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Oceanographic and meteorological data as well as model results are analyzed to
study the pathways and the temporal variability of the intermediate depth (800-
1100 � ) flow in the tropical Atlantic (9

�
S to 7

�
N). The mean flow is dominated by

zonal currents which interact with the western boundary current. These currents
frequently experience reversals of the zonal and meridional flow. The primary fo-
cus in the analysis of the variability is on the region around 6

�
S. The observations

reveal temporal variability on mesoscale, annual and interannual time scales. Sev-
eral westward propagating signals can be identified, with propagation velocities be-
tween 5 and 7 ���	��


�
. Two zonal length scales (500-700


� and more than 2000


� )

are observed. It is hypothesized that these are due to planetary waves. A compar-
ative analysis of observations and model velocities reveals striking similarities in
their time and length scales. Sample spectra of the model velocities show a dom-
inant peak of the spectral energy density at a wave length between 500


� and

1100

� . Additionally, a longer wave with a zonal wave length of about 5000


� is

present, which can not be resolved by the spectral analysis. In the time space the
spectral analysis for the zonal and meridional velocity reveals coinciding peaks at
periods of 45 days, 66 days and one year. For the latter two periods the energy for
the two velocity components are quite similar. An analytical planetary wave solu-
tion shows that a superposition of a mesoscale and an annual planetary wave is
sufficient to reproduce a large part of the variability found in the observations and
the model. The wave with an annual period is most likely due to the annual cycle
of the wind field.

1. INTRODUCTION

In the Atlantic, the upper limb of the meridional overturning circulation (MOC)
extends from the southern to the northern hemisphere requiring cross-equatorial
�
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exchanges in both its upper and lower layers for continuity. The Antarctic Interme-
diate Water (AAIW) is the deepest component of the upper limb of the MOC and
participates in this interhemispheric exchange. In the tropical Atlantic the AAIW
layer is centered at about 800 � .

Several earlier studies suggested that Subantarctic Mode Water (SAMW) is an
important source water of the AAIW [McCartney, 1977; Molinelli, 1981; Keffer,
1985]. This was confirmed by Schmid et al. [2000] who showed that fresher wa-
ter can be fed into the AAIW layer by wind-driven subduction of the low-salinity
SAMW in the Polar Front Zone. Initially, the AAIW spreads eastward in the South
Atlantic Current [Stramma and Peterson, 1990]. From here on the AAIW can ei-
ther continue into the Indian Ocean, flow around the subtropical gyre of the South
Atlantic, or follow interior pathways to the north [Schmid et al., 2000]. There are
indications that each of these pathways carries about one third of the total east-
ward transport observed in the South Atlantic Current near the western bound-
ary. The westward-flowing AAIW in the northern branch of the subtropical gyre
splits up in the Santos Bifurcation just north of 30

�
S near the western boundary

[Boebel et al., 1997, 1999b], where about two thirds of the AAIW flows south along
the western boundary and recirculates in the subtropical gyre. The remaining one
third turns northward as a western boundary current.

Transport estimates from several studies indicate that the strength of the west-
ern boundary current depends on the latitude [Fu, 1981; Holfort, 1994; Schott
et al., 1998; Schmid et al., 2000]. Such changes can be partially attributed to zonal
transports that feed into the boundary current or are fed by it. Another factor is
the temporal variability of the boundary current itself. To achieve a better under-
standing of the water exchanges between the interior and the boundary current
it is necessary to reach a better understanding of the interior flow pattern. Addi-
tionally, this knowledge is important since changes of the water properties along
the way depend on the pathways the water parcels take. Stramma and Schott
[1999] have developed a schematic map showing tropical and subtropical current
distributions within the average depth range of AAIW in the Atlantic (Figure 1).
Their schematic is based on circulation patterns derived from tracers and veloci-
ties across basin-wide zonal sections and direct synoptic velocity observations. The
latter were mostly obtained near the western boundary. The schematic shows large
east-west excursions of AAIW in the tropics which are related to the predominantly
zonal currents in the interior of the tropics. Extensive meridional movements are
primarily suggested along the boundaries of the basin.

The main feature of the circulation pattern envisioned by Stramma and Schott
[1999], namely the predominance of several zonal currents in the interior, is sup-
ported by Schmid et al. [2001]. It is important to note that the Southern Interme-
diate Countercurrent (SICC) is missing in the schematic based on the observations
by Schmid et al. [2001] since no trajectories were available in the region where
this current is found. The Equatorial Intermediate Current is not shown in the
lower panel of Figure 1 since the flow in the Antarctic Intermediate Water can be
either eastward or westward, depending on the vertical structure of the equatorial
jets [e.g. Gouriou et al., 1999]. Both studies imply a rather complicated pathway
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Figure 1. Schematic of the mean Antarctic Intermediate Water circulation. Top: adapted
from Stramma and Schott [1999], for the layer between 500 � and 1200 � . Bottom: based
on Schmid et al. [2001], for the layer between 800 � and 1100 � . The lower panel also
indicates the reversal of the equatorial flow on annual time scales. The abbreviations are:
IWBC = Intermediate Western Boundary Current, NBUC = North Brazil Undercurrent,
NICC = Northern Intermediate Countercurrent, SICC = Southern Intermediate Counter-
current, EIC = Equatorial Intermediate Current, eSEC = equatorial South Equatorial Cur-
rent, SEUC = South Equatorial Undercurrent, cSEC = central South Equatorial Current,
SECC = South Equatorial Countercurrent.

for AAIW as it traverses the tropical Atlantic (Figure 1). However, south of the
SICC, Schmid et al. [2001] could not identify as many zonal currents as depicted
by Stramma and Schott [1999]. Schmid et al. [2001] also noted that the latitudes of
the mean eastward and westward currents do not always match the Stramma and
Schott [1999] schematic. This difference may be due to the temporal variability of



the flow, which can be more readily analyzed from time series derived with floats
than from several consecutive hydrographic surveys.

For the eastern tropical South Atlantic, Warner and Weiss [1992] and Stramma
and Schott [1999] suggested that a cyclonic gyre exists under the Angola Dome (the
Angola Dome is centered at about 10

�
S, 5

�
E), with southward flow near the east-

ern boundary (Figure 1, top). Stramma and Schott [1999] also show a southward
current between this cyclonic gyre and the eastern boundary. Schmid et al. [2001]
derived a different flow pattern in this region (Figure 1, bottom). Their analysis
of three sections along 6

�
S, the equator and 6

�
N confirmed earlier results that the

minimum AAIW salinity decreases from east to west along 6
�
S and 6

�
N (their Fig-

ure 4). Along the equator the minimum salinity remains relatively constant and
the minimum salinity near the eastern end of the 6

�
S section is the same as on

the equator. This suggests that the equatorial AAIW may be fed directly by water
coming from 6

�
S. Such a pathway is partially supported by a mean current map for

the 800-1100
�������

layer derived from profiling float velocities and individual tra-
jectories [Schmid et al., 2001]. Two floats experienced northward drift for extended
periods of time after their deployment at 6

�
S, but they did not reach the equator.

This may be due to a change in the flow field, or due to their periodic surfacing.
Earlier studies suggested that a cyclonic gyre exists at intermediate depth with
eastward flow at 4-5

�
S and southward flow along the eastern boundary [Warner

and Weiss, 1992; Stramma and Schott, 1999]. The existence of such a flow pattern
as a permanent feature can not be confirmed with the direct observations of the
flow between 800 and 1100 � , because of the northward flow observed with the
two floats. It also seems unlikely that a cyclonic gyre exists in an annual mean
since the mean flow derived at 4

�
S near the eastern boundary is westward (Fig-

ure 1, bottom) instead of eastward. A possible explanation for the difference in the
schematics is that longer-periodic variabilities may be behind the absence of the
cyclonic gyre in the more recent observations.

Several studies have shown that considerable spatial and temporal variability is
superimposed on the mean currents in the tropical Atlantic. For example, seasonal
reversals of the zonal flow at intermediate depth have often been observed close
to the equator [e.g. Schott et al., 1998; Boebel et al., 1999a; Gouriou et al., 1999;
Molinari et al., 1999; Richardson and Fratantoni, 1999; Schmid et al., 2001]. It
has been proposed that planetary waves cause the variability. In data from profil-
ing floats, Molinari et al. [1999] identified two current reversals that propagated
westward with a speed of 15 � � ��


�
at intermediate depths between the equator

and 3
�
N. Waves with the same phase speed, seasonal periodicity, a basin-wide

length scale, and the characteristics of planetary waves are found in an eddy-
resolving, primitive equation model [Böning and Schott, 1993]. Poleward of 3

�
lati-

tude Schmid et al. [2001] found considerable variability (large standard deviations)
in the zonal currents and they described seasonal reversals around 6

�
S, 10

�
W.

Herein, we use a more extensive data set than was available to Schmid et al.
[2001] to further examine the mean circulation of the water at intermediate depth.
In addition to that, observational evidence for the temporal variability of the inter-
mediate depth in the tropical Atlantic is described in more detail and the variabil-
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Figure 2. Trajectories of 50 profiling floats covering the time period from June 1997 until
February 2002. Circles indicate the deployment positions. Only the submerged displace-
ments between 800

�������
and 1100

�������
are shown. The grey lines indicate the hydro-

graphic/LADCP sections used herein. They were obtained in the summer of 1997 and in
January 2000. The isobaths are 1000 and 4000 � .

ity at 6
�
S is analyzed on the basis of the equations for planetary waves and a nu-

merical model. The study is structured as follows. Section 2 describes the data used
in this work. In Section 3, the scales of the horizontal currents and the spreading
of the AAIW are addressed. In Section 4 the temporal variability of the flow around
6
�
S and the underlying causes are considered. We conclude with a summary.

2. DATA AND METHODS

The Lagrangian measurements used in this study are from 50 profiling floats.
The trajectories (Figure 2) cover the time period June 1997 to February 2002. Sev-
enteen of the floats were launched in the summer of 1997 along two zonal sections,
at the equator and at 6

�
S. Twelve floats were deployed in January 2000 along three

cross-equatorial sections, at 28
�
W, 25.5

�
W and 23

�
W. The remaining 21 floats were

deployed in the tropical Atlantic between December 2000 and September 2001, as
part of the global ARGO project.

Profiling floats are designed to drift at a pre-selected depth, profile as they return
to the surface after a preset time, remain at the surface to transmit their data
to a satellite and then return to the drift depth. The subsurface periods of these
profiling floats are between 8 and 10 days long, and the surface intervals range
from 13 hours to 1 day. Because of the regular surfacing, the submerged trajectories



are not continuous and care must be used when interpreting pathways from the
floats (i.e., the effects of surface drift must be considered, see Schmid et al., 2001,
for example).

The floats used in this study were ballasted to be neutrally buoyant at about
1000

� ��� �
. The drifting depths of the 1997 floats ascended by 100 to 200

����� �
in the

first 150 to 200 days of the trajectories [Schmid et al., 2001]. The 2000/2001 floats
remained within 50

�������
of their target pressure, except for those that ran aground

on the shelf. Only those trajectory segments with drift pressures between 800 and
1100

����� �
are considered in this study.

The vertical scales of the horizontal currents will be addressed using lowered
Acoustic Doppler Current Profiler (LADCP) data from two cruises. The locations of
the used sections are shown in Figure 2. The LADCP is mounted on a rosette with
the Conductivity Temperature Depth (CTD) sensors and provides profiles of hori-
zontal currents. Comparisons with other direct velocity observations indicate that
LADCP uncertainties are on the order of 2 ���	� 


�
[Hacker et al., 1996]. Fischer and

Visbeck [1993] estimated that the error of LADCP data is about 5 � � � 

�
. Herein

we will assume that the measurement error is about 5 ���	� 

�
.

Velocity fields from a high resolution simulation with the Miami Isopycnic Coor-
dinate Ocean Model (MICOM) will be used to further interpret the observations.
This model is well documented in the literature. For a review, the reader is referred
to Bleck et al. [1992] and Bleck and Chassignet [1994]. The fundamental reason
for modeling ocean flow in density coordinates is that this system suppresses the
diapycnal component of numerically caused dispersion of material and thermody-
namic properties, such as temperature and salinity. The computational domain of
the simulation employed here is the north and equatorial Atlantic Ocean basin
from 28

�
S to 65

�
N, including the Caribbean Sea and the Gulf of Mexico. The hor-

izontal grid (6 km on average) is defined on a Mercator projection with resolution
given by 1/12

� � 1/12
�
��� �

�����
, where

�
is the latitude. The high horizontal grid res-

olution drastically improved the model’s behavior in comparison to that of previ-
ous coarse-resolution simulations. The major improvements are: a) a correct Gulf
Stream separation [Chassignet and Garraffo, 2001], and b) higher eddy activity.
The bottom topography is derived from a digital terrain data set with 5’ latitude-
longitude resolution (ETOPO5). The vertical density structure is represented by 15
isopycnic layers, topped by an active bulk Kraus-Turner surface mixed layer that
exchanges mass and properties with the isopycnic layers underneath. The vertical
discretization was chosen to provide maximum resolution in the upper part of the
ocean. Open ocean boundaries are treated as closed, but are outfitted with 3

�
buffer

zones in which temperature and salinity are linearly relaxed toward their season-
ally varying climatological values [Levitus, 1982], with damping/relaxation time
from 5 days at the wall to 30 days at the inner edge of the buffer zone. The buffer
zones restore the temperature and salinity fields to climatology in order to approx-
imately recover the vertical shear of the currents through geostrophic adjustment.
The model is forced with the monthly climatology from the 1979-1999 ECMWF
reanalysis. The fields used in the forcing are wind stress vector, wind velocity, sur-
face radiation, specific humidity, air temperature, and precipitation (from COADS,



Da Silva et al., 1994). The heat flux is calculated using bulk formulae from surface
radiation, air temperature, specific humidity, wind speed and model SST. The fresh
water flux consists of E-P (evaporation obtained from wind speed, specific humidity
and model SST minus precipitation from COADS), plus a small relaxation to ob-
served surface salinity. The model has been integrated for 6 years and our analysis
focuses on the final 2 years.

Spatial and temporal spectra are presented in Section 4. Both types of spec-
tra were essentially derived in the same way. The raw spectrum is estimated and
averaged over frequency (wave number) bands of varying widths. The width of
these bands, the degrees of freedom and the confidence limits depend on the fre-
quency (wave number) itself. This method yields smaller error bars at the higher
frequencies (wave numbers), where the spectral energy density is smaller. At low
frequencies (wave numbers) the band-averaged spectrum is the same as the spec-
trum before band-averaging.

3. LARGE SCALE FLOW PATTERNS

3.1. Vertical and horizontal structure
Schmid et al. [2001] found, using an equatorial LADCP section, that the zonal

flow at the equator between 500 � and more than 1000 � seemed to be nearly
uniform between 40

�
W and 10

�
W during the summer of 1997, both in the vertical

and in the zonal direction (Figure 3, top). The vertical distance between maximum
eastward and westward flow along this section varies between 300 and 700 � . This
range is quite similar to the range of 400-600 � published elsewhere [Ponte et al.,
1990; Böning and Schott, 1993; Schott et al., 1998; Molinari et al., 1999; Gouriou
et al., 1999; Gouriou et al., 2001; Send et al., 2002]. Some of the earlier observations
show that quite small vertical extents of the jets can be found at depths that include
the AAIW layer (e.g. in a June 1991 profile presented by Böning and Schott, 1993),
which makes opposing zonal flow within the AAIW layer possible.

Some features can be traced throughout most of the section (Figure 3, top). Ex-
amples are the westward jets near 1000 and 1500 � , the eastward jets near 400
and 1600 � , as well as the eastward anomaly (only two profiles show very weak
westward flow) near 1250 � . All of these jets extend over more than 25

�
in lon-

gitude. Even though the station spacing is relatively large (2-7
�
) we are confident

that a higher zonal resolution would yield a similar value. This result indicates
that the zonal extent of the jets may sometimes be significantly larger than sug-
gested in earlier studies, which could only show that the zonal extent is at least
10
�

of longitude in all three oceans [Ponte and Luyten, 1990a; Ponte and Luyten,
1990b; Gouriou et al., 2001]. The section also reveals a longitudinal dependence of
the depth of the jets.

The meridional velocity on the equator does not reveal a preference for north-
ward or southward flow in the AAIW layer (Figure 3, bottom). The zonal extent of
the areas with north- or southward flow is mostly about 550


� . In addition, ex-

cept for the two profiles near 25
�
W quite small meridional velocities were recorded

in this layer. Between the two profiles the sign of the meridional velocity changes
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Figure 3. Equatorial velocity in the summer of 1997. For the location of the section see
Figure 2. Top: zonal component. Bottom: meridional component. The thick lines in the
top panel indicate the Antarctic Intermediate Water layer, bounded by the isopycnals ���
= 27.1

���
� 
�� and ��� = 27.45

���
� 
�� (these isopycnals follow approximately the isohaline

34.6 �
	�� ). Tic marks at the top of each panel indicate the station locations. Negative values
(grey shading) denote westward/southward flow.

throughout most of the water column, and the sign of the zonal velocity around
250 � changes as well.

Away from the equator a different flow pattern is observed. Along zonal sections
at 6

�
S and 6

�
N the flow at most depths alternates several times between eastward

and westward (Figure 4). The width of the flow bands is on the order of 5 to 10
�

longitude. Similar scales govern the meridional velocity (Figure 5). These changes
of direction often affect a large part of the water column between 300 and 1500 � .
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Figure 4. Zonal velocity in the summer of 1997. For the location of the section see Figure 2.
Top: at 6

�
N. Bottom: at 6

�
S. Tic marks at the top of each panel indicate the station locations.

Negative values (grey shading) denote westward flow.

With respect to the AAIW layer (500 to 1100 � ), the zonal and meridional flow at
each profile is mostly in the same direction if only those velocities that exceed the
measurement error (

�
5 ���	� 


�
) are taken into account. Exceptions of this can be

seen, for example, between 35
�
W and 40

�
W (Figure 5, top).

The difference in the vertical scales at different latitudes becomes more appar-
ent in the meridional sections across the equator (Figure 6). In the equatorial band,
within 1.5

�
of the equator, the vertical scales are often smaller than outside of the

equatorial band. In the vertical direction eastward or westward currents on the
equator mostly do not extend over more than 600 � , and if they do, then they
reveal several maxima and minima. For example, at 23

�
W the eastward current
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Figure 5. Meridional velocity in the summer of 1997. For the location of the section see
Figure 2. Top: at 6

�
N. Bottom: at 6

�
S. Tic marks at the top of each panel indicate the

station locations. Negative values (grey shading) denote southward flow.

extends over about 1000 � , but three relative extreme values exist (centered at
1000, 1250 and 1700 � ). Away from the equator the subthermocline currents typ-
ically extend over 1500 � or more (e.g. the eastward NICC and SICC centered
around 1-2

�
north and south of the equator, the westward current north of the

NICC at 23
�
W, the westward cSEC between 3 and 5

�
S (2

�
is a typical meridional

scale of the off-equatorial currents), and the eastward SECC farther south). The
South Equatorial Undercurrent (SEUC) (at 4 to 5

�
S) is confined to the thermocline

in both sections. This current separates the cSEC at the surface from the cSEC at
intermediate depth. At 23

�
W the SEUC extends farther south as at 25.5

�
W and is

almost joined with the SECC identified at intermediate depth. In the AAIW layer
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Figure 6. Zonal velocity in January 2000. For the location of the section see Figure 2. Top:
taken in January 17-20 at 23

�
W. Bottom: taken in January 13-16 at 25.5

�
W. The thick lines

in the top panel indicate the Antarctic Intermediate Water layer, bounded by the isopycnals� � = 27.1
���

� 
�� and ��� = 27.45
���

� 
�� (these isopycnals follow approximately the isohaline
34.6 � 	�� ). Tic marks at the top of each panel indicate the station locations. Negative values
(grey shading) denote westward flow.

the two sections, which were taken within one week, show an interesting feature in
the equatorial band. In the eastern section (at 23

�
W) the upper half of the layer ex-

perienced westward flow and the lower half of the layer experienced eastward flow,
whereas in the western section (at 25.5

�
W) most of the AAIW layer is governed by

westward flow.
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(float 19) and 5 years (float 7). Float 172 was deployed at a later time and the considered
time period was about half a year.

3.2. Interior pathways.
Several interesting features stand out in the trajectory plot (Figure 2). First, in

general there appears to be almost no communication between the area south of
about 3

�
S and the equator, i.e. the floats which were deployed south of 3

�
S tend to

stay south of this latitude as long as they remain in the interior ocean. While this
is not very obvious in Figure 2, specifically between 20

�
W and 26

�
W, it is clearly

visible in the individual trajectories (not shown) and in the total displacements of
the floats which will be discussed in what follows.

The total displacements at the surface and at depth for floats that were deployed
within one degree of 6

�
S are shown in Figure 7. The displacements were estimated

for the part of the trajectory that is fully within 34
�
W and 8

�
E and remained in the

given pressure range of 800 to 1100
�������

during the submerged drift. The longitu-
dinal bounds were chosen to exclude the effects of the boundary currents. The over-
all displacement vectors show that most floats deployed around 6

�
S either moved

southward or did not make any significant northward progress. In contrast to this
the floats deployed on or north of the equator often drift northward in the interior
(some examples are presented in Figure 8, more details are given below). A separa-
tion of the drift into surface and submerged components can explain why the floats
deployed at 6

�
S stay close to that latitude, as long as they are in the interior.

For the total surface drifts a quite clear pattern emerges. Floats deployed east
of 12

�
W typically experienced a total northward surface drift. The only exception

of this occurs for float 16, whose total surface drift is southward. All of the floats
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Figure 8. Examples for profiling floats that move meridionally in the interior. The start and
end dates are given.

deployed west of 12
�
W experienced a total southward surface displacement. The

latter can be linked to the influence of the Ekman drift. In this region the trade
winds are more zonal than in the eastern region, which yields a larger southward
component of the Ekman drift. The predominance of northward surface drift in the
east can not be explained with the Ekman theory. Considering the southeast trades
one would expect southwestward to westward surface flow. It seems likely that
the geostrophic flow of the Angola Gyre, with its northward branch between the
Greenwich Meridian and 10

�
W, is strong enough to overcompensate the meridional

component of the Ekman drift.
At intermediate depth northward and southward total displacements are ob-

served as well, but a separation into an eastern and western regime is not possible
(Figure 7). Nearly half of the 6

�
S floats (five out of twelve) experienced a net north-

ward submerged drift. The other floats experienced a net southward submerged
drift. This agrees with the existence of alternating meridional flow at intermediate
depth in the zonal sections (Figure 5). The submerged meridional displacement of
each float amounts to less than 3

�
, which means that none of the floats indicate

that an interior connection between 6
�
S and the equator exists. This is mirrored in

Figure 9 (for details on this figure see section “Semi-annual means of the velocity”)
where the mean meridional velocities in the interior are mostly insignificant and
the standard deviation is quite large. The only exceptions of the prevalence of small
means are restricted to bins with few observations (less than 15). These character-
istics of the meridional velocity field at intermediate depth can be interpreted as
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�������
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�������
as they are shown in Figure 2. The numbers

to the lower right of the vectors indicate the number of observations in the boxes. Only
boxes with at least five observations are shown. Shaded boxes indicate eastward flow. The
isobaths are 1000 and 4000 � .

an indication for the presence of a meandering current. Similar (and clearer) signs
were also found in trajectories from RAFOS floats [Boebel et al., 1999a] and SOFAR
floats [ Richardson and Schmitz, 1993; Richardson and Fratantoni, 1999].

The relative importance of the surface drift and the submerged drift varies widely.



In a few cases most of the meridional displacement of a float can be attributed to its
surface drift. The most prominent examples for this are floats 6 and 19 (Figure 7).
In other cases the meridional drifts at the two levels are in opposite directions,
which is another reason, for these floats, to stay close to 6

�
S (e.g. floats 7 and 16).

Secondly, with the exception of two floats (Figure 2 and Figures. 10a and i), the
trajectories of floats deployed between 10

�
S and 10

�
N are confined to this latitude

range. (This is unlikely to be caused by the drift at the surface, since the mean
Ekman transport has a poleward component on both sides of the equator.) The tra-
jectory in Figure 10a indicates that water parcels can leave the 10

�
S-10

�
N tropical

band rather rapidly along the boundary. The trajectory in Figure 10i crosses 10
�
N

in the interior, near 35
�
W. Other trajectories in the interior tropics also show con-

siderable meridional motions (Figure 8). The meridional drifts carry the floats from
one zonal current to the next. In the four examples this is largely due to northward
submerged drifts (more details on these transitions are given by Molinari et al.,
1999; Schmid et al., 2001). However, this does not necessarily mean that a water
parcel would experience such a drift. A float can, for example, be ejected from a
meandering current when it goes to the surface close to the northernmost extent
of a meander. If it goes back down at a time when the current has meandered far
enough south it may get caught in an opposing current. As mentioned above, ear-
lier observations [Boebel et al., 1999a; Richardson and Fratantoni, 1999] and the
small mean meridional velocities with large standard deviations (Figure 9) support
the meandering of the tropical currents.

3.3. Western boundary pathways
A northward western boundary current exists throughout the domain shown in

Figure 1. Stramma and Schott [1999] indicate that the North Brazil Undercurrent
is fed south of the equator by a branch of the South Equatorial Current that first
turns south at about 7

�
S, 30

�
W and then joins the boundary south of 10

�
S (Figure 1,

top). Surveys taken at 10
�
S and 5

�
S in four different years (in 1990 to 1996) show

the North Brazil Undercurrent as a current with the velocity maximum between
100 and 400 � , and a vertical extent from the surface to at least 1000 � [Schott
et al., 1998]. At several latitudes portions of the water in the western boundary
current feed into the zonal currents, primarily the SICC and NICC (Figure 1, top).
The western boundary current is, in turn, fed by a westward equatorial flow. These
connections were inferred from transport estimates, which often do not yield a more
precise identification of the actual pathways.

Individual trajectories can provide a more detailed perspective about the path-
ways connecting the zonal currents with the western boundary current than sec-
tions or box averaged data. Here, as in the discussion above, one must keep in mind
that the trajectories are not continuous. Nine floats deployed on and south of the
equator reached the western boundary regime (Figure 10), even though three of
them experienced initial periods of eastward flow (Figures. 10a-c, see above). Five
of the floats went westward (at different times) between 4

�
S and 9

�
S (Figures. 10a-

c, g and h), whereas the others drifted along the equator (Figures. 10d-f and i). Most
of these floats continued northward once they reached the western boundary. Only
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Figure 10. Examples for profiling floats that reach the western boundary. The start and
end dates are given.

the float in Figure 10a experienced southward drift, probably in an eddy (Boebel
et al., 1999a, observed the southward propagation of an eddy along the western
boundary in this region in RAFOS trajectories). As the eddy-like drift terminated
the float turned eastward, came back to the west and then turned southward once
again. Throughout this period the float never came close enough to the western
boundary to become entrained in the North Brazil Undercurrent, i.e. it did not fol-
low the path suggested by Stramma and Schott [1999] and others. In contrast to
this, the float in Figure 10b does reach the western boundary at a latitude con-
sistent with the schematic and is entrained into the North Brazil Undercurrent.
Two factors may be critical for the absence of that pathway in Figure 10a: (1) The
large mesoscale variability of the flow during the period of observation may have
effectively cut off a link that might exist at other times, and (2) The vertical extent
of the North Brazil Undercurrent, and the westward current feeding into it, may
have been too small to capture the float.

Seven of the eight floats that became entrained into the western boundary cur-
rent ran aground. The groundings are related to the time the floats spend on the
surface. During these periods the floats can be carried into shallow regions by on-
shore surface currents driven by the trade winds in the region. One float managed



to stay in the boundary current, without grounding, from 5
�
S to the equator (Fig-

ure 10g). Another float entered the boundary current at the equator and left it
again to be entrained into the NICC (Figure 10i). While these data are insufficient
to trace a continuous flow along the boundary between 20

�
S and 15

�
N as given

in Stramma and Schott (1999, their Figure 6), a pathway that is also observed
in other Lagrangian observations (MARVOR, Ollitrault et al., 1995), they do pro-
vide direct observations of cross-equatorial flow and water exchanges between the
boundary regime and the interior tropical Atlantic.

None of the equatorial floats (Figures. 8 and 10) followed the interior pathway,
just off-shore of the boundary current, from the equator to the SICC (Figure 1,
top). More observations will be needed to determine if this pathway presented by
Stramma and Schott [1999] exists. In support of their schematic, a float launched
on the equator (Figure 10i) joined the western boundary current (or, more precisely,
was entrained into its offshore side) for a short period of time and became entrained
in the NICC. Such a pathway was also indicated in the salinity maps of Suga and
Talley [1995].

3.4. Semi-annual means of the velocity at intermediate depth
As mentioned in the introduction, there are strong signs that the intermediate

depth flow along the equator varies on an annual time scale [e.g. Schott et al.,
1998; Boebel et al., 1999a; Gouriou et al., 1999; Molinari et al., 1999; Richardson
and Fratantoni, 1999; Schmid et al., 2001]. Essentially the equatorial flow is pre-
dominantly eastward (westward) in the first (second) half of the year. Therefore the
periods January through June and July to December were chosen to estimate the
mean velocities on a regular grid.

The analysis of the vertical scales gives us confidence that the 800-1100 � layer
is likely to be mostly governed by the same flow pattern (with occasional exceptions
on the equator). Submerged trajectories in this layer were binned onto a 2

�
latitude

by 5
�

longitude grid for the two six-month time periods. This horizontal resolution
is sufficient to resolve the horizontal scales derived above. The resulting velocity
fields are given in Figure 9.

During the January to June time-frame (Figure 9a) the equatorial flow is to the
east in contrast to the intense westward flow encountered in the second half of the
year (Figure 9b), which is consistent with earlier observations [e.g. Schott et al.,
1998; Boebel et al., 1999a; Molinari et al., 1999; Richardson and Fratantoni, 1999;
Schmid et al., 2001]. The NICC and SICC are flowing eastward in both periods, and
the flow patterns south of the SICC are very similar. In January to June (Figure 9a)
the westward current at 4

�
N appears more developed than during the second half

of the year (Figure 9b). In the latter period the flow north of the NICC is weak, with
indications for a preference of westward flow at 4

�
N and 6

�
N, supporting the exis-

tence of the westward current shown in Figure 1 (top). These similarities and the
difference on the equator, for the two time periods, are also reflected in Figure 11.

In contrast to the basin-wide (semi-annual) reversal of the equatorial flow the
off-equatorial flow seems to experience no basin-wide reversals, at least not in the
semi-annual means (Figure 9). However, two factors indicate that a closer look
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Figure 11. Zonal means and standard deviations of the zonal velocity derived from the box-
averaged velocities shown in Figure 9. No boxes near the boundary were used herein. For
comparison the flow directions and approximate magnitudes (strong/weak) from Stramma
and Schott (1999) are indicated. a) January through June. b) July through December. The
abbreviations are: NICC = Northern Intermediate Countercurrent, SICC = Southern In-
termediate Countercurrent, eSEC = equatorial South Equatorial Current, SEUC = South
Equatorial Undercurrent, cSEC = central South Equatorial Current, SECC = South Equa-
torial Countercurrent.

at the off-equatorial variability is appropriate. The first factor is that the ratio
of the standard deviation to the mean of the zonal velocity outside of a 6

�
wide

band around the equator is mostly larger than it is equatorward of 3
�
. In the



off-equatorial band the ratio exceeds three in 54% of the boxes with at least five
observations, whereas in the equatorial band this occurs in only 21% of the quali-
fying boxes. This difference is especially pronounced in July-December. Naturally,
this result does not reveal any information about possible time scales of the off-
equatorial variability. Therefore, it is premature to decide if these currents expe-
rience seasonal reversals with a phase shift of several months with respect to the
equatorial reversals, or if the different ratios are due to higher-frequency oscilla-
tions. The second factor is that certain off-equatorial boxes (Figure 9) have east-
ward flow in the first half of the year and westward flow in the second half of the
year, or vice versa. However, it is difficult to come to a final conclusion based on
these means because of data sparsity. For example, it cannot be distinguished here
if this variability is due to seasonal current reversals, due to the meandering of the
currents (mesoscale waves), or due to higher frequency variability.

One float, in particular, supports the idea of reversing zonal flow directions. For
this float the reversal occurs without a significant change in its latitude, indicat-
ing an actual reversal of the flow (Figure 10c). For two more floats the changes
of the zonal flow direction are associated with meridional displacements of the
floats (Figure 10a-b). All three examples may be caused by waves with mesoscale
to annual periods. Likely candidates are planetary waves which have already been
associated with current reversals in the equatorial band [e.g. Molinari et al., 1999].
Contrary to the considerable total submerged meridional displacement of the 6

�
S

floats (Figure 7) the box-averaged data (Figure 9) yield mostly insignificant mean
meridional velocities. Therefore meridional displacements of water parcels can be
seen as temporal events, which supports the wave hypothesis.

The evidence presented here can be interpreted as a sign of temporal variability
in the off-equatorial currents for which the time of reversals of the zonal velocity
depends on the longitude and latitude, i.e. the phase of the annual cycle depends
on the geographic location. It seems likely that such variability can be caused by
waves. This variability, which may have significant impact on the spreading of the
water at intermediate depth, will be studied in more detail in the next section.

4. TEMPORAL AND SPATIAL VARIABILITY BETWEEN 5
�
S AND 7

�
S

4.1. Observations
Figure 12a shows the velocity vectors measured by the profiling floats between 5

and 7
�
S as a function of longitude and time. This latitude band was chosen because

it provides a sufficient data coverage in time and space to study the variability
on the basis of a multi-year time series. Four aspects of the flow field are visible:
(1) At a given time the zonal and meridional flow directions often depend on the
longitude; (2) At a given longitude the zonal and meridional flow direction change
over time; (3) Eastward drifts (gray) occur more often than westward drifts (black).
This observation is supported by the seasonal box averages depicted in Figure 9;
and (4) There are indications for westward propagating velocity signals.

Three examples for westward propagation are indicated by dashed lines in Fig-
ure 12a. They are identified by equal zonal flow directions. Each of them is based



on data from two or more floats. The southwestward flow found near 3
�
W in the

second half of 1997 appears to have propagated to 15
�
W in slightly more than half

a year. Similar propagations of flow patterns are observed in 1999 from 8 to 19
�
W

(westward flow) and between mid 2000 and mid 2001 from 6 to 22
�
W (eastward

flow). The slopes of the dashed lines correspond to propagation velocities of 5 to
7 � �	� 


�
.

4.2. Comparison with MICOM
The monthly mean MICOM velocities for layer 10, which is centered between

800 � and 900 � , are shown in Figure 12b. They reveal a general pattern that is
consistent with the observed flow: (1) The zonal and the meridional flow direction
depend on the longitude and the time; (2) Eastward flow (gray) occurs more often
(in 56% of the model fields over the two years) than westward flow (black); and
(3) Westward propagating signals are present.

In general agreement with the observations the overall mean zonal velocity de-
rived for the two model years is eastward (0.3

�
1.5 � �	� 


�
). The temporal mean at

each grid point indicates a longitudinal dependence of the zonal flow direction in
the model. West of 5

�
W the mean flow is eastward at about 0.4 � � � 


�
, whereas a

mean westward flow of less than 0.1 ���	� 

�

is derived for the region east of 5
�
W.

The standard deviation is about 1.5 � � � 

�

for both regions.
The observations (Figure 9b) support the change of direction near 5

�
W. However,

it must be cautioned that few observations are available east of 5
�
W. One differ-

ence between the temporal variability in the model and observations needs to be
mentioned here: In the model the preference of the zonal flow direction changes
over time. Based on the monthly means shown in Figure 12b two seasons with sig-
nificant differences of the direction of the zonal flow within the shown longitude
range can be identified. From August to March eastward velocities are dominating
(67%), whereas from April to July westward velocities are more frequent (70%).
The currently available observations do not support such a change of the direction
of the mean flow. More observations are necessary to determine if this difference is
due to a sampling problem.

A comparison of the propagating signals yields the following: A derivation of the
mean propagation velocity over the shown longitude range from the model output
yields about 15 � � � 


�
(as before the signals are identified by equal zonal flow di-

rections). This velocity is more than twice as large as the velocity derived from the
observations (5 to 7 � � � 


�
). A partial explanation for this is that, in the observa-

tions, all of the signals were found east of 20
�
W. A closer look at the model reveals

that the propagation velocity depends on the longitude. East of about 10
�
W the sig-

nal in the model is propagating at a similar speed as in the observations. Towards
the west the propagation velocity increases.

The currently available float observations are too sparse to verify if the variabil-
ity in the model velocities fully reflects the actual situation. Nevertheless, it can
be concluded that the model delivers a realistic reproduction of the major features
observed here. Therefore the model output is suitable to investigate the character-
istics of the oscillations.



30
°W

20
10

0
19

97
.5

19
98

19
98

.5

19
99

19
99

.5

20
00

20
00

.5

20
01

20
01

.5

20
02

10
 c

m
 s

−
1  

lo
ng

itu
de

a

F
ig

u
re

12
.L

on
gi

tu
de

ve
rs

u
s

ti
m

e
di

ag
ra

m
of

ve
lo

ci
ty

ve
ct

or
s.

B
la

ck
ve

ct
or

s
in

di
ca

te
w

es
tw

ar
d

an
d

gr
ay

ve
ct

or
s

in
di

ca
te

ea
st

w
ar

d
zo

n
al

fl
ow

.a
)F

ro
m

pr
ofi

li
n

g
fl

oa
ts

dr
if

ti
n

g
be

tw
ee

n
80

0
��

��

an
d

11
00

��
��

be
tw

ee
n

7

� S
an

d
5

� S.
T

h
e

da
sh

ed
li

n
es

m
ar

k
w

es
tw

ar
d

pr
op

ag
at

in
g

si
gn

al
s.

b)
M

on
th

ly
m

ea
n

ve
lo

ci
ty

ve
ct

or
s

be
tw

ee
n

80
0

� an
d

90
0

� (l
ay

er
10

)a
t

6

� S
fr

om
th

e
M

IC
O

M
1/

12

� A
tl

an
ti

c
si

m
u

la
ti

on
.c

)
V

el
oc

it
y

fi
el

d
de

ri
ve

d
by

su
pe

rp
os

it
io

n
of

tw
o

pl
an

et
ar

y
w

av
es

w
it

h
di

ff
er

en
t

w
av

el
en

gt
h

s.
T

h
e

da
sh

ed
li

n
e

in
pa

n
el

(b
)

co
rr

es
po

n
ds

to
a

ph
as

e
ve

lo
ci

ty
of

7

�
��

�	 .



30
°W

25
20

15
10

5
0

4 
 

5 
 

6 
 

7 
 

8 
 

10
 c

m
 s

−
1  

lo
ng

itu
de

model year

b

F
ig

u
re

12
,c

on
ti

n
u

ed



30
°W

20
10

0

4 
 

5 
 

6 
 

7 
 

10
 c

m
 s

−
1

lo
ng

itu
de

year

c

F
ig

u
re

12
,c

on
ti

n
u

ed



In the following the dominant time and zonal length scales will be derived from
the observations and the model. Due to insufficient data coverage a spectral anal-
ysis (in time and space) of the observed velocities is not possible. Therefore, in
addition to a more qualitative approach based on an interpretation of time series
plots, an attempt will be made to derive the time and length scales from an analysis
of the model output.

4.3. Characteristic length scales
Two zonal length scales can be identified in Figure 12a. One is evident as a broad

region of eastward flow, which covers about 2000

� (between 10 and 30

�
W) in the

third quarter of 1997. The other, smaller, scale of 600-700

� is visible near the end

of 1999 (westward flow at 8 and 14
�
W with eastward flow in between). In the model

the existence of a short and a long zonal scale is even more obvious (Figure 12b).
Broad regions (often exceeding 22

�
in the longitude space) of predominantly east-

or westward flow are superimposed on smaller scale variabilities with zonal scales
of 2 to 5

�
. The 22

�
for the longer scale corresponds to nearly 2500


� .

The raw spectrum of the model velocities along 6
�
S was derived to analyze the

zonal wave lengths. Figure 13 shows four examples obtained at different days of
model year 4. The analysis typically yields high energy densities at zonal wave
lengths between 300 and 1100


� . The highest energy densities mostly occur at

wave lengths of 500 to 700

� (Figure 13a, d), and occasionally at 800


� (Fig-

ure 13c) or near 1100

� (Figure 13b). In the latter case the energy densities at

600 and 700

� are nearly as large as near 1100


� . From the above it can be

concluded that wave lengths in the range of 500 to 700

� are important in the

region under consideration.
The longer zonal scale of about 2500


� derived from the Hofmüller diagram

of the model velocity (Figure 12b, see above) might be due to a wave with a zonal
wave length of about 5000


� . It is obvious that a derivation of such a large wave

length is not possible with the spectral analysis since the cut-off wave length of
the spectrum is 3000


� . (The cut-off wave length could be increased by taking

the whole basin into account. The exclusion of the boundary regions was motivated
by the desire to eliminate boundary influences on the spectrum.) Additionally, the
information contained in high spectral energies above a wave length of 1000


�

is very limited due to the limitation of the wave number resolution in the spectral
analysis (

�������

�� � 
 � ).

4.4. Characteristic time scales
Figure 14 shows the zonal velocity from the 5

�
longitude by 2

�
latitude box cen-

tered at 12.5
�
W, 6

�
S from the observations (monthly means, black) and MICOM

(one realization every 3 days, gray). Model year 4 is shown in 1998 and model
year 5 in 1999.

The observations reveal a seasonal cycle, which consists of predominantly east-
ward zonal flow in the second half of the year and weaker alternating flow in the
first half of the year. In addition there are several signs of interannual variability:
(1) The eastward velocity in 1998 reaches a higher level (about 2 � � � 


�
more) for

a longer period than in 1999; (2) The westward zonal velocities in the first half
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Figure 13. Examples for wave spectra at 6
�
S from MICOM model year 4. Black and gray

indicate the zonal and meridional components, respectively. The dashed lines depict the
95% confidence limit. The method for the estimation of the confidence limits is given in
section 2. (a) day 0, the vertical line at the top marks 600

�
� . (b) day 54, the vertical lines

at the top mark 600 and 1100
�

� . (c) day 63, the vertical line at the top marks 800
�

� . (d)
day 105, the vertical line at the top marks 700

�
� .

of 2000 are larger than those observed in the first half of the years 1998 (by more
than 2 ���	� 


�
) and 1999; and (3) The beginning and the end of the period of east-

ward flow depends on the year. The onset of eastward flow in 1998 occurs three
months earlier than in 1999 (May versus August). The termination of eastward
flow is observed in December for the 1997 season, in November for the 1998 sea-
son and in March 2000 for the 1999 season. Even though the amount of data is
sparse the observations suggest that oscillations occur on mesoscale, seasonal and
interannual time scales.

MICOM reproduces the observed seasonal cycle and the alternating flow in the
first half of the year (Figure 14, gray). As in the observations the amplitude of
the variability is about 10 ���	� 


�
, and the flow is predominantly eastward in the

second half of the year. The transition from the weaker alternating flow to the
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Figure 14. Time series of the zonal velocity in the region 15
�
W to 10

�
W, 7

�
S to 5

�
S. Positive

values correspond to eastward velocities. Black: profiling float data (monthly means). Gray:
MICOM (at 12.5

�
W, 6

�
S, every three days). Model year 4 is shown in 1998 and model year 5

is shown in 1999.

predominantly eastward flow occurs in June in both model years. The time series
also shows signs of an interannual variability, but the differences between the two
model years are smaller than the observed differences between 1998 and 1999.
Especially the phase shifts in the model time series are quite small. This is to
be expected since the model is forced with monthly climatological surface fluxes.
The small changes in amplitude may be due to nonlinear effects, or they may be
attributed to the possibility that the model did not reach a complete equilibrium
yet. The similarities between the model and the observations show that the model
output can be valuable in the identification of the characteristic time scales of the
flow.

The raw spectrum of the zonal velocity from the two year long MICOM time
series reveals significant peaks at mesoscale periods centered at 36, 45, 66 and
80 days (Figure 15). There are also two more peaks at the semi-annual and the
annual period. Several of the peaks of the spectrum for the zonal velocity are also
found in the spectrum of the meridional velocity. Differences between the two spec-
tra are that, in the spectrum of the meridional velocity, no peak is found at 80 days,
and also that significant peaks are found at 90 and 120 days. Of particular interest
are the peaks at 45 days, 66 days and one year because they are very similar for
the two velocity components.
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Figure 15. Spectrum of the zonal (black) and meridional (gray) velocity at about 800 � from
two years of MICOM data at 6

�
S, 12.5

�
W (at the geographic location used for Figure 14).

The dashed lines depict the 95% confidence limit. The method for the estimation of the
confidence limits is given in section 2.

4.5. Kinematic analysis
It was shown above that the observations and MICOM results indicate the exis-

tence of two dominant zonal wave lengths. The shorter wave length is frequently
within 500-700


� , and the longer wave length appears to be about 5000


� . The

dominant periods of the variability for both velocity components in MICOM are
45 days, 66 days and one year. It seems likely that the variability is due to plan-
etary waves, for which the mesoscale periods correspond to the shorter waves and
the annual period corresponds to the longer wave. At the period of 45 days the en-
ergy densities for the velocity components deviate more strongly from each other
than at the other two periods. Therefore the primary focus in this section will be
on the annual and the 66 day period.

Based on the above a flow field will be derived from the analytical planetary
wave solution of the equations of motion, and it will be compared to the MICOM
output. The first order velocity field of planetary waves is the geostrophic velocity
given by the equations ���������
	�� ���� � ���� ��������� � and � ���  ���
	�� ���� � ���� ��������� � ,
for the zonal and meridional component, respectively [Gill, 1982]. Here

�
and � are

the zonal and meridional distance, � is the time, � is the surface elevation,


and �
are the zonal and meridional wave numbers, � is the gravitational acceleration, �
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Figure 16. Dispersion relation for planetary waves at 6
�
S for the barotropic mode (a) and

the first three baroclinic modes (b-d, see Table 1). The vertical lines indicate zonal wave
lengths of 500, 700 and 5000

�
� . The curved lines refer to periods found in the spectral

analysis of the MICOM time series. The numbers with a ‘d’ give the periods, and the num-
bers without a unit correspond to meridional wave lengths in kilometers.

is the Coriolis parameter, � is the angular frequency (derived from the dispersion
relation for planetary waves, � � � �  	 � �� � � � � � � 	 � ����� � ), � = � � 	 � � , and ��� =
water depth (for barotropic mode) or equivalent depth (for baroclinic modes). The
phase velocity of planetary waves can be derived from the dispersion relation as�
�	� � � � 	 � 
� � � � � � � 	 � ����� � � 	 � �� � � � �� ����  ��� , and the group velocity is given by�
��� � � 	 �  � � � � � � � 	 � ����� � � � �  � � � � � � � 	 � ����� � ���  ��� . The vertical modes for this study
are derived using � � � ������� ��� � ���



� � 
 � in the equation for the equivalent depth
( ��� � � ��� �!� 	 �
	#" � 	 � � ), where � gives the mode number (greater than zero). In
this calculation the water depth (

�
) is set to 4000 � . Similarly, for the barotropic

mode the equivalent depth is set to 4000 � . The application of the equations for
mid-latitude planetary waves is motivated by the observation that the annual and
the mesoscale waves in an animation of the MICOM velocity fields do not propagate
parallel to the equator (not shown), i.e. they are not equatorially trapped waves.



Table 1
Wave characteristics of planetary waves at 6

�
S.

� � � " 	 � is the period ( � is the
frequency derived from the dispersion relationship for planetary waves), ��� and ���
are the zonal and meridional wave length, � ��� and �	��� are the zonal and meridional
phase velocity, ���� and ���� are the zonal and meridional group velocity, and � � is the
water depth (for the barotropic mode) or the equivalent depth (for the baroclinic
modes).

� �	� �	� �	��� � ��� ���� �����
days km km � � � 


�
���	� 


�
� � � 


�
� �	��


�

barotropic mode ��� � � � � � �
45 -500 1431 -11.5 4.0 10.1 -8.0

45 -700 929 -11.5 8.7 5.0 -17.3

66 -500 624 -5.4 4.3 1.9 -8.6

66 -700 611 -5.3 6.1 -1.7 -12.1

365 -5000 -527 -0.2 -1.7 -15.5 3.3

first baroclinic mode ��� � � �
45 -500 1745 -11.9 3.4 10.1 -6.6

45 -700 989 -12.0 8.5 4.9 -16.2

66 -500 641 -5.5 4.3 1.9 -8.3

66 -700 634 -5.6 6.1 -1.6 -11.9

365 -5000 -538 -0.2 -1.7 -15.5 3.2

second baroclinic mode ��� � �
�

45 -700 1333 -14.1 7.4 5.0 -12.1

66 -500 710 -5.9 4.1 1.9 -7.5

66 -700 698 -6.1 6.2 -1.6 -10.8

365 -5000 -577 -0.2 -1.8 -15.5 3.0

third baroclinic mode ��� � � ���
�

66 -500 899 -6.7 3.7 1.9 -5.9

66 -700 866 -7.4 6.0 -1.6 -8.6

365 -5000 -665 -0.3 -2.1 -15.5 2.6



Before the velocity field can be derived from the analytical wave solution it is nec-
essary to estimate the meridional wave lengths and the vertical modes that satisfy
the characteristics described above. For this purpose the dispersion relationship
will be analyzed for different vertical modes, with a focus on the periods identified
in MICOM. Figure 16 shows the dispersion curves for three periods, three zonal
wave lengths and four vertical modes. The corresponding meridional wave lengths
can be derived from the crossover points of the curves of constant periods with the
lines representing zonal wave lengths. The associated wave velocities are given in
Table 1. According to the dispersion relationship, the requirement to conserve the
periodicity and the zonal wave length requires that a change of the vertical mode
is compensated for by a change of the meridional wave length. It is found that the
wave velocities are weakly dependent of the vertical mode under the above require-
ments.

It needs to be noted here that the model only resolves modes 0 to 2 (not shown),
whereas observations indicate that higher modes are also present (sometimes mode 3
or 4 are dominant, such higher modes can be seen in profiles obtained during the
Equalant cruise in 1999, Gouriou et al., 2001). However, this will primarily lead
to an underestimation of the meridional wave length for a given period, since the
zonal wave length and the period are prescribed.

Based on the finding that the chosen mode has a small impact on the wave ve-
locities the barotropic mode is used to derive the flow at 6

�
S from the planetary

wave solution. For the first wave, assuming it has a 66 day period and a zonal wave
length of 700


� the meridional wave length is 611


� (Table 1). The second (an-

nual) wave with a zonal wave length of 5000

� has a meridional wave length of

527

� . The surface elevation was set to 2.5 � � for both waves. They were chosen

to yield velocities of the same magnitude as in the observations. A study by Döös
[1999] showed that the amplitude of the annual cycle of the sea surface elevation
in the region of interest is between 2 and 3 ��� , which is consistent with the 2.5 � �
chosen herein.

The mean zonal propagation velocity of the annual signal in the Hoffmüller
diagram of the model velocities (15 � �	� 


�
; Figure 12b) is much larger than the

zonal component of the theoretical phase velocity for the annual planetary wave
(-0.2 ���	� 


�
; Table 1). However, this difference does not imply an inconsistency,

because the zonal propagation velocity is a projection of the phase speed vector
(pointing towards the southwest, 187

�
) onto a zonal line.

Figure 12c shows the flow field derived by superposition of the two planetary
waves. As expected, the resulting velocity field reproduces the predominant fea-
tures visible in the Hoffmüller diagram of the model velocity (Figure 12b), primar-
ily the semi-annual reversals of the zonal flow (e.g. mostly westward in the first half
of the year and mostly eastward in the second half of the year at 12.5

�
W) and the

higher-frequency changes of the meridional flow. As in both the observations and
the model, the reversals of the zonal flow occur at different times, depending on
the longitude. The higher-frequency variability is similar to the model as well, but
there are also some discrepancies. Matching patterns are the alternating north-
and southward flow (at any given time) and the month-to-month change of the



meridional flow direction, which can be seen at many times and longitudes in the
model (Figure 12b, e.g. at 5

�
W and at 25

�
W in the first half of year 4) and through-

out in the analytical result (Figure 12c). Other cases in the model (Figure 12b) are
either nearly stationary wave crests (e.g. in the second half of year 5 near 2

�
W) or

gradual westward shifts of wave crests over several months (e.g. in the second half
of year 4 around 5

�
W). In addition the amplitude of the meridional velocity signal

varies. These features can not be reproduced by the simple analytical solution. The
primary reasons are the existence of planetary waves with different wave lengths
than those used in the analytical solution (e.g. the wave with a 45 day period), and
the continued forcing which can affect existing waves and trigger new waves.

5. DISCUSSION AND CONCLUSIONS

Quasi-Lagrangian observations obtained with profiling floats indicate that the
intermediate depth flow in the tropical Atlantic is highly variable. An analysis of
the typical spatial and temporal scales, as well as the propagation of velocity sig-
nals along 6

�
S indicates that the variability found in the ocean and in the Miami

Isopycnic Coordinate Ocean Model (MICOM) can be linked to planetary waves.
The observed velocity signals propagate westward at 5 to 7 � � � 


�
in the eastern

basin. Similar signals are found in the model output. They have a mean propaga-
tion speed of about 15 ���	� 


�
, with lower speeds in the eastern basin and higher

speeds in the western basin. The speeds in the eastern basin match those in the
observations.

The analysis shows that two planetary waves are sufficient to reproduce a large
part of the variability. One of them has an annual period, a zonal (meridional) wave
length of 5000


� (527


� ) and is propagating towards the south (187

�
) at a phase

speed of about 1.7 ���	� 

�
. This results in an expected mean propagation speed of

15 � � � 

�

for signals observed along 6
�
S. The second wave has a period of 66 days,

and a zonal (meridional) wave length of 700

� (611


� ). These two waves together

result in a good reproduction of the major features found in the Hoffmüller diagram
of the model velocities.

On the equator Böning and Schott [1993] found that the variability with the
longer period is caused by wind forcing, whereas the waves with shorter (mesoscale)
periods are due to the strong shear of the currents in the upper layer. It seems
likely that the annual planetary wave at 6

�
S is also forced by the variability of the

wind field. For the mesoscale waves, the shear of the upper layer currents near 6
�
S

is a less likely trigger for the mesoscale variability found in the observations and
the model, because the shear is significantly weaker than the shear on the equa-
tor. In the model the wind field can not be a forcing mechanism for the mesoscale
planetary waves, since the model forcing is based on monthly mean wind fields.

The schematic for the mean flow at intermediate depth in Figure 17 is based on
a combination of the improved understanding of the variability, the semi-annual
means in Figure 9, individual trajectories and the circulation pattern derived by
Stramma and Schott [1999]. The latter was primarily used to fill in gaps near the
eastern and western boundaries. The locations of the Southern and Northern In-
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Figure 17. Schematic of mean Antarctic Intermediate Water circulation. Gray indicates
seasonal changes. Dashed lines indicate uncertainty of proposed pathways. The abbrevia-
tions are: IWBC = Intermediate Western Boundary Current, NBUC = North Brazil Under-
current, NICC = Northern Intermediate Countercurrent, SICC = Southern Intermediate
Countercurrent, SEUC = South Equatorial Undercurrent, cSEC = central South Equato-
rial Current, SECC = South Equatorial Countercurrent.

termediate Countercurrent are well established in earlier and in our new data. The
means from the observations indicate that the flow at 6

�
S is eastward (South Equa-

torial Countercurrent). The model supports this result. Similarly the observations
reveal westward flow at 4

�
S (central South Equatorial Current). These positions

are about 2
�

farther north than those presented by Stramma and Schott [1999].
The South Equatorial Undercurrent is not included in Figure 17, because the new
data do not support its presence at intermediate depth. The differences between
the positions of the currents in the two schematics are due to two factors. One is
that Stramma and Schott [1999] derived the flow for a larger depth range extends
to shallower depths (500 to 1200 � versus 800 to 1100 � ). The other is that it
is very difficult to derive the mean flow from synoptic sections of velocities and
tracers [Molinari, 1982; Stramma, 1991; Warner and Weiss, 1992; Schott et al.,
1995, 1998; Suga and Talley, 1995], and relatively sparse Lagrangian observations
[Boebel et al., 1999a].

Near the western boundary our results indicate that the central South Equato-
rial Current is bifurcating into a westward and a southward branch (Figures. 10a, c, g
and h). The direct feeding of the central South Equatorial Current into the North
Brazil Undercurrent, the westward branch, is not present in the top panel of Fig-
ure 1. A possible explanation for this is the following. In a study using quasi-
synoptic observations from several cruises Schott et al. [1998] found that during
two different seasons (fall and spring) the flow across about 32

�
W between 5

�
S and

10
�
S (the extent of the section) was eastward on the isopycnal ��� = 27.28

 � � 
�� .



Since the Stramma and Schott [1999] schematic has the central South Equatorial
Current at 6

�
S these observations make it impossible for the central South Equa-

torial Current to feed directly into the North Brazil Undercurrent. If the mean
central South Equatorial Current is at 4

�
S, as indicated by our new observations, a

direct westward branch to the North Brazil Undercurrent can exist in consistency
with the observations by Schott et al. [1998]. However, such a connection is un-
likely to exist at all times. At two different times a southward deflection of floats
was observed, once by [Boebel et al., 1999b], and again in Figure 10a. In both cases
the southward deflection of the floats is associated with an eddy.

In the eastern basin two major differences between the schematics are apparent
(Figures. 1, top and 17). One is the absence of the cyclonic gyre proposed earlier
by, e.g. Warner and Weiss [1992] and Stramma and Schott [1999]. The other is
the southward eastern boundary current fed by the Southern Intermediate Coun-
tercurrent which is absent in the new schematic. Instead, the semi-annual mean
velocities in Figure 9 indicate that, on average, the central South Equatorial Cur-
rent and the South Equatorial Countercurrent may be basin-wide currents, and
that the flow at 6

�
S near the eastern boundary may be northward (our Lagrangian

data only show this for the second half of 1997, when the two floats were in the
region). In the presence of the proposed cyclonic gyre the flow near the eastern
boundary would be southward. It remains to be seen if seasonal variabilities can
cause these differences.

As already found in many earlier studies the zonal flow at intermediate depth on
the equator is governed by an annual cycle [e.g. Schott et al., 1998; Boebel et al.,
1999a; Molinari et al., 1999; Richardson and Fratantoni, 1999; Schmid et al., 2001].
The reversal of this flow is indicated by the gray shading of the vector in Figure 17.
The reversals have a direct impact on the water exchange with the boundary cur-
rents. In the west the time-dependent connections between the equatorial flow and
the boundary current are indicated in gray in Figure 17. In the east a question
mark indicates the region where uncertainty is much larger. During the season of
eastward flow along the equator the current may split up at the eastern boundary
to feed the westward currents poleward of the Northern Intermediate Countercur-
rent and Southern Intermediate Countercurrent. During the season of westward
flow the water coming from South Equatorial Countercurrent and spreading north-
ward along the eastern boundary can either continue to the equator or join the
westward central South Equatorial Current. The former pathway is supported by
Schmid et al. [2001], who observed that, in July 1997, the minimum salinity on the
equator is the same as the minimum salinity in the east at 6

�
S. Additionally, the

equatorial current may be fed by water from the Northern and Southern Interme-
diate Countercurrents.

Some trajectories indicate that the intermediate water may spread meridionally
in the interior (Figures. 7 and 8). However, this may be an artifact of the regular
surfacing of the floats (they are quasi-Lagrangian). In general the distribution of
the meridional displacements of the floats deployed at 6

�
S (Figure 7) and the rel-

ative magnitude of the means and the standard deviations (Figure 9) show that
the variability of the meridional velocity does not depend on the longitude, and



that the mean is mostly insignificant. Occasional exceptions from the latter are
probably due to insufficient data coverage.
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