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ABSTRACT

A reduced-gravity, primitive equation, upper-ocean GCM is used to study 
subduction pathways in the Atlantic subtropical and tropical gyres. In 
order to compare the different responses in the pathways to strong and 
weak wind stress forcings, Hellerman and Rosenstein (HR) and da Silva 
(DSV) climatological annual-mean and monthly wind stress forcings are 
used to force the model. It is shown that subtropical–tropical 
communication is dependent on both the strength and structure of the 
wind forcing. A comparison between the two experiments shows two 
results for the North Atlantic: 1) the full communication window between 
the subtropical and tropical gyres is similar in width despite the difference 
in the intensity of the winds and 2) the interior exchange window width 
is substantially larger in the weak forcing experiment (DSV) than the 
strong forcing experiment (HR), accompanied by a larger transport as 
well. The South Atlantic exhibits a similar communication between the 
subtropics and Tropics in both cases. The annual-mean of the seasonally 
varying forcing also supports these results. A two-layer ventilated 
thermocline model is developed with a zonally varying, even though 
idealized, wind stress in the North Atlantic, which includes the upward 
Ekman pumping region absent from the classical ventilated thermocline 
model. The model shows that the communication window for subduction 
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pathways is a function of the zonal gradient of the Ekman pumping 
velocity, not the Ekman pumping itself, at outcrop lines and at the 
boundary between the subtropical and tropical gyres. This solution is 
validated using three additional GCM experiments. It is shown that the 
communication windows are primarily explained by the ventilated 
thermocline model without considering the buoyancy effects. From the 
GCM experiments, the interior exchange window, which is a part of the 
communication window and cannot be explained by the ventilated 
thermocline model, is widened by two factors: 1) eliminating part of the positive Ekman pumping region in the eastern 
North Atlantic and 2) weakening the Ekman pumping over the whole region. The implications of these results suggest 
that changes in the wind forcing on the order of the difference in the wind products used here can have a significant 
effect on the attributes of the communication window and, hence, the thermocline structure at lower latitudes.

1. Introduction 

The interactions between the Tropics and the subtropics have only recently received significant attention, as studies have 
typically focused separately on either the subtropical or equatorial ocean circulations. Subtropical–tropical interactions have 
been investigated mostly in the Pacific, where there is well-established observational evidence of flow of thermocline water 
from the subtropics to Tropics. Wyrtki and Kilonsky (1984) show that the core of the equatorial undercurrent (EUC) lies 
between 15° and 25°C, implying that the source region for this water is between latitudes 20° and 40° in both hemispheres, 
where these isotherms outcrop. Western boundary sources (Tsuchiya 1981; Lindstorm et al. 1987; Tsuchiya et al. 1989; 

Butt and Lindstrom 1994) supply 13 Sv (Sv  106 m3 s–1) to the EUC. By the time the EUC crosses 153°W in the 
central Pacific it carries 25 Sv of extratropical water eastward. The path this subtropical water takes to the equator is still 
controversial, and especially controversial is the existence of an interior pathway. Evidence of the latter was first provided 
by Wyrtki (1975), who showed that some geostrophic streamlines from the North Pacific intersect the equator in the basin 
interior after following a “zig zag”  pattern determined by the westward North Equatorial Current (NEC) and by the eastward 
North Equatorial Countercurrent (NECC). Even more striking is the evidence presented by Fine et al. (1981) and Fine
(1987), who demonstrate the presence of a persistent subsurface tritium maximum centered on the equator between 145° 
and 135°W. They conclude that high tritium subtropical source waters are transported equatorward by interior geostrophic 
flow.

The observational evidence for subtropical–tropical exchanges in the Atlantic is more ambiguous. The Atlantic circulation 
is much more complex than the Pacific due to the presence of the meridional overturning cell (MOC) driven by the polar 
convection regions in the Norwegian/Labrador Seas, where North Atlantic Deep Water is formed. The evidence provided by 
tracer distributions shows a pattern very different from the one observed in the Pacific. In the Atlantic, the tritium 
distribution on the σθ = 26.80 isopycnal surface, near the base of the thermocline and above the Antarctic Intermediate 

Water (AAIW), shows a band of depressed tritium values between 10° and 20°N separating the northern tritium-rich waters 
from the southern depleted ones. The Atlantic EUC core lies in the same temperature range as that in the Pacific, 14°–25°C 
(Düing et al. 1980), corresponding to a range in σθ of 24.5–26.8 (Frantantoni 1996; Frantantoni et al. 2000), indicating that 

the source regions for these waters lie in the subtropics. Most of the water in the EUC seems, however, to be of South 
Atlantic origin (Metcalf and Stalcup 1967; Wilson et al. 1994).

On the theoretical side, the first investigation of the dynamical connections between the tropics and the subtropics was 
carried out by Pedlosky (1987) as an equatorial extension of the ventilated thermocline theory (Luyten et al. 1983, hereafter 
LPS). The intriguing aspect of this theory is that the EUC and equatorial upwelling are remotely driven by subtropical 
subduction with the equatorial upwelling adjusting to absorb all the EUC transport. The theory thus provides an alternative to 
the “classical”  explanation of the EUC being primarily driven by the equatorial wind field. The theory was subsequently 
extended by explicitly including the different dynamical regimes that connect the subtropics to the equator both in analytical 
studies (McCreary and Lu 1994; Liu 1994) and in numerical ones (McCreary and Lu 1994; Liu et al. 1994; Lu and
McCreary 1995; Liu and Philander 1995; Blanke and Raynaud 1997; Rothstein et al. 1998; Lu et al. 1998).

Some of the numerical studies even provide contrasting results; see for instance, the numerical investigation of Lu and
McCreary (1995) with a reduced-gravity two-layer model and investigations carried out with fully three-dimensional general 
circulation models (GCMs) by Liu et al. (1994), Liu and Philander (1995), Blanke and Raynaud (1997), and Rothstein et al.
(1998). In the Lu et al. (1988) and Lu and McCreary (1995) work, water masses subducted in the subtropics must flow to 
the western boundary before turning equatorward in a western boundary current to join the EUC at the equator.

By and large, all of the above studies have focused on the Pacific. To our knowledge, the only numerical investigations 
carried out for the Atlantic are those by Frantantoni (1996), Frantantoni et al. (2000), Harper (2000), Blanke et al. (1999), 
Malanotte-Rizzoli et al. (2000), and Lazar et al. (2001a,b). Frantantoni's (1996) study focuses on the total transport of mass 
from one gyre to another and the modifications induced in this total transport by superimposing the MOC on the wind-driven 
circulation. In Harper's study, particle trajectories indicate that the subducted water reaching the EUC comes exclusively 
from the southern subtropics. Malanotte-Rizzoli et al. (2000) show that surface waters in 20°–22°N and 6°–15°S reach the 
equatorial region in the Atlantic.
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The conceptual framework that has emerged from this body of research has led to the definition of four windows in the 
subtropics. The first one is the “recirculation window”  in which fluid parcels subducted in the western subtropics at 
latitudes between 15° and 30°N recirculate within the subtropical gyres both in the Northern and Southern Hemispheres. The 
second pathway originates in the central subtropics where subducted particles flow first to the western boundary, then turn 
equatorward and are entrained into the EUC at the equator—this is the “western boundary exchange window.”  The third 
pathway reaches the equator and the EUC in the basin interior far from the western boundary—this is the “interior exchange 
window.”  The final pathway is the “island circulation”  that flows equatorward first and eventually goes back (a closed 
cyclonic circulation) in the eastern part of the basin. We will examine the two exchange windows (i.e., western boundary 
and interior exchange windows) and the island circulation since these regions have interactions between the subtropics and 
the Tropics. Also, we define a communication window that consists of the two exchange windows.

In the GCM simulations both in the Atlantic and Pacific, there is a well-defined, unambiguous interior pathway from the 
subtropics to the equator. Those previous studies showed various widths of each window without a full explanation. Liu
(1994) used a LPS-type model driven by zonally uniform winds, with a zonally uniform negative Ekman pumping, to explain 
the width of the communication window as a function of Ekman pumping velocity at the gyre boundary and the outcrop 
line. However, the North Atlantic has a large region of positive Ekman pumping that is not negligible, to which his solution 
does not apply. Therefore, the major objective of this paper is to investigate and explore the sensitivity of the above scenario, 
especially the presence or absence of the interior exchange window from which tracers or temperature anomalies propagate 
without changing their properties to the surface forcings. Wind stress, heat, and moisture fluxes will be used in numerical 
simulations for the Atlantic to study such dependencies. We will use a modified LPS model as well. The basin is 
characterized by a strong intertropical convergence zone (ITCZ) that has important seasonal fluctuations, being located 
between 0° and 10°N in winter but shifting to 10°–20°N and intensifying in summer. The ITCZ induces a pool of surface 
Ekman upwelling that may constitute a potential vorticity barrier, deflecting subducted parcels to the western boundary. A 
further major objective is to assess how the water mass pathways diagnosed from the calculation forced by steady winds 
are representative of the pathways obtained by including the seasonal cycle of the wind stress, and hence to what extent can 
they be used as predictors for the seasonally varying circulation.

The paper is organized as follows. In section 2 a brief description is provided of the model, the forcing functions, and the 
experiments. In section 3 the Atlantic subtropical/tropical circulation obtained with steady wind stress forcing is analyzed. 
Water mass pathways are diagnosed first by comparing the Bernoulli function associated with specific isopycnal surfaces 
(which is the streamfunction for an adiabatic ocean). A trajectory analysis is also carried out by injecting Lagrangian floats 
onto isopycnals of interest (i.e., the isopycnals bounding the upper equatorial thermocline, both in the Northern and Southern 
Hemispheres). In section 4, we compare the water mass pathways predicted by the steady wind forcing with those 
diagnosed in the simulation with seasonally varying winds. In section 5, we explore mechanisms determining the interior 
pathway in the North Atlantic, using a steady-state analytical calculation based on the LPS theory. Finally, in section 6, we 
present the conclusions of the research and possible directions for future work.

2. Model description 

A reduced-gravity, primitive equation, sigma-coordinate OGCM (Gent and Cane 1989; Murtugudde et al. 1996) with the 
embedded hybrid mixing scheme of Chen et al. (1994) is employed to simulate the Atlantic circulation. The model was used 
previously to study subduction in the North Pacific by Rothstein et al. (1998). The model explicitly accounts for a complete 
upper ocean hydrology (Murtugudde and Busalacchi 1998) with freshwater fluxes treated as a natural boundary condition 
(Huang 1993). This model is also coupled to an atmospheric mixed layer model (Seager et al. 1995), which calculates 1) net 
heat flux that requires inputs of solar radiation (ERBE), cloud cover (ISCCP), precipitation (P) (Oberhuber 1988) and winds; 
and 2) evaporation (E), which will be used to calculated the freshwater flux (E − P). Therefore, there is no explicit 
relaxation to a prescribed sea surface temperature so comparison with a climatology (Levitus 1982) is necessary to evaluate 
the model performance. There is no flux correction term and salinity is forced by the freshwater flux (E − P).

The model domain is 50°N–50°S, 100°W–20°E (Fig. 1 ) with Ekman pumping fields evaluated from climatological 
mean wind stress curl fields. Horizontal resolution is 0.5° × 0.5°. The vertical structure of the model ocean consists of a 
mixed layer and a specified number of layers below. The mixed layer depth and the last sigma layer are computed 
prognostically. The remaining layers are computed diagnostically such that the ratio of each sigma layer thickness to the total 
layer thickness remains fixed to a prescribed value. Twenty sigma layers are used and the mean sigma-layer thickness in the 
outcropping region of the North Atlantic subtropical–tropical circulation are 14.2 m (layers 2–5), 28.4 m (layers 6–9), 56.7 
m (layers 10–13), 85.1 m (layers 14–15), 142.0 m (layers 16–17), 280.0 m (layer 18), and 420.3 m (layers 19–20). The 

bottom layer is set to be σθ = 27.8 (kg m–3, hereafter, the unit is not used). This isopycnal lies about 2000 m deep. 

The hybrid vertical mixing scheme for the mixed layer combines the traditional bulk formulae of Kraus and Turner (1967) 
with the dynamic instability model of Price et al. (1986). This allows the inclusion of three major processes of oceanic 
vertical mixing: 1) the bulk mixed layer model, which relates the mixed layer entrainment/detrainment to the atmospheric 
forcing; 2) the gradient Richardson number mixing, which accounts for shear flow instability; and 3) a convective 
adjustment which simulates the high-frequency convection. 

The reduced-gravity model could underestimate the northward return flow caused by the meridional overturning 
circulation since the deeper part of the ocean is not included in the model. However, this issue is partially addressed by 
restoring temperature, salinity, and the layer thickness toward their observed vertical profiles at the open boundaries. The 
model ocean is initially at rest with initial temperature, salinity, and layer thicknesses taken from the Levitus (1982) annual 



mean data. The annual mean of the temperature, salinity, and the layer thickness from Levitus (1982) climatology is used to 
restore the northern and southern boundaries (within 5°) in annual-mean experiments. For seasonally varying experiments, 
the monthly temperature, salinity, and layer thickness from Levitus (1982) are used to restore the northern and southern 
boundaries. These sponge-layer boundary conditions thus mimic the flow to the North Atlantic from the Arctic Ocean and 
the mass exchange between the South Atlantic and the Antarctic polar ocean. The model is driven by the seasonally varying 
and annual means of da Silva et al. (1994) and Hellerman and Rosenstein (1983) 1) wind stress fields, 2) heat fluxes, and 3) 
freshwater flux (E − P), calculated in the atmospheric mixed layer model (Seager et al. 1995). Ekman pumping velocity 
fields outside of the equatorial region (excluding the region between 5°N and 5°S) for both wind stress datasets are shown 
in Fig. 1 , calculated as 

 

where the wind stress is τ = (τx, τy), the Coriolis parameter is f , atmospheric density is ρ, and β = f/ y. The second term 
on the right-hand side causes downwelling, even in the equatorial gyre (bounded by the thick dashed lines in Fig. 1 ), that 
allows water communication from the surface to the interior ocean through the subduction process. The model is integrated 
for over 50 years in each experiment until it reaches a reasonable equilibrium state both for the seasonally varying and the 
annual mean experiments.

3. Subtropical–tropical circulation in the Atlantic  

In this section we describe the results for experiments driven by steady annual mean forcings. Experiments driven by the 
da Silva et al. (1994) wind stress are referred to as DSV experiments, and those driven by the Hellerman and Rosenstein
(1993) wind stress are referred to as HR experiments. The major difference between these two wind stress products is that 
DSV is weaker and HR is stronger in the subtropical–tropical gyres, although both experiments show a reasonable model 
SST field.

The vertically integrated meridional transport stream function is calculated according to 

 

where the bottom is taken to be the depth of the σθ = 27.8 surface, zm is the mixed layer depth,  is the meridional 

velocity, and xe is the eastern boundary of the basin. The subduction process and the mixed layer process involve different 

physics, and we want to assess how much of the water is transported into the equatorial region through the thermocline. 
These transports are shown in Fig. 2 . Due to the stronger HR wind stress compared to DSV wind stress, 1) the 
transport in the HR subtropical gyre is larger and 2) the subtropical and equatorial regions in the HR North Atlantic are 
separated by a rather strong cyclonic equatorial gyre centered at 10°N. This difference is particularly evident in the region of 
the model North Brazil Current. In the South Atlantic, the equatorial circulation is similar for both forcings.

The thermocline structure at 10°N is more tilted in the east–west direction for the stronger forcing experiment (HR), 
indicating a stronger current system. The equatorial thermocline structure along 10°N and the equator is examined to identify 
which isopycnal surfaces bound the thermocline for the strong and weak forcing experiments (Fig. 3 ). The upper 
equatorial thermocline is bounded approximately by σθ = 24.0–25.0 in the strong forcing experiment (HR) and by σθ = 24.5–

25.0 in the weak forcing experiment (DSV). The lower bounds are approximately the largest density range where the 
subtropical thermocline water flows into the equatorial thermocline without reaching the western boundary. The latitude of 
the outcrop lines of these bounding isopycnals is similar in both experiments; thus it is appropriate to analyze results with 
respect to different bounding isopycnals in each experiment and the thermocline structure at 10°N because the outcrop lines 
of the bounding isopycnals are located approximately within 10° and 15°N. 

a. The Bernoulli function 

In the context of a general depiction of the flow field, it is useful to interpret all the results in terms of adiabatic, inviscid 
dynamics in which water parcels move along isopycnal surfaces. Pathways are diagnosed on several isopycnal surfaces 
using the Bernoulli function. The isopycnals of interest were determined from the thermocline structure (Fig. 3 ) in order 
to assess water pathways from the subtropical to the tropical gyres.

The Bernoulli function, B, on an isopycnal is defined as 

 



where σθ = a is the isopycnal surface of interest and ua is the current vector on the isopycnal surface of σθ = a; P0 = ρ0g

 in which ρ0 = 1020.0 g cm–3 and  is the sea surface elevation. This is the definition of the pressure (i.e., the Bernoulli 

function) on an isopycnal surface for a steady and incompressible flow (Welander 1971). Note that σθ does not correspond 

to the model sigma layer since the former is an isopycnal and the latter is a layer that is determined as a prescribed ratio to 
the total layer thickness.

Flow fields on the isopycnals of (σθ = 24.5, 25.0, 25.5) for the weak forcing experiment (DSV) are shown in Fig. 4  

with current vectors superimposed. First, the general features will be described using the result from this experiment. The 
“island”  of closed streamlines (the shaded region) is induced by the region of positive Ekman pumping (Fig. 1 ), which is 
located in the eastern basin between 10° and 20°N in the North Atlantic. However, the shaded regions extend west of the 

region of positive Ekman pumping because the western end of the island is determined by the condition x
eastern we dx = 0, 

which is different from the line of we = 0. The interior pathways that define the interior exchange window (marked on the 

figures) emanate from the outcrop lines through the equatorial region, which start at 40°W on the σθ = 24.5 isopycnal. 

Together with the western boundary exchange window, the communication window (the interior and western boundary 
windows) comprises a region of 10° width at 15°N. On the σθ = 25.0 isopycnal, the communication window is 

between 35°W and 43°W at 17°N. No interior pathways exist on the deeper isopycnal σθ = 25.5 (Fig. 4c ). In the 

South Atlantic, interior pathways are clearly present on both σθ = 24.5 and σθ = 25.0. The western boundary exchange 

window is particularly evident on all three isopycnals of Fig. 4 . On σθ = 25.0 (Fig. 4b ), the interior and western 

boundary windows emanate from the southern outcrop line between 10°E and 15°W at 25°S. 

The Bernoulli function on the σθ = 24.5 surface for strong forcing (HR) experiment is compared to the one of the σθ = 

25.0 surface for weak forcing (DSV) experiment since both outcrop lines are located closely and the isopycnal depth is in a 
similar range. The island structure is stronger in the strong forcing (HR) experiment, which is in reasonable agreement with 
the Ekman pumping pattern, since the strength of the upward Ekman pumping velocity is significantly larger for the stronger 
wind (HR) (Fig. 1 ). The interior pathways from the outcrop line through the equatorial region are located west of the σθ 

= 24.5 island, which form a narrower region than that for the σθ = 25.0 of the weak forcing experiment, and no interior 

pathways exist on deeper isopycnals. The Bernoulli streamlines in the South Atlantic also show clear interior pathways from 
the outcrop lines, regardless of the intensity of the wind forcing.

Next, we demonstrate that subduction occurs in the subtropical gyre in both hemispheres corresponding to the interior 
and western boundary exchange windows, where Bernoulli isolines emanate from the outcropping lines of the isopycnals to 
the equatorial thermocline. Following Cushman-Roisin (1987), the instantaneous subduction rate is given by 

 

with h the mixed layer depth and (u, ) the mixed layer currents. Since our simulation is stationary, the first term on the 
right-hand side of Eq. (4) is zero and the annual subduction rate is simply the constant divergence of the mixed layer 
horizontal flow integrated over one year. Figure 6  displays this quantity for the strong forcing (HR) experiment. Two 
regions are relevant for the present analysis in the pattern of the annual subduction rate. First, in the northwestern Tropics, 

there is a broad subduction region with an annual rate of the order of 50 m yr–1 confined between 35° and 48°W 
centered at 15°N. This subduction region corresponds well to the region of the North Atlantic communication window 
(interior + western boundary) found on σθ = 24.5 in Fig. 5 . In the South Atlantic, there is a broad subduction region 

between 15° and 30°S, 20°W and 5°E. This subduction region corresponds well to the communication window 
originating from the outcropping line of σθ = 24.5 in the South Atlantic in Fig. 5 . Note that the broad patterns of this 

subduction rate compare well to those computed for a climatological seasonal cycle of the same model configuration (Lazar
et al. 2001a).

We comment now about the realism of the model simulations and how adequately they reproduce the zero-order features 
of the Atlantic subtropical and tropical circulations. We carry out comparisons between our Bernoulli functions on different 
isopycnal surfaces and the dynamic heights evaluated by Zhang et al. (2002, manuscript submitted to J. Phys. Oceanogr.) on 
the same isopycnals from the Atlantic climatological hydrography. (We are unable to show their results as they are part of a 
manuscript in preparation.) Suffice to say that the Bernoulli patterns obtained in the DSV experiments, shown in Fig. 4 , 
compare extremely well with the dynamic heights on the same isopycnals both in the northern and southern Atlantic. This 
comparison gives us confidence that the exchange transports and window sizes evaluated in the numerical experiments in 
this study indeed provide realistic estimates for the mean circulation.

b. Trajectory analysis 

To confirm the above results, a Lagrangian trajectory analysis was carried out using the mean current data projected onto 



isopycnal surfaces. Particles are released beneath the mixed layer along outcrop lines to identify regions of communication 
between the subtropics and Tropics. We do not show the trajectories of this consistency check as they confirm the patterns 
provided by the Bernoulli function fields.

The boundaries of the recirculation/western boundary/interior/island windows along the outcrop lines of the upper 
equatorial thermocline isopycnals are shown in Fig. 6  for the density surface lying in the same depth range and 
outcropping in the same latitude range. The strong forcing experiment (HR) shows a smaller interior exchange window than 
for the weak forcing experiment (DSV), although both isopycnal lines of σθ = 24.5 (HR) and σθ = 25.0 (DSV) are at similar 

locations. In a similar way, the interior exchange window is smaller on σθ = 24.0 for the strong forcing (HR) experiment 

than on σθ = 24.5 for the weak forcing (DSV) experiment. The interior exchange windows (marked with circles) are wider 

for weak forcing (DSV), implying that the equatorial region is ventilated by a wider area in longitude in the subtropical gyre, 
independently from the actual transport.

Both the Bernoulli function diagnostics and the Lagrangian trajectory analysis are carried out by projecting the current 
velocities onto isopycnal surfaces, thus not accounting for possible diapycnal flow. These diagnostics are meant to be only 
qualitative, and not aimed at quantifying water mass transformations as in Blanke et al. (1999). We point out, however, that 
the Bernoulli function provides information about possible diapycnal flows that can be calculated by using horizontal 
velocities and the convergence of the water. The Bernoulli function is the streamfunction of adiabatic flow. Therefore, in 
regions where the velocity vectors are parallel to the Bernoulli isolines, the flow occurs on isopycnal surfaces, and the 
diapycnal component is negligible. Examination of Figs. 4  and 5  shows that indeed the interior flow in the North 
Atlantic, and particularly the flow subducting in the communication windows and ventilating the equatorial thermocline, is 
parallel to the velocity vectors and thus very likely to be adiabatic with respect to this pathway diagnostic. Regions where the 
velocity vectors cross the Bernoulli isolines are mostly located near the western boundary, along the equator and, less 
significantly, in the eastern upwelling regions. An interior region where the Bernoulli diagnostic suggests interior diapycnal 
fluxes, with significant crossing of velocity vectors and isolines, is centered near 10°S, 5°W within the Angola gyre, below 
the tropical upwelling seen in Fig. 7 . Therefore, water mass transformations in the model occur only in these areas and 
not in the exchange window regions located in the eastern part of the basin.

c. Transport analysis 

The meridional transport streamfunction is calculated according to 

 

where  is the meridional velocity, and  and  are the two bounding isopycnals. Since the focus of this paper is 
on the subsurface pathways, transports are calculated for the waters that have already been subducted from the mixed layer 
into the subtropical thermocline. The transport streamfunction is evaluated from the second layer to the last layer of the 
reduced-gravity model, not including the mixed layer. The thermocline transport streamfunction is calculated between the 
bounding isopycnals and constitutes the transport to the equatorial thermocline from the subtropical gyre.

We examined the sensitivity of the transport estimates to the choice of the bounding isopycnals, repeating the analysis for 
a wide range of densities with a 0.1 σθ interval. Then, we chose the two bounding isopycnals to quantify the subduction 

process in a layer scenario. The deepest bounding surface chosen is the one where the interior pathway disappears. As an 
example, in the weak forcing (DSV) experiment, no interior pathway is present on the σθ = 25.5 isopycnal (Fig. 4c ), and 

σθ = 25.2 was the deepest bounding surface. The upper bounding surface is chosen to be the one outcropping north of 10°

N where the subduction process is not affected by strong seasonal variability in the North Equatorial Current. The transports 
were then evaluated with the fine σθ interval, which however did not change the ratio of the transport of the different 

exchange windows significantly, as compared to the calculation with only two bounding isopycnal surfaces. Only a more 
detailed description with unchanged overall transports is provided by the fine-interval calculation.

Transports between the two isopycnals are evaluated at 10°N (close to the gyre boundary between the subtropical and 
equatorial gyres) for the three windows (out of four) that interact with the Tropics: the western boundary, interior, and 
island regions. Here 10°N was chosen because the positive Ekman pumping extends farthest west at this latitude as 
explained in the introduction, a latitude where the communication transport is expected to be the least. The entire 
communication window is at its zonal minimum.

Figure 8  shows four transport components: the total southward transport below the mixed layer, the western 
boundary exchange transport, the interior exchange transport, and the island transport. The transport within each window is 
not normalized; instead, the ratio to total southward transport is calculated for each of the three components and given as a 
percentage in the figure.

The western boundary exchange window plays a more important role for strong forcing (HR) while the interior exchange 
transport appears to be small. For the weak forcing (DSV), the interior exchange window transport is 1/2 of the western 



boundary exchange transport, which is surely not negligible compared to the ratio of 1/5 for strong forcing (HR) 
experiment. It is shown that the thermocline transport for weak forcing (DSV) has a larger interior exchange window as 
well as a larger transport through it. The mechanism will be discussed in section 5.

4. Comparison with seasonally varying experiments 

In section 3, it was seen that a weaker wind stress creates a wider interior exchange window and more transport through 
this window. The question arises whether this picture is still valid for the yearly averaged circulation driven by seasonally 
varying wind stress fields. Mean fields from seasonally varying experiments are therefore examined for possible rectification 
of the seasonal effects onto the annual mean fields.

Clearly, the wind stress pattern determines the westward extension of the island of closed cyclonic circulation. The 
seasonal variability of the wind stress shows that the zero wind stress curl line (ZWCL) moves from 10° to 20°N from 
February to August, and hence the positive Ekman pumping velocity (in the equatorial gyre) completely disconnects the 
barotropic subtropical and equatorial circulations in August (Fig. 9 ). As a result, the streamlines are bent strongly 
westward in August at 10°N, while they proceed directly to the equator in the interior in February. These results suggest 
that the smallness of the positive Ekman pumping region becomes a crucial factor in allowing for a communication window, 
at least within the seasonal timescale.

However, the annual mean from experiments forced by the seasonal climatology of the wind stresses are found to be 
similar to the annual mean experiments: 1) The trajectory analysis (not shown) and the Bernoulli function fields diagnosed in 
the yearly averaged circulations (Fig. 10 ) again show that the interior exchange windows are wider for the weak forcing 
experiment; 2) the ratio for the western boundary exchange transport to the interior transport is again 2:1 for the weak 
forcing (DSV) experiment, while it is 5:1 for the strong forcing (HR) experiment (figures not shown), the same ratio as 
shown in the annual mean experiments (Fig. 8 ). In the seasonally varying experiment, the trajectories were calculated in 
the fully time-dependent circulation as well as in the annual mean, and they showed little difference for the timescale of 3–5 
years if the particles are released in the optimum season, when the Ekman pumping is downward (Lazar et al. 2001a). As 

long as the flow fields do not include mesoscale eddies, the flow of the subduction process is consistently slow ( 1 cm s–

1) and is not affected significantly by the seasonal variability after the particles are subducted into the thermocline. For this 
reason, after the particles are subducted, the overall trajectories are similar in the fully time-dependent, the mean of the 
seasonally varying, and the annual-mean-averaged experiments. Therefore, results for the annual mean experiments are used 
to investigate the mechanisms responsible for the changes in the exchange windows and pathways in response to the wind 
stress fields.

5. Exchange pathway mechanism in the North Atlantic 

Liu (1994) investigated the factors that determine the size of the subtropical–tropical communication window by 
comparing the results from a GCM and an idealized LPS-type model. The analytical treatment presented here follows Liu's, 
but with a major and important difference. Like Liu (1994), we consider a 2.5-layer model, that is, a model with two moving 
layers, in which the lower layer is the subduction layer to the equatorial region (Fig. 11 ). Even though Liu (1994) added a 
surface mixed layer, he actually evaluated the condition for the lower (second) layer to ventilate into the tropics in the limit 
of vanishing surface layer thickness [his Eq. (4.2)], so his LPS model is the same as ours. However, Liu (1994) used zonally 
uniform winds with a zonally uniform negative Ekman pumping, and it is not obvious that such a solution may apply when 
there is a region of positive Ekman pumping or a zonal gradient in the wind stress curl. Regions of positive Ekman pumping, 
induced by the ITCZ, are observed in both the eastern tropical Pacific and Atlantic Oceans. They produce a closed cyclonic 
circulation, reproduced in our experiments and in Lazar et al. (2001a) for the Atlantic and in Rothstein et al. (1998) for the 
Pacific in realistic GCM configurations. Such a closed cyclonic circulation is also observed in the dynamic heights evaluated 
by Johns et al. (2001) from the Atlantic climatological hydrography. Thus, Liu's (1994) analytical treatment excluded a 
major feature of the eastern tropical basin around 10°–20°N in the Atlantic where an important subduction region exists, as 
previously shown in Fig. 7 . The analytical treatment in our study includes the region of positive Ekman pumping. Thus, 
the major difference from Liu's (1994) work is that our Ekman pumping velocity is not zonally uniform but longitude 
dependent. We will show that the width of the “communication window”  in Liu's (1994) terminology, which combines our 
western boundary and interior windows, depends on the zonal gradient of the Ekman pumping velocity and not on the 
Ekman pumping itself. This idealized prediction is confirmed by the more realistic numerical calculations at the end of this 
section.

The idealized basin is shown in Fig. 11 . Assumptions are made that specifically apply to low-latitude North Atlantic 
wind stress fields. The Ekman pumping (We) is assumed to be a linear function of longitude with a zonal gradient (W0(f)) 

and zero-crossing at the longitude xc(f) (x and f  represent longitude and latitudes, respectively): 

 

The Ekman pumping distribution follows this approximate form between 5° and 20°N, where the North Atlantic 
subtropical–tropical circulation is examined in this study. The basic LPS equations are given in the appendix. We have 
positive Ekman pumping in the easternmost region, which induces a cyclonic gyre in the first(surface) layer. The boundary 
of the cyclonic gyre is determined by the line of X (f), where 



 

that is, where barotropic = 0. In our approximation of We, the Ekman pumping = 0 line, xc, is located in the center 

between the eastern boundary and X (f) because the integrated form of the Ekman pumping [Eq. (5)] is a quadratic form 

(this is simply the Sverdrup relation).

The inclusion of a positive Ekman pumping region, and of the closed cyclonic gyre, leads to an artificial assumption that 
the outcrop line of the subduction layer at the subduction latitude f0 terminates at X  (see Fig. 11a ), where the outcrop 

line intersects the line of zero barotropic transport enclosing the cyclonic gyre. We admit this assumption to be unrealistic, 
but it allows derivation of a simple analytical solution that highlights the importance of the zonal gradient—W0(f0)—of the 

zonal pumping velocity at the subduction latitude in determining the width of the communication window from the 
subtropics to the equator. Under this assumption, the easternmost characteristic emanating into the lower layer from the 
subduction latitude f0 is the line x4 (Fig. 11a ). The Sverdrup relation can be closed within X , thus confining the interior 

wind-driven cyclonic circulation. Between x4 and X  the lower layer is forced neither by subduction nor by the wind, and 

hence is motionless. This is the shadow zone.

To derive the width of the communication window, we consider the characteristic x2 that separates the ventilated region 

from the water recirculating in the subtropical gyre. Specifically, the potential vorticity at point (0, fd) is assumed equal to 

that at the subduction point (x2, f0): 

 

where the γi is the density difference between the layer i and i + 1. The communication window that supplies water to the 

equatorial region is defined as the distance from the western end of the exchange window (x2) to the zero Sverdrup 

transport line (X (f0)). Thus, the window can be treated roughly as the sum of the western boundary and the interior 

exchange windows in the GCM results. From Eq. (6), the boundary between the recirculation and western boundary 
windows (x2) at the outcropping latitude f0 is evaluated in terms of the distance from the zero Ekman pumping velocity 

longitude (xc): 

 
(Click the equation graphic to enlarge/reduce size)

Notice that subduction occurs only in the region between x2 and X 0, and 

 

In (8), β is the meridional gradient of the Coriolis parameter, fd is the gyre boundary latitude between the subtropics and 

Tropics, x = 0 is the western boundary longitude, and X 0 and X d are the boundary of the cyclonic gyre at the outcrop 

and gyre boundary, respectively; H0 is the layer thickness on X  (eastern boundary of the ventilated thermocline) at the 

outcropping latitude. The vertical structure for the thermocline is shown in the middle and lower panels of Fig. 11 . At the 
outcrop latitude f0 (middle panel of Fig. 11 ), the second layer is determined totally by the Sverdrup relation, with the 

closed cyclonic gyre confined to the east of X 0. South of the outcrop line, that is, between f0 and fd, there is a surface 

layer to the west of X 0, and a shadow zone exists between x4 and X  in the second layer. 



How the western edge of the communication window (x2) changes for different wind stress forcing can be easily 

discerned. The western edge of the communication window at an outcrop latitude moves westward as the zonal gradient of 
Ekman pumping at the outcropping latitude W0(f0) becomes smaller (Fig. 12 ), while the zonal gradient of the Ekman 

pumping at the gyre boundary W0(fd) remains fixed. It should be noted that x2 is not affected by the assumption of setting X

 = 0. Since Eq. (7) is the integral of the Ekman pumping,  We dx =  We dx and  We dx =  We 

dx, x2 is not affected by the position of X  or by its value. 

The HR (strong) and DSV (weak) stress data have a different zonal Ekman pumping gradient, both at the outcrop and 
gyre boundary latitudes. The previous analytical derivation, even though highlighting the role of the zonal gradient of the 
Ekman pumping velocity, is too crude to fully elucidate the difference between these two experiments since the zonal 
gradient of the Ekman pumping velocity is small for the DSV in both latitudes. Also, the solution only predicts the position of 
the communication window, but not the interior exchange window whose differences were seen clearly in section 3 
between the results from strong/weak forcing. For these reasons, the following three experiments were carried out with the 
steady annual-mean wind stress forcings, aiming to change the zonal gradient of the Ekman pumping velocity, both at the 
outcrop and gyre boundary latitudes (expts 1 and 3) and only at the outcrop latitude (expt 2), specifically,

1. experiment 1: Eq–20°N of DSV wind stress field 

2. experiment 2: 15°–30°N of DSV wind stress field 

3. experiment 3: HR used over the entire domain but intensity reduced by a factor of 0.75.

The model was integrated for 50 years until it reached a steady state. A transition region of 3° width was set at the 
boundaries, where the different wind stress datasets were blended to avoid a strong discontinuity.

Experiment 1 addresses the importance of the wind stress over the tropical gyre to show that simply switching to weak 
tropical wind stress produces a circulation pattern similar to the weak forcing (DSV) experiment of section 3. Experiment 2 
demonstrates how the entire communication window changes if only the wind stress over the outcrop region is changed 
(the southern part of the subtropical gyre) while the wind stress at the gyre boundary latitude remains fixed. Experiment 3 
demonstrates that the entire communication window is unchanged when the ratio of the zonal gradient of Ekman pumping, 
W0(fd)/W0(f0), is not changed by reducing the wind stress. Experiment 3 also examines whether a reduced wind stress 

allows for more transport through the interior communication window. The value of 0.75 is obtained by taking an 
approximate ratio of the DSV and HR wind stress in the whole region. Thus, the Ekman pumping pattern in experiment 3 is 
identical to the original HR wind stress but differs in magnitude.

The trajectory analysis is carried out for each experiment as discussed in sections 3 and 4 to identify the western 
boundary and interior exchange windows (Fig. 13 ). Even when the windows are wider, their transport may not be 
larger. Therefore, the transports at 10°N are evaluated for the equatorial thermocline layer and for the total layer below the 
mixed layer (Fig. 14 ). The southward transport at 10°N carried by each exchange window is evaluated as well (Fig. 16 

).

a. Communication window width 

As specified earlier, the communication window is the sum of the western boundary and the interior exchange windows 
in the results from the numerical simulations. To describe the communication window by following Eq. (6), the distance 
between the point marked with a cross and the zero Ekman pumping velocity line is used in Fig. 3 . The point marked 
with a cross corresponds to the subducting characteristics separating the recirculation and communication windows, that is, 
to the characteristics x2 in Fig. 11 . The ZEPL (zero Ekman pumping line), and the ZMTL (zero meridional transport 

function line) are calculated and marked in Fig. 13  to examine to what extent the circulation follows the prediction 
obtained from the wind stress alone. Notice that these lines are directly evaluated from the wind stress field used in each 
experiment. A “choke latitude”  (Huang and Wang 2001), where the vertically integrated transport is expected to be 
minimum, is located at 10°N for each experiment. The standard case to be compared with each experiment is the HR 
experiment in Fig. 7a .

First, the effects of winds over the tropics (eq to 20°N) are discussed. The result from experiment elucidates how 
switching the tropical wind stress affects the pathways of the subtropical water. The communication window along the 
outcrop lines of the considered isopycnals becomes similar to that of the DSV experiment rather than to those of the HR 
experiment (Fig. 13a ).

Second, in experiment 2, the zonal gradient of the Ekman pumping is reduced in the outcrop region (15° to 30°N). The 
communication window along σθ = 24.5 becomes significantly wider compared to the original HR experiment. The 

sensitivity test of Fig. 2  can explain this result. The zonal gradient of the Ekman pumping velocity over the outcrop lines 
(f0) becomes weak while the wind stress at the gyre boundary around 10°N (fd) remains unchanged, and hence the distance 



from the ZEPL to the western edge of the communication window at the outcrop latitude increases.

Finally, the effect of reduced winds is examined. According to the analytical solution, the ZMTL approximately bounds 
the eastern edge of the interior exchange window, as the cyclonic closed gyre appears east of the ZMTL. The distance from 
the ZEPL to the western edge of the communication window stays the same (Fig. 13c ) as expected from the analytical 
solution, since the ratio of the zonal gradient of Ekman pumping in Eq. (8) at the outcrop and gyre boundary latitudes is 
unchanged by the weakened wind stress field. However, the eastern edge of the communication window (which is also the 
eastern edge of the interior exchange window) extends east of the ZMTL.

b. Interior exchange window 

The changes, in response to the change of the zonal gradient of Ekman pumping, in the distance between the ZEPL and 
the western edge of the communication window show a reasonable agreement with the prediction of the analytical 
calculation. However, the determination of the western and eastern edges of the interior exchange windows involves a more 
complex analysis. In section 3, it is shown that a larger interior exchange window is created by weak forcing (DSV).

There are two factors that can cause the interior exchange window to extend eastward of the ZMTL. The first possibility 
is the effect of stratification. Since the ZMTL applies to the vertically integrated transport, the water column may subduct 
under the ZMTL if the vertically integrated component is not dominant. The second possibility is the existence of a 
constraint in the equatorial region allowing for more interior pathways from the subtropical gyre. Part of the interior 
exchange window is inside the equatorial gyre, where ventilation theory and geostrophy may not be applicable. Due to these 
two possibilities, the results of the numerical experiments for the interior exchange windows will be further analyzed as the 
analytical calculation does not allow for the second possibility.

We address the first possibility by examining the location of the thermocline ZMTL at the gyre boundary (10°N). The 
thermocline ZMTL is derived from the model results with the meridional transport stream function [Eq. (5)] being zero. The 
thermocline ZMTL is around 51°W in the HR experiment, and is moved significantly to the east by switching the wind stress 
over 0–20°N to the DSV wind stress in experiment 1 (Fig. 14a ). This does not occur when the wind stress over 0–15°N 
remains unchanged in experiment 2 (Fig. 14b ). Judging from experiment 1, one might expect that the weakened wind 
stress causes the ZMTL to move eastward. However, the weakened wind stress in the entire region does not induce the 
eastward shift of the equatorial thermocline ZMTL in experiment 3 (Fig. 14c ), indicating that the effect of the 
stratification explains only partially why the interior exchange window becomes wider.

Secondly, the possibility of a constraint in the equatorial region is explored. The trajectory analysis suggests a critical 
latitude at 7°N where the trajectories bifurcate northward or southward (trajectories not shown here). The meridional 
velocity field at 7°N for each experiment shows two types of sections, one is the DSV type (expt 1, and expt 3), and the 
other is the HR type (the expt 2; Fig. 15 ). The difference is whether the velocity fields have two southward velocity 
cores near 33° and 39°W (expts 1 and 3, Figs. 15a,c ) or only one at 39°W (expt 2; Fig. 15b ). The two separate 
cores of southward transport in the DSV-type experiments imply that the vertical profile of the meridional velocity in the 
equatorial gyre induces more interior pathway water, as seen in the location of the interior exchange pathways marked by 
crosses in Fig. 15 . A reduced wind stress field is also found to bring this separate southward flow close to the DSV 
type, but it is not clear why these changes in the meridional velocity are produced in the equatorial gyre. However, the result 
is consistent with what is shown in section 3 that weak forcing creates a wider interior pathways. Due to these changes of 
the velocity, the interior pathways become more dominant.

The exchange transports carried by the western boundary and interior exchange windows are now examined again at 10°
N. As discussed in section 3, the interior exchange transport is larger for the weaker wind stress (DSV). All the total 
southward transports (below the mixed layer, “1”  in Fig. 16 ) are reduced with respect to the HR experiment. This is 
expected, especially in experiment 3 where the overall intensity of the wind stress is reduced. Experiments 1 and 2 provide a 
larger ratio of the interior exchange transport to the total. The ratio of the interior versus western boundary exchange 
transport increases from 1/5 in HR (Fig. 16a ), to 1/2 in experiment 1 (Fig. 16b ), and to 1/3 in experiments 2 and 3 
(Figs. 16c,d ).

These results show that the interior exchange transport depends strongly on the wind stress fields. A reduced region of 
the upward Ekman pumping and a weak zonal gradient of the Ekman pumping velocity (expt 2) in the southern subtropical 
gyre broadens the interior exchange window, even though the equatorial winds do not change. A reduced wind stress in the 
entire basin also enhances the interior exchange pathways (expt 3) by changing the meridional velocity profile in the 
equatorial region.

6. Summary and conclusions 

A reduced-gravity model is used to locate regions in the Atlantic circulation where subsurface water communicates from 
the subtropics to the Tropics. Experiments were conducted with strong and weak wind forcings, Hellerman and Rosenstein 
(HR) and da Silva (DSV) climatological annual-mean and monthly wind stress forcings. Due to its stronger wind stress in 
the equatorial region (Fig. 1 ), the HR experiment has a stronger tropical gyre than the DSV experiment (Fig. 2 ). Two 
isopycnal surfaces that bound the equatorial thermocline (Fig. 3 ) were chosen to describe the subtropical–tropical 
interaction. There are four such regions in the subtropics. The first is the “recirculation window”  in which fluid parcels 
recirculate within the subtropical gyres. The second is the “western boundary exchange window”  in the central subtropics 



where subducted particles flow first to the western boundary, then turn equatorward. The third is the “interior exchange 
window”  from which fluid reaches the equator and the EUC in the basin interior far from the western boundary. The final is 
the “island circulation”  that flows equatorward first and eventually goes back (a closed cyclonic circulation) in the eastern 
part of the basin. The Bernoulli function on these isopycnal surfaces showed streamlines delineating the 
recirculation/western boundary exchange/interior exchange/island windows (Fig. 4 ), which also emerge clearly from the 
trajectory analysis. Comparing the HR and DSV driven experiments, the interior exchange window in the North Atlantic is 
wider for the weaker wind stress (DSV: Figs. 4  and 5 ), which is confirmed by releasing trajectories. Not only is the 
interior exchange window larger in size, but the transport carried by the interior exchange window is larger for weak wind 
forcing (DSV: Figs. 7  and 8 ). In the South Atlantic, the interior exchange pathways are similar in route and volume in 
both the strong and weak forcing experiments. As the South Atlantic continuously supplies water from the subtropics to the 
tropics, variability in the North Atlantic was the focus of this study.

An examination of the mean field resulting from seasonally varying experiments shows that the general structure in the 
equatorial region for the annual mean driven cases are similar to that of the annual-averaged structure in the Bernoulli 
function fields (Fig. 10 ). Therefore, the steady-state circulations are used to study the effects of wind stress in the North 
Atlantic, which is shown to control the width of each exchange window.

The North Atlantic circulation is characterized by a closed region with upward Ekman pumping—an “island”—strongly 
related to the wind stress distribution. On seasonal time scales, the North Atlantic winds fluctuate significantly, allowing 
subtropical waters to subduct and flow toward the equatorial region during winter, and preventing communication during the 
summer (Fig. 9 ).

Capitalizing on this wind stress pattern, the zonal extent of the communication window was described in terms of the 
distance from the zero Ekman Pumping line by using a two-moving-layer LPS model [Fig. 11  and Eq. (6)], following Liu 
(1994). In contrast with Liu (1994), the Ekman pumping velocity is here zonally dependent and allows for a region of 
positive Ekman pumping. This approach enables the prediction of the western edge of the communication window, given the 
zonal gradient of the Ekman pumping velocity at the outcrop line and the gyre boundary (Fig. 12 ). This prediction is 
useful when part of the wind stress is changed and when the entire communication window is examined, such as in the 
reduced gravity GCM experiment 2 (Fig. 13b ) where the zonal gradient of Ekman pumping velocity along the outcrop 
line is reduced.

Although it is likely that the subtropical water maintains its properties when it flows along the interior exchange pathways, 
the western boundary and interior pathways are not distinguishable from the analytical calculation. Therefore, mechanisms 
that control the interior pathway were further investigated using the reduced gravity GCM. Two effects contribute to the 
extent of the interior exchange window: one is stratification (seen in and Fig. 14a ) in which the cyclonic circulation is 
closed to the east of what we expect from the barotropic circulation (zero transport stream function evaluated from the 
wind stress). In this case, the pathway of the thermocline water takes an eastward route. The second is also a stratification 
effect, but in the equatorial gyre where two cores of meridional velocity appear (7°N). Comparing the meridional velocity 
fields (Fig. 15 ), a separate core of southward transport appears in addition to the main southward transport close to the 
western boundary when winds are reduced. An examination of the transport at 10°N also confirms that the ratio of interior 
transport is increased relative to the western boundary transport.

The “island”  circulation is characterized by upward Ekman pumping velocity, hence smaller layer thickness between 
layers (high potential vorticity). Therefore, subducted water cannot cross the region to conserve potential vorticity. This is 
consistent with the “high potential barrier”  idea first proposed by Lu and McCreary (1995) and with a North Pacific 
experiment carried out with our same model (Rothstein et al. 1998). On the other hand, the subtropical–tropical exchange 
waters are characterized by relatively low potential vorticity. Kubokawa and Inui (1999) found that the minimum potential 
vorticity waters (i.e., water columns with larger thickness), subducted in the subtropical region, have a strong impact on the 
lower latitude thermocline structure. Inui et al. (1999) suggest that a sudden intensification of the westerly winds cause the 
position of minimum potential vorticity water to move westward, which leads to decadal variability in the low latitude ocean. 
This mechanism is further confirmed by an OGCM experiment in the Pacific (Xie et al. 2000). Therefore, it is very 
important to investigate exchange windows in the Atlantic, as they have a significant effect on the thermocline structure at 
low latitudes.

Potential vorticity fields were examined to determine whether the interior exchange pathways water has a specific 
character, such as minimum potential vorticity or extreme horizontal gradients of potential vorticity. However, no significant 
potential vorticity characteristics were noted, partly because the mixed layer depth is approximately parallel to the flow, so 
the horizontal gradient of potential vorticity decreases monotonically westward of the “island.”  We also considered the SST 
and thermocline variability of the equatorial region with respect to the wind stress in the extratropics (using expts 1,2, and 3) 
to determine if broadened interior exchange windows cause more changes in the temperature field. However, no systematic 
relations were found. We speculate that the monotonically decreasing westward mixed layer depth along the outcrop lines 
that bound the equatorial thermocline may explain the lack of significant difference in temperature between the experiments 
(expts 1, 2, and 3) in this study. An interannual experiment should allow us to determine if there are situations when the 
mixed layer along the outcrop lines has a maximum/minimum, but this experiment is beyond the scope of the present 
investigation.

We did not implement an idealized tracer in this study. The tritium subsurface maximum in the equatorial Pacific (Fine et
al. 1981; Fine 1987) suggests the existence of an interior pathway. On the other hand, the tritium distribution in the Atlantic 
subtropical–tropical circulation does not clearly show a shallow subduction pathway. Heat capacity analysis does not imply a 



propagation toward the equatorial region (Tanimoto and Xie 2000, personal communication). These issues should be 
clarified with modeling and observations, as what we have shown in this study is aimed to estimate the water mass transport 
and communication windows between the subtropics and Tropics.
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APPENDIX 

7. The Thermocline Equations 

The 2.5-layer model is shown in Fig. 11 . Layer 1 is at the top and layer 2 is underneath the layer 1. Pressure fields are 
written as 

 

where 

 

The Sverdrup relation is 

 

for the two-moving-layer region, and 

h2 = D(x, f) + H2
0 (A6)

 

for the one-moving-layer region, where D(x, f) is the zonal integral of the Ekman pumping velocity We: 

 

Normally xe is defined by the eastern boundary. However, xe is the X  = 0 curve when there is a region of positive 

Ekman pumping velocity: 

 

Total layer depth H0 at the outcrop line and at the eastern boundary should be the same as the depth at the outcrop line at 

X  = 0, which can be proven by setting 

D(X , f0) = 0 (A9)
 

in Eq. (A6).

In the region with two moving layers, the streamline of layer 2 is derived by the Sverdrup relation [Eq. (A5)] and the 
conservation of potential vorticity below: 

 

where h = h2 + h1 = h2 at the outcrop line f0. Now, the potential vorticity of the layer 2 q2 is written in terms of total 



layer depth h instead of using two variables f  and h2—simply, the isoline of h is the stream line of layer 2. In order to obtain 

the equation for h, using the conservation of the potential vorticity in (A10), each layer thickness is 

 

which are substituted into the Sverdrup equation in the two-moving-layer version (A5). Then, the total layer depth is 

 

In this particular study, the conservation of potential vorticity is applied for the western boundary through the X , which 

is defined by D(X , f) = 0, because the Ekman pumping is positive in the easternmost region of the basin where only a 

single layer is moving.

Figures 
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FIG. 1. Ekman pumping velocity (the region between 5°N and 5°S is not shown) and  × τ = 0 lines calculated from the annual 
mean wind stress data for (a) da Silva (DSV) and (b) Hellerman and Rosenstein (HR). Dashed lines indicate  × τ = 0 line. Black 

(gray) lines indicate positive (negative) Ekman pumping with a contour interval of 0.5 × 10–4 cm s–1. In North Atlantic low 
latitudes, Ekman pumping is stronger in HR than in DSV

 
Click on thumbnail for full-sized image. 

FIG. 2. Vertically integrated mean annual transport stream function  between the mixed layer and the bottom of the 
thermocline for (a) weak forcing (DSV) and (b) strong forcing (HR). The contour interval is 1.0 Sv. The equatorial gyre in the 
North Atlantic is stronger in HR than in DSV

 
Click on thumbnail for full-sized image. 

FIG. 3. Vertical density profile along (a) 10°N and (b) the equator for the weak forcing (DSV) experiment, (c) 10°N, and (d) the 
equator for the strong forcing (HR) experiment, with an interval of 0.1 σ

θ
. 
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FIG. 4. Bernoulli function and current vectors on the σ
θ
 = (a) 24.5, (b) 25.0, and (c) 25.5 isopycnal surfaces with an interval of 0.1 

m (Bernoulli function) for the weak forcing (DSV) experiment. The shaded region indicates the “island”  region, which becomes 
larger at depth and prevents communication between the subtropics and Tropics. The interior exchange windows are marked with 
arrows
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FIG. 4. (Continued) 
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FIG. 5. Same as Fig. 4 , except on σ
θ
 = 24.5 for the strong forcing (HR) experiment
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FIG. 6. Locations of the communication window and its final position along the equator (+). The boundary between the 
recirculation (×) and the western boundary exchange windows and the interior window ( ) are shown on (a) σ

θ
 = 24.0, 24.5, and 

25.0 for strong forcing (HR) and (b) σ
θ
 = 24.5, 25.0, and 25.5 for weak forcing (DSV). Dashed lines indicate outcrops 
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FIG. 7. Annual subduction rate Sann (m yr–1) into the main thermocline from the mixed layer for the strong forcing HR 

experiment. Positive values indicate subduction, and negative values indicate entrainment
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FIG. 8. Transport at 10°N for each exchange window in the strong forcing (HR) experiment: 1) the total southward transport 
below the mixed layer, 2) southward transport within the thermocline layer carried by the western boundary communication 
window, 3) interior window, and 4) “island circulation.”  Listed percentage is the ratio of each transport to the total southward 
transport: (b) same as (a) but for the weak forcing (DSV) experiment
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FIG. 9. Ekman pumping velocity and  × τ = 0 lines calculated from the climatological data for da Silva from (a) Feb and (b) 
Aug. Black dashed lines indicate  × τ = 0 lines. Black (gray) lines indicate positive (negative) Ekman pumping with a contour 

interval of 0.5 × 10–4 cm s–1 
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FIG. 10. Bernoulli function from the mean of seasonally varying experiments and current vectors superimposed on (a) σ
θ
 = 24.5 

for the strong forcing (HR) experiment and (b) σ
θ
 = 25.0 for the weak forcing (DSV) experiment, with a contour interval of 0.1 m. 

Notations are the same as Fig. 4 
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FIG. 11. Schematic of the flow of the ventilated layer in a two-moving-layer model. The upper figure is the horizontal view x2: 

boundary between recirculation and western boundary communication regions, x3: boundary between western boundary and 

interior communication windows, x4: shadow zone boundary, and xc: the zero Ekman pumping line; f0 is the outcrop latitude. The 

middle figure is a vertical section of the density structure along the latitude f = f0, the lower figure is the vertical section along a 

latitude between  = f0 and fd
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FIG. 12. Sensitivity of the width of the communication window to the zonal gradient of the Ekman pumping, based on the 

analytical calculation. The zonal gradient of the Ekman pumping is divided into 10 levels between 1.0 and 1.0 (× 10–4 cm s–1/deg 
both at the outcrop line and the gyre boundary latitudes. The y axis represents the intensity of the zonal gradient of the Ekman 
pumping along the outcrop line, and the x axis represents the distance (degrees) of the western edge of the communication 
window (x2) from the zero Ekman pumping velocity line. Different lines indicate that the zonal gradient of Ekman pumping at the 

gyre boundary is increasing (from left to right)
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FIG. 13. The communication windows: as in Fig. 6  but for (a) expt 1, (b) expt 2, and (c) expt 3. Gray lines are zero meridional 
transport stream function lines (ZMTL) (calculated from the wind stress data by integrating the Ekman pumping velocity from the 
eastern end of the basin), and solid lines indicates the zero Ekman pumping velocity line (We = 0)
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FIG. 14. The meridional transport stream function  calculated at 10°N (choke latitude) for (a) expt 1, (b) expt 2, (c) expt 3. (Thin 
line is for the layer beneath the mixed layer to the bottom layer, thick line is for the thermocline layer.) The region to the east of 

the circles (  = 0) has a closed circulation
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FIG. 15. Meridional velocity at 7°N for (a) expt 1, (b) expt 2, (c) expt 3 with the isopycnal surfaces superimposed. Lines with light 
shading indicate northward velocities and dark shading indicate southward velocities. The black solid lines are the isopycnal 

lines. Contour interval for the velocity is 0.05 cm s1. The interior exchange windows at 7°N are indicated with × for each 
experiment
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FIG. 16. Meridional Transport at 10°N for each exchange window. As in Fig. 8  but (a) HR, (b) expt 1, (c) expt 2, (d) expt 3 
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