from the high-resolution global ocean model
OCCAM [Webb et al., 1997] are used in this study. This
primitive equation model has realistic topography, a hori-
zontal resolution of 0.25�, and 36 vertical levels with
variable thickness. A Laplacian horizontal diffusion and
friction is used. The diffusion coefficient is 100 m2 s�1 and
the viscosity is 200 m2 s�1. The vertical mixing of tracers is
parameterized according to the Pacanowski and Philander
[1981] scheme. This results in diffusivities on the order of
0.5 cm2 s�1 away from regions with strong shears.
[7] The surface forcing consists of a relaxation of sea

surface temperature to data from Reynolds and Smith [1994]
and sea surface salinity to data of Levitus et al. [1994]. The
model has been initialized using temperature and salinity
data from Levitus and Boyer [1994] and Levitus et al.
[1994]. The model has been spun up for 9 years using
monthly mean winds and wind stresses from the European
Centre for Medium-Range Weather Forecasts [Gibson et al.,
1997]. In the following 3 years, six hourly winds were used
used.
[8] Different aspects of the simulated circulation relevant

to the problem that is studied here are presented by
Hazeleger et al. [2003], Hazeleger and de Vries [2003],
Drijfhout et al. [2003], and Donners et al. [2005]. We refer
the reader to these studies for general characteristics on
South Atlantic and tropical Atlantic circulation simulated by
the model.

2.2. Analysis Tools

[9] To determine the pathways of the MOC and STCs, we
use a particle tracking algorithm that is described by Döös
[1995] and Blanke and Raynaud [1997]. This algorithm has
been modified to allow for time-dependent fields by de
Vries and Döös [2001]. Seasonally averaged mass fluxes are

used to trace water masses off-line. We include eddy-
induced mass fluxes obtained from 5-day running mean
data as described by Hazeleger et al. [2003]. By including
eddy-induced fluxes, the time-mean effect of eddies on the
circulation is resolved and spurious diapycnic mass fluxes
are reduced. High-frequency variability also acts to disperse
trajectories, but as shown by Goodman et al. [2005], most
dispersion is due to seasonal variability and less due to
higher-frequency variability. To retain a correct amplitude
of the seasonal cycle, all seasonally varying fields were
interpolated according to the method of Killworth [1996].
[10] The particles are seeded uniformly in space over the

face of each grid box that meets a chosen starting criterion
[Blanke and Raynaud, 1997]. The number of particles is
proportional to the transport across the face of the grid box.
In this way they are grouped in regions where the transport
is highest. Also, the release of particles is distributed over
time. In this study each particle represents 0.001 Sv (Sv =
106 m3 s�1). The particles are traced using the transport at
each gridpoint while obeying mass conservation for each
particle along its trajectory. The method is flexible and
allows for forward and backward tracing between prede-
fined sections or planes.
[11] Except for analyzing individual trajectories we also

determine Lagrangian stream functions according to Blanke
et al. [1999]. Each particle is associated with a transport that
is recorded and summed on each gridpoint. This results in a
three-dimensional nondivergent field that can be integrated
to derive a transport stream function. This approach allows
for concise description of the transport by the ensemble of
particles that is much easier to interpret than the pathways
of individual trajectories.

3. Results

3.1. Decomposition of MOC and STC Transports

[12] Since both the upper branch of the MOC and the
STCs are found in the upper layers of the tropical Atlantic,
it is likely that the MOC and STC strongly interact.
Therefore we will show the flow associated with the STCs
and the MOC separately. The STC will be defined by water
that is expelled poleward in the mixed layer near the equator
and returns to the equator below the mixed layer after being
subducted. The upper limb of the MOC constitutes of water
masses that enter the basin in the south at 30�S and leave the
tropical Atlantic region in the north at 20�N.
3.1.1. Pathways
[13] To determine the structure of the STC in the South-

ern Hemisphere, we released particles at 2�S below the
mixed layer (defined as the depth at which the density is
0.1 kg m�3 greater than its surface value), traced them
backward in time, and stopped tracking after they return to
2�S above the mixed layer. This is done in a similar fashion
for the northern STC. This captures the poleward flow in the
mixed layer, subduction, and then equatorward flow below
the mixed layer. The Lagrangian stream function of the STC
is shown in Figure 1. As described in the previous section,
this stream function describes the pathways of an ensemble
of trajectories. It is a subset of all possible trajectories in the
tropical Atlantic. The STC in the Southern Hemisphere is
rather weak. South of 10�S it transfers only 1 Sv. Closer to
the equator the STC strengthens up to 4 Sv. After subduc-
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tion most water follows the western boundary toward the
equator in accordance with the results of Hazeleger et al.
[2003] and Hazeleger and de Vries [2003]. However, close
to the equator interior pathways are found as well.
[14] In the Northern Hemisphere the STC is primarily

located in the retroflection region and in the region of the
North Equatorial Counter Current. This is in accordance
with the notion that there is no strong STC in the Northern
Hemisphere, partly due to the presence of the MOC and
partly due to the potential vorticity ridge generated by the

winds associated with Intertropical Convergence Zone and
the North Equatorial Counter Current [Zhang et al., 2003].
This implies that Salinity Maximum Water which is found
in the subsurface layers of the subtropical North Atlantic
cannot reach the equator through a northern Subtropical
Cell.
[15] The pathways of the upper limb of the MOC in the

Southern Hemisphere are determined by releasing particles
at 2�S and trace them backward until they leave the basin at
30�S (Figure 2). As in the work of Donners et al. [2005]

Figure 1. Stream function (in Sv) of particles that start at 2�S below the mixed layer and are traced
backward until they return at 2�S in the mixed layer without leaving the Atlantic basin (bottom). Same for
2�N (top). These particles represent the STC in both hemispheres. Contour interval = 0.5 Sv.

Figure 2. Stream function (in Sv) of particles that start at 2�S and are traced backward until they leave
the basin at 30�S (bottom) and particles that start at 2�N and are traced forward until they leave the basin
at 20�N (top). This represents the upper limb of the MOC in both hemispheres. Contour interval = 1 Sv.
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and Drijfhout et al. [2003], most MOC water originates
from interbasin exchange with the Indian Ocean. The upper
limb of the MOC follows the South Equatorial Current and
bifurcates at the western boundary to follow the North
Brazil Current northward. The northward flow at the west-
ern boundary coincides with the pathway of the STC. These
Lagrangian stream functions show vertically integrated
transports and we discuss how much the STCs and MOC
are intertwined in the vertical in the next sections.
[16] For the Northern Hemisphere, particles are traced

forward from 2�N until they pass 20�N. A substantial
amount of MOC water retroflects in the retroflection of
the North Brazil current just north of the equator. About 5 Sv
of MOC water follows the western boundary northward,
probably by North Brazil Current eddies (which are present
in this model and represented in the eddy-induced trans-
ports). Another 6 Sv makes an eastward excursion to follow
an interior pathway. In the cyclonic circulation between
50�W and 15�W it turns northward. Some of that water
upwells and moves northward in the Ekman layer. The
water masses that follow this interior route ultimately join
the North Equatorial Current that carries the water westward
to the western boundary. Here 11.5 Sv of MOC water
crosses 20�N while 16 Sv enters the basin at 30�S. The
difference is due to drift in the model. Adjustment of the
model circulation to the applied surface fluxes leads to a
reduction of production of North Atlantic Deep Water. This
leads to an apparent downwelling of Intermediate Water
in the Northern Hemisphere tropical latitudes where it
becomes entrained in the southward flow of North Atlantic
Deep Water. However, pathways in the tropics are not
strongly affected by the drift.
[17] Finally, there is a substantial amount of water that

feeds the tropics that does not subduct or upwell and that is
not part of the MOC. This water recirculates in horizontal

gyres either in the mixed layer or below the mixed layer.
Figure 3 shows the stream function of these water masses.
Again, the western boundary stands out in the south and the
retroflection area in the north. Unlike the STC pathways the
recirculated water extends further to the south and to
the east.
3.1.2. Cross Sections
[18] Cross sections of the water mass pathways that were

described above can reveal how much the STCs and MOC
interact. In Figure 4 we show the location of particles in the
STC and MOC that cross 10�S. The particles were released
at 2�S and traced backward as described before. Positions
are shown of particles that arrive here for the first time after
being released. This cross section shows that the MOC and
STC are well separated upon first approach toward the
equator. Both the MOC and STC are transferring water
masses northward below the mixed layer at the western
boundary, but MOC water masses are located at larger depth
than the STC water masses. There is a substantial interior
transport of the STC as well. As we traced particles
backward from 2�S, MOC water did not have a chance
yet to upwell at the equator or further north and recirculate
in the STC.
[19] Figure 5 shows the last time when water mass

particles cross 10�S when tracing back from 2�S. For the
MOC this results in the same picture as Figure 4. That is,
MOC water masses transfer northward only and hardly
recirculate between 10�S and 2�S. For the STC we recog-
nize the upper limb in the mixed layer. This southward
component of the flow only occurs in the interior, which
indicates that the northward flowing western boundary
currents are strong enough to overcome the southward
Ekman transport.
[20] A similar analysis for the Northern Hemisphere

shows a much different structure. When particles are re-

Figure 3. Stream function of particles (in Sv) that start at 2�S either below or in the mixed layer and are
traced backward until they return at 2�S either below or in the mixed layer without leaving the Atlantic
basin (bottom). These particles have not passed through the mixed layer base. Same for 2�N (top). These
particles represent a horizontal, recirculating gyre flow in both hemispheres. Contour interval = 0.5 Sv.
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leased at 2�N and traced forward, it appears that MOC water
masses are partly upwelled. This results in northward
transfer of both STC and MOC water masses in the mixed
layer at 6�N (Figure 6). Between about 300 and 900 m
depth, Antarctic Intermediate Water is transferred northward
by the MOC. The transport occurs partially along the
western boundary and partially in the interior in accordance
with the stream function shown in Figure 2.
[21] Between the mixed layer base and 300 m there is

strong recirculation near the western boundary, but in the
interior the net transport is southward as indicated by the
positions of the particles that cross 6�N for the last time
before returning to the equator or leaving the region at 20�N
(Figure 7). The MOC positions hardly change between the
first time and the last time that MOC particles pass 6�N.
However, the lower limb of the STC on the Northern
Hemisphere is visible now in the interior at 100 m depth.
So, on the Northern Hemisphere the upper branch of the

MOC and the STC interact in the mixed layer, while the
return flow of the STC, which is in itself weak, is well
separated from the MOC in the interior.
[22] The cross sections shown so far could not reveal the

strength of interaction between the MOC and STC in the
Southern Hemisphere. However, interaction takes place
when we consider the location of the particles when tracing
forward from 20�S up to 20�N and plot the location when
particles for the last time pass 6�S. Unlike the analysis of
the cross sections on the Southern Hemisphere shown
before, now the parcels could upwell near the equator and
recirculate. When we compare these locations with the
positions of the particles that were traced backward from
2�S as in Figure 4, we see that some MOC water and STC
water is found at the same locations (Figure 8). This is most
notable between the surface and 150 m depth at the western
boundary where the flow is northward and at 100 m depth
in the interior where the meridional flow is southward. This

Figure 4. Cross section at 10�S of particles that were released at 2�S and traced backward until 10�S.
This is the position where the particles pass 10�S northward for the first time (southward in a backward
direction). STC and MOC particles are distinguished, that is, MOC particles leave the Atlantic basin and
STC particles, when traced backward, return to 2�S above the mixed layer. Every 20th particle is shown.

Figure 5. Cross section at 10�S of particles that were released at 2�S and traced backward until 10�S.
This is the position where the particles pass 10�S for the last time. STC and MOC particles are
distinguished, that is, MOC particles leave the Atlantic basin and STC particles, when traced backward,
return to 2�S above the mixed layer. Every 20th particle is shown.
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