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ABSTRACT

A numerical model based on the shallow-water equations is developed to represent the flow of Antarctic
Bottom Water (AABW) in the Brazil Basin (southwest Atlantic Ocean). The aim is twofold. First, an attempt
is made to identify in amodel that includes both simplified dynamics and realistic bathymetry (at 1/6° resolution)
the impacts of the elevated diapycnal mixing rates near the Mid-Atlantic Ridge (MAR) documented by dissipation
data of the Deep Basin Experiment (DBE). To this end, different assumptions regarding the distribution of the
velocity across the AABW layer interface (w) are considered. Second, the extent to which the shallow-water
model can replicate observations relative to AABW circulation in the basin, in particular the trajectory and
velocity of neutrally buoyant floats released in the AABW during the DBE, is examined. The model flows are
characterized by small Rossby numbers, except in the northward-flowing western boundary current where kinetic
energy is largely concentrated. To interpret the flows, model streamlines are compared with isopleths of linear
potential vorticity f/h, of the shallow-water theory (f is the planetary vorticity and h, is the layer thickness in
the absence of motion). The f/h, contours are oriented northwest—southeast in the western part of the basin and
southwest—northeast in the eastern part, reflecting the bowl!-shaped topography of the Southern Hemisphere basin.
With aspatially uniform (positive) w, the ubiquitous vortex stretching produces a flow to the southeast, consistent
with the Stommel-Arons theory. This flow occurs in most of the basin interior, even in the east where f/h,
contours converge to the northeastern end of the basin. With strongly positive w near the ridge and zero or
slightly negative w elsewhere, the flow follows more closely f/h, contours in the western interior and intersects
them near the ridge. The confinement of the diapycnal mass flux near the MAR drastically reduces the southward
flow in the interior or even reversesits direction, leading to a circulation quite distinct from that of the Stommel—
Arons theory. The model results compare favorably to some (but not all) hydrographic estimates of AABW
circulation patterns and rates. On the other hand, the model streamlines and vel ocities show important differences
with, respectively, the trgjectory and the velocity of the floats launched in the AABW layer. The prescription
of vanishing w in the interior does not systematically improve the fit of the model streamlines to the float
trajectories, and the model velocities simulated with spatially uniform w or spatially variable w are on average
smaller by one order of magnitude than the float velocities. A variety of mechanisms, which are not included
in the numerical experiments, may explain the differences between the model results and the float data.

1. Introduction

The abyssal circulation refers to the water motions
below the base of the main thermocline (at a depth of
~1km). Whereas it volumetrically dominatesthe ocean
general circulation, our theoretical understanding of the
mean circulation in the abyss remains incomplete (Ped-
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losky 1996). Stommel and Arons (1960) developed a
theoretical picture of the abyssal circulation that still
dominates modern ideas about the mean flow in the
subthermocline region. They assumed geostrophy to
study the dynamics of a layer of incompressible and
homogeneous fluid on a flat-bottom sphere rotating with
the earth’s angular velocity and including meridional
solid boundaries. A distributed velocity across the layer
interface (hereinafter w), which is not specified by the
theory and balances|ocalized deep water sources, forces
the motion in the layer. Assuming a spatially uniform
(positive) value for w, two major predictions of the
Stommel—-Arons theory are (i) a poleward and eastward
flow in the interior produced by vortex stretching, and
(ii) the existence of a deep western boundary current
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(DWBC). The support for the theory seems to come
mostly from the observation of DWBCs (for early stud-
ies see, eg., Wust 1935; Swallow and Worthington
1957), even though only the existence, not the dynam-
ical nature, of the current is determined by the theory.
Early attempts to directly measure the mean circulation
in the abyssal interior, which is the object of the theory,
were spoiled by the presence of an unexpectedly large
mesoscale eddy activity (Crease 1962; Swallow 1971).

Direct measurement of the mean circulation in an
abyssal basin was more recently reattempted in the
framework of the Deep Basin Experiment (DBE; Hogg
et al. 1996), a component of the World Ocean Circu-
lation Experiment. A total number of 168 neutrally
buoyant floats with intended duration of 60—800 days
were released at ~2500 and 4000 m in the Brazil Basin,
with the expectation that the mean circulation would be
revealed through averaging out the eddy motions (Hogg
and Owens 1999). A mgjor result of the study was the
indication of zonal motionswith small meridional scales
in the interior, contrasting with previous inference from
hydrographic data (e.g., Reid 1989; Demadron and
Weatherly 1994) and with prediction by the Stommel—
Arons theory.

Hogg and Owens (1999) hypothesized that the zon-
ality observed in some of the float trajectories could be
related to the enhanced diapycnal mixing observed near
the Mid-Atlantic Ridge (MAR). Large insight into the
distribution of diapycnal mixing in the abyssal Brazil
Basin was provided by microstructure and tracer dis-
persion data obtained as part of the DBE (e.g., Polzin
et al. 1997; Ledwell et al. 2000; St. Laurent et al. 2001).
Microstructure velocity data were used to estimate rates
of dissipation of turbulent kinetic energy (TKE). These
estimates were then combined with buoyancy frequency
data to infer diapycnal eddy diffusivities for mass (k)
on the basis of asimplified model of turbulence (Osborn
1980). The estimated diffusivity levels are weak at al
depths above smooth abyssal plains and the South
American Continental Rise, amounting to less than or
approximately equal to 10~ m? s7%; in contrast, the
levels are large throughout the water column above the
rough MAR, with values for the bottommost 150 m
exceeding 5 X 10-4 m? s~ (Polzin et a. 1997). Data
of tracer dispersion and velocity microstructure imply
diffusivities of 2—-4 X 104 m? s~* at 500 m above
abyssal hills on the western flank of the MAR and about
10 X 10~* m? s ! nearer the bottom (Ledwell et al.
2000). The horizontal variations in diapycnal mixing in
the abyssal Brazil Basin appear therefore linked to the
roughness of the bathymetry. Within the area of elevated
roughness, maximum TKE levels occur on average over
asloping bottom; smaller levelswere found above crests
and canyons (St. Laurent et al. 2001).

The horizontal variations in diapycnal mixing should
have important consequences for the circulation of the
Antarctic Bottom Water (AABW) in the Brazil Basin.
The AABW is the only water below ~3700 m in the
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basin (e.g., Demadron and Weatherly 1994; Morris et
al. 2001). It enters the basin through the Vema Channel
(Hogg et al. 1999) and the Hunter Channel (Zenk et al.
1999), and exits the basin through the Romanche-Chain
Fracture Zones (FZs, Mercier and Speer 1998) and a
zonal passage situated at ~36°W at the equator (Hall
et al. 1997; Fig. 1). Volume fluxes of AABW through
these constrictions estimated by direct current measure-
ment and geostrophic computation indicate that a flux
of ~3.7 Sv (1 Sv = 10° m® s*) must upwell across
the upper surface of the AABW in order to balance the
net inflow of the water into the basin (Table 1). Morris
et al. (2001) estimated the average k, across neutral
density surfaces within the AABW, based on AABW
inflows and outflows at the basin rims in different po-
tential temperature classes and on an empirical rela
tionship between bathymetric roughness and TKE dis-
sipation deduced from dissipation data (St. Laurent et
al. 2001). The average k, was estimated to 1-5 X 104
m?2 s, consistent with previous values of 3-4 X 10—
m? st obtained from a less extensive dataset (Hogg et
al. 1982). The available microstructure data suggest that
these levels do not occur uniformly but are confined in
the vicinity of the MAR (Polzin et al. 1997; Ledwell et
al. 2000; St. Laurent et al. 2001). Closure of the AABW
mass budget would thus be largely achieved through
mixing in only a subregion of the basin, contrasting with
the perception of quasi-uniform upwelling in the sub-
thermocline region. Note that enhanced diapycnal mix-
ing over the midocean ridge may occur in other basins.
Mauritzen et al. (2002) inferred, from anomalies in the
salinity, oxygen, and nutrient fields, that diapycnal mix-
ing is enhanced over the western flank of the ridge in
the North Atlantic.

In this paper we develop a shallow-water model of
the circulation of AABW in the Brazil Basin. Shallow-
water models have become a common tool to enhance
understanding of the abyssal circulations (e.g., Kawase
and Straub 1991; Hallberg and Rhines 1996; Edwards
and Pedlosky 1998; Yang and Price 2000). They also
constitute the building block of isopycnic models of the
ocean general circulation, in which the ocean is viewed
as astack of layers, each of which has a constant density
and is governed by equations resembling the shallow-
water equations. Our aim is twofold. First, we attempt
to explore in the shallow-water dynamical framework
the impacts of the horizontal variations in diapycnal
mixing documented by dissipation data. In particular,
we examine the dynamically important hypothesis that
enhanced diapycnal mixing near the MAR could con-
tribute to the zonal character of the trajectory of some
of the floats launched in the AABW during the DBE
(Hogg and Owens 1999). Second, we attempt to assess
the extent to which the shallow-water model can capture
observations relative to the abyssal circulation in a par-
ticular basin that has been relatively well studied. Pre-
vious works used the shallow-water model to simulate
bottom water circulation in basins with realistic topog-
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FiGc. 1. Some major bathymetric features of the Brazil Basin and model domain. The bathymetric
data come from satellite altimetry and ship depth soundings (Smith and Sandwell 1997). The raw
data, available at 2" X 2’ resolution, have been arithmetically averaged in grid cells of 10" X
10’ to produce the figure. The model domain comprises grid cells in the Brazil Basin with a depth

z > 3700 m.

raphy (e.g., Stephens and Marshall 2000; Curchitser et
al. 2001). Confidence in the model would be increased
if it can be shown that the model can replicate at least
some of the features constrained by observations (see
also Stephens and Marshall 2000).

It is worth being explicit about the limitations of the
present study. Perhaps the greatest drawback is the
omission of any dynamical interaction of the bottom
layer with the overlying layers except through the cross-
interface velocity w. The view isadopted that the motion
in the bottom layer is forced exclusively by the mech-
anism of vortex stretching and compression provided
by w. A second shortcoming of the model is the lack
of density stratification to study the bottom water dy-
namics. Thus, the assumption is made that the circu-
lation of AABW in the Brazil Basin does not depend

in acrucial way on the stratification within the layer. A
positive aspect of the model, however, isthat it provides
a simple dynamical framework that can be used in con-
junction with realistic topography, so that progress to-
ward understanding the impacts of the horizontal var-
iations of diapycnal mixing in the real ocean can be
made. In order to isolate these impacts, the model ne-
glects other factors that might potentially influence the
AABW circulation in the Brazil Basin and the trgjectory
of neutrally buoyant floats in particular (section 5b).
Previous model studies addressed the dynamical im-
pacts of spatial variations in diapycnal mixing in the
Brazil Basin (Spall 2001; St. Laurent et al. 2001; Huang
and Jin 2002). Spall (2001) configurated a nonlinear,
planetary geostrophic model to represent a region of
mixing over the MAR in the southeastern part of the

TaBLE 1. Lateral boundary conditions of the model.

Region Lon Lat Flux* (Sv) Reference
Vema Channel 39°00'—37°10'W 29°00'S 4.0 Hogg et al. (1999)
Hunter Channel 28°00'-27°10'W 35°00'S 29 Zenk et al. (1999)
Equatorial Channel 36°00'W 1°40' S-0°00’ —-2.0 Hall et al. (1997)
Romanche FZ 19°00'-18°00'W 0°00’ -0.6 Mercier and Speer (1998)
Chain FZ 15°00'-14°00"'W 1°10'S —0.6 Mercier and Speer (1998)

* Positive values denote net inflow of AABW into the Brazin Basin.
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Fic. 2. Schematic representation of the shallow-water model. A
layer of incompressible and homogeneous fluid resides on a variable
rigid bottom rotating with the earth angular vel ocity with local vertical
component = fk/2, where k is a vertical unit vector. The layer, with
local thickness h, receives a net volume flux Q; — Q, that is balanced
by a velocity w at its upper surface. The layer is subjected to an
effective gravity g'.

basin. St. Laurent et a. (2001) combined hydrographic
and TKE dissipation data with an inverse model using
both beta-spiral and the integrated forms of the advec-
tive budgets of heat and massto constrain thecirculation
in this region. Huang and Jin (2002) used a z-coordinate
primitive equation (PE) model of the south Atlantic
Ocean to study the effects of bottom-intensified mixing
over the MAR. All of these studies concluded that the
presence of localized diapycnal mixing may have apro-
found influence on the abyssal circulation. The present
work differs from these previous studies by (i) focusing
specifically on the circulation of AABW in the whole
basin using a model with relatively high spatia reso-
lution, and (ii) comparing quantitatively model results
with observational estimates of the abyssal circulation,
in particular with estimates based on float data.

The paper isorganized asfollows. Section 2 describes
the numerical model—that is, the shallow-water equa-
tions, the method of solution, and the model parameters.
Steady-state solutions corresponding to spatially uni-
form and spatially variable w, which parameterizes
buoyancy forcing due to unresolved diabatic mixing
processes, are compared in section 3. A dynamical in-
terpretation of the numerical resultsis given. In section
4 the results of the shallow-water model are compared
with estimates of the circulation of AABW in the Brazil
Basin inferred from observations and from previous
models. Our results, in particular the comparison be-
tween the model and float data, are discussed in section
5. Conclusions follow in section 6.

2. Numerical model
a. Shallow-water equations

We consider the dynamics of alayer of incompress-
ible and homogeneous fluid described in a frame rotat-
ing with the earth angular velocity (Fig. 2). The layer
in our case is identified as the AABW resting on the
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bottom of the Brazil Basin. The effects of the internal
stratification within the bottom layer and of the circu-
lation in the upper layer are excluded. The equations of
motion for the layer are the shallow-water equations:

d
a—l:+qk><uh=—V(d>+K)+F and (1)

‘Z—? + V- (uh) = —w, @

where t is time, u is the (horizontal) velocity vector, k
is avertical unit vector, q = (£ + f)/h isthe potential
vorticity (PV), ¢ = k- (V X u) is the (vertica com-
ponent of) relative vorticity, f is the (vertical compo-
nent of) planetary vorticity, h = h, + n is the fluid
layer thickness, hy(r) is the thickness in the absence of
motion, 7 is the free surface perturbation, ® = g'7 is
the geopotential at the free surface, g’ is the reduced
gravity, K = |u|?/2 is the (horizontal) kinetic energy
per unit mass, wisthe velocity acrossthelayer interface,
and F is the friction force per unit mass. Both Ekman
friction and horizontal diffusion of momentum are con-
sidered:

Alflu A,

> n T h V - (hVu), (3)
where A, and A, are vertical and horizontal eddy vis-
cosities.

Equations (1)—(2) are integrated with the following
boundary conditions;

u-n=0 and

F=-—

u-t=0 (closed boundaries), (4)
u-n= *u, and
u-t =0 (open boundaries), )

where n and t are unit vectors normal and tangent to
the boundary, respectively, and u, is the specified ve-
locity component normal to the open boundary. The
condition u - n = *u, is intended to represent inflows
or outflows of AABW at the few passages around the
basin. The boundary conditions imply at steady state a
balance between the net inflow into the layer and the
upwelling at the top of the layer:

ZQi=f£wdA, (6)

where Q, = (hu,Ar); is the volume flux at the ith open
boundary (positive if the flux is directed into the layer
and negative if it is directed out of the layer), Ar; isthe
width of the ith open boundary, and A isthetotal surface
area of the basin.

b. Method of solution

We seek to determine the steady stateflow inthelayer,
subjected to appropriate conditions at its lateral bound-
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Fic. 3. Grid used for the potential enstrophy and energy-conserving
scheme. Here R, ¢, and ¥ denote the earth radius, longitude, and
latitude, respectively. To illustrate the determination of model stream-
lines we consider a hypothetical water particle located on the merid-
ional boundary of the cell (Uj;_y5, Viiyzjr Uiej-uar Visay-1) (OPEN
circle). If u;;_,, > 0 the particle follows one of three possible tra-
jectories, corresponding to a displacement to the northern boundary
(intime ty), eastern boundary (t.), or southern boundary (ts). In case
of local mass convergence—that is, U; 1, > 0, v,95; < 0, Uiiqj 1
< 0, and v, 4,; , > O—the particle " disappears” in the cell.

aries. To this end, Egs. (1)—(2) are integrated numeri-
caly to steady state with boundary conditions (4)—(5).
The equations are discretized on a spherical grid using
a finite-difference scheme that is second-order accurate
and conserves potential enstrophy and energy (Arakawa
and Lamb 1981). The grid is a staggered Arakawa C
grid with a size of 10’ in longitude and latitude (Fig.
3). The metric terms arising from the discretization of
horizontal momentum diffusion on the spherical grid
are neglected, since thisis only an arbitrary parametri-
zation of dissipation. Apart from the dissipation param-
etrization, all the metric terms due to motion on asphere
are retained (Arakawa and Lamb 1981). Equations (1)—
(2) are time integrated using the explicit, third-order
Runge—Kutta scheme; a low-storage variant of the
scheme is employed (Williamson 1980). The Ekman
friction, however, is fully implicit.

The model domain comprises the area within the
3700-m isobath in the Brazil Basin (shaded areain Fig.
1). Thisvalueis approximately equal to the mean depth
of the 2.0°C potential temperature isotherm in the basin,
which we take as the boundary between AABW and the
overlying North Atlantic Deep Water (e.g., Speer and
Zenk 1993) and which we estimate from two different
meridional sections (Fig. 3 of Demadron and Weatherly
1994; Fig. 4 of Morris et a. 2001). The model bathym-
etry comes from a compilation of satellite altimetry and
ship sounding data. (Smith and Sandwell 1997). The
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bathymetric data at 2' X 2’ resolution have been arith-
metically averaged in model grid cells of 10" X 10'.
Note that the algorithm to convert gravimetry to ba-
thymetry has a fundamental resolution limit of 7 times
the mean ocean depth, that is, about 12 km (Sandwell
et al. 2003). This is less than but comparable to the
model grid size of ~19 km in longitude.

The numerical implementation of the boundary con-
ditions is as follows. The grid is arranged so that the
meridional and zonal boundaries of the basin and of the
“islands” within the domain carry the u and v grid
points, respectively. Open boundaries occur at the five
bathymetric constrictions through which AABW flows
have been observed (Fig. 1 and Table 1). The velocity
component normal to the open boundary u, is obtained
by dividing an observational estimate of AABW volume
flux through the boundary (Table 1) by the correspond-
ing sectional area. This area is calculated from (i) the
longitudinal or latitudinal range of the boundary (Table
1) and (ii) alayer thickness value constrained from local
bathymetry and the assumption that the top of AABW
isat 3700 m. Thus the u, values are time-invariant. The
discretization of the term gk X uh in the momentum
equation requires the specification of PV values at the
(open and closed) boundaries (Arakawa and Lamb
1981). To permit a gradient of relative vorticity near the
boundaries, ¢ at the meridional and zonal boundary is
calculated from a linear extrapolation of the nearest v
and u value within the domain, respectively, using the
no-slip condition u -t = 0 at the boundary.

We note that our treatment of closed boundaries does
not alow the free surface to occupy new grid cells or to
retire along a doping bottom (*“‘vertical walls’ are as-
sumed). Different approaches are available to represent
numerically the contact of free surfaces with sloping
boundaries in isopycnic models (for a short review see,
e.g., Hsu and Arakawa 1990; Sielicki and Wurtele 1970).
Although the implementation of some of these approach-
es has been an important part of the development of the
model, the idealized boundary conditions in Eq. (4) are
adopted in the present study. To avoid numerical insta-
bilities arising from the simulation of very thin layers,
we remove from the computational domain any grid cell
for which h drops below a critical value and then apply
the conditions in Eq. (4) along the boundaries of the cell.
In the experiments reported in this study we use acritical
value of 1 m, which results in the removal of a small
fraction of the initial number of “‘wet” cells (1%—3%).

c. Parameter values

The model includes four parameters: the reduced grav-
ity @', the eddy viscosities A, and A,, and the cross-
interface velocity w (Table 2). A reduced gravity g’ =
1.7 X 10-3 m s72 is assumed. This value is consistent
with the mean buoyancy frequency profile along 25°W
in the abyssal Brazil Basin reported by Thurnherr and
Speer (2003, their Fig. 9) and is identical to the value
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TABLE 2. Reference value of the model parameters.

Parameter Symbol Vaue Units
Reduced gravity g 1.7 X 103 ms2
Vertical eddy viscosity A, 102 m? st
Horizontal eddy viscosity A, 108 m2 st
Cross-interface velocity w 4.8 X 1077 mst

used by Stephens and Marshall (2000) to simulate
AABW circulation in the whole Atlantic. Unless stated
otherwise the values used for A, and A, are 102 m2 s*
and 10° m? s1, respectively. The first value corresponds
to an Ekman layer thickness 6. = (2A,/f)¥? = 21 m at
a latitude of 17.5° (the midlatitude of our basin). The
second value corresponds to a Munk layer thickness §,,
= (A/B)¥? = 36 km at the same latitude (B is the plan-
etary vorticity gradient). The sensitivity of model results
to the values assumed for A, and A, will be explored.
Different spatial distributions of the cross-interface ve-
locity w (representing buoyancy forcing) will be consid-
ered, which constitutes the focus of the study.

3. Model results
a. Distribution of f/h,

The divergent nature of the flow field at steady state,
V - (uh) = —w, precludes using a streamfunction as
simply defined as u = k X Vi to describe the model
flows. To describe these flows we use streamlines.
Streamlines are calculated analytically from the model
velocity fields using the approach of Doos (1995; our
appendix). They will be compared with f/h, isopleths
in order to interpret the numerical results. Combining
Egs. (1)—(2) gives the equation of potential vorticity for
the layer. At steady state,

hu-Vq = wg + k - (VXF). @)

The advective transport of potential vorticity isbalanced
by the flux of PV at the top of the layer owing to up-
welling and by the dissipation of PV owing to frictional
torque. For a flow with small Rossby number,

hu-Vi=Wl+k-(V><F). (8)
hy h

This equation states the well-known result that a baro-
tropic flow that is strictly in geostrophic balance (w =
0 and F = 0) will be in line with f/h, isopleths. Com-
paring the streamlines and f/h, isoplethstherefore gives
information about the net effect of the diapycnal flux
and dissipation of PV.

The f/h, contours are oriented northwest—southeast
in the western part of the basin and southwest—northeast
in the eastern part, reflecting the bowl-shaped topog-
raphy of the basin and itslocation in the Southern Hemi-
sphere (black linesin Fig. 4). The contoursin the eastern
part show small-scale structures associated with in-
creased topographic roughness near the MAR. Small
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topographic scales, however, are often irrelevant even
for barotropic flows (Bretherton and Haidvogel 1976).
At these scales f/h, isopleths may thus depart substan-
tially from the streamlines of a barotropic flow that is
precisely geostrophic. Note that our linear potential vor-
ticity differs from the potential vorticity (f/o)oolozcal-
culated by O’ Dwyer and Williams (1997), by omitting
stratification and by including explicitly the contribution
of bottom topographic gradients. This precludes a con-
sistent comparison between our PV distribution and
theirs for the Brazil Basin.

b. Experiments with uniform w

We first consider a reference experiment with a spa-
tially uniform w and the value for the other model pa-
rameters listed in Table 2. The wording “reference”
does not mean that this is the most realistic simulation
but that the simulation functionsasapivot for sensitivity
experiments. The spatially uniform w balancing the net
inflow of 3.7 Sv at the rims of the basin (Table 1)
amounts to 4.8 X 10-7 m s~*. This value is consistent
with the estimated average upwelling rates of (4-11) X
107 m s7! for neutral density surfaces within the
AABW (Morris et al. 2001, their Table 3b). This is
expected because these authors and we rely on AABW
volume fluxes from the same observational studies.

The model velocity field shows that kinetic energy is
mostly confined to a northward-flowing western bound-
ary current (Fig. 5). The maximum velocity amplitudes
in the current are O(10-*) m s~* (Fig. 5), that is, much
larger than the amplitudes in the interior, which are
O(102 — 1072) m s * (Fig. 6). The velocity field in
the interior is complex (Fig. 6). It is dominated by (i)
arecirculation just east of the western boundary current
and (ii) the outflows at the model Romanche—-Chain FZs.
To elucidate the circulation structure in the interior, we
consider several streamlines distributed throughout the
basin (Figs. 5, 6). In the western part of the basin and
east of the western boundary current, the flow roughly
is from the northwest to the southeast. In the eastern
part, streamlines either converge to the model Ro-
manche-Chain FZs, where net outflows are prescribed,
or have the same orientation as in the west. In thislatter
case the streamlines end at the model ridge.

To help in interpreting the model circulation we first
compare the distribution of the potential vorticities g
and f/h, (blue and black lines, respectively, in Fig. 4).
The two distributions are very similar except in the
western boundary current. This indicates that the sim-
ulated flow has small Rossby numbers, except in the
western boundary current where the advective nonlin-
earity is important. Hence, departures between stream-
lines and f/h, contours can generally be interpreted in
terms of the net effect of diapycnal flux and dissipation
of PV [Eg. (8)]. Second, we consider three streamlines
whose initial location is close to selected f/h, contours
at 30°W in the western part of the basin (blue lines in
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Fic. 4. Isopleths of the potential vorticities f/h, (black) and g (blue) for the AABW layer in the Brazil Basin.
The f/h, values have been calculated assuming that the top of the layer is at a depth of 3700 m. The g values

are for the reference experiment.

Fig. 7). All streamlines deviate southward from their
corresponding f/h, isopleth and intersect many f/h,
contours in the eastern part of the basin. This indicates
that the interior flow in the model is strongly affected
by the diapycnal flux and dissipation of PV.

To assess the relative importance of dissipation in the
model, we consider an experiment with the same pa-
rameter values as the reference experiment except that
the vertical and horizontal viscosities are reduced by a
factor of 2, that is, A, = 05 X 102m?stand A, =
0.5 X 103 m? s, These values correspond to boundary
layer thicknesses 6. = 15 m and 8,, = 28 km, respec-
tively, at the midlatitude of the basin. The streamlines
in the interior (red lines in Fig. 7) are very close to
those of the reference experiment. We thus conclude
that the diapycnal flux, not the dissipation, is the dom-
inant term that balances the transport of PV in the in-
terior [Eq. (8)]. The dynamical nature of the flow in the
interior is essentially the same asin the Stommel—Arons
theory, except for the northern part of the basin where
the circulation is affected by the outflows at the Ro-
manche-Chain FZs (Fig. 6).

c. Experiments with variable w

We now consider sensitivity experiments with a spa-
tially variable w. Although the distribution of the ve-
locity acrossthe AABW “‘interface” in the Brazil Basin
is largely unknown, the turbulent dissipation data ob-
tained as part of the DBE did provide valuable insight.
Consider the following balance in the density equation
(e.g., St. Laurent et al 2001):

2 0

W, N 07 9
where w, is the diapycna velocity, N is the buoyancy
frequency, J, is the turbulent flux of buoyancy, and z is
the vertical coordinate. The diapycnal advection is the
vertical component of flow through isopycnals, associ-
ated with a convergence of the buoyancy flux J, (St.
Laurent et a. 2001). The balance in Eq. (9) assumes
steady state and neglects lateral fluxes of buoyancy, as
well as cabbeling and thermobaricity (McDougall 1987).
Using the eddy closure J, = —k,N2 and the TKE model
k, = I'e/N2 (Osborn 1980), where I is the mixing effi-



NovEMBER 2004

EQ

10°3

LATITUDE

25°S

30°S

35°S - - ' -
45°W  40°W  35°W  30°W

MARCHAL AND NYCANDER

250w

2499

0.161E+00
—

Maximum Vector

10°W

15°W

20°W

LONGITUDE
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velocity field is shown to avoid congestion of the figure. The largest velocity in the figure has an amplitude of 16.1

cm st

ciency and e is the rate of TKE dissipation, one obtains

- YNy = 2
w,.N az(k”N ) GZ(FE)' (20)
Assuming a uniform I" value, as was done to estimate
k, from e and N data (e.g., Polzin et al. 1997), the sign
of w, would be dictated only by the vertical gradient
of turbulent dissipation. Mean e profiles over the MAR
in the Brazil Basin show a systematic increase with
depth (e.g., St. Laurent et al. 2001), which would imply
negative w,. In contrast, e profiles farther west off the
MAR do not on average show systematic changes with
depth (St. Laurent et al. 2001; their Fig. 2), whichwould
imply much smaller w, in absolute magnitude.

The negative w, implied by e data raises the question
of the location of AABW upwelling required by the net
AABW inflow at the basin boundaries (e.g., Polzin et
al. 1997). These authors hypothesized that waters is
fluxed strongly upward across density surfaces within
the many canyons on the western flank of the MAR
[Thurnherr and Speer (2003) estimated that the tota
length of connected ‘‘zonal’ valley segments longer
than 40 km below 1500 m and between 30°S and 2°N

associated with the ridge amounts to 47 000 km in the
Brazil Basin]. On a broad scale, the fractured MAR
would act as a‘‘ permeabl e sloping boundary,” with the
densest waters of the basin entering at the western end
of the canyons and exiting at the eastern end of the
canyons (Polzin et al. 1997). Thus, the western flank of
the MAR would actually be a site of AABW upwelling.
St. Laurent et al. (2001) used an inverse model based
on hydrographic and e data to constrain the circulation
near ~21°-22°S on the western flank of the MAR. The
inversion points to positive w, on deep neutral density
surfaces below the canyon crests and to negative w, on
shallower surfaces above the canyon crests west of the
upwelling region. It revealed a zonal overturning cir-
culation, which essentially supports the circulation hy-
pothesized by Polzin et al. (1997). Morris et a. (2001)
used the results of St. Laurent et al. (2001) to assume
relatively large k, near the axis of the MAR and smaller
k, west of theridge in their analysis of the AABW mass
budget in the Brazil Basin. Huang and Jin (2002) men-
tioned that bottom-intensified mixing in their PE model
induces upwelling over the western slope of the MAR
and downwelling over the lower part of the ridge and
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that this pattern is consistent with the results of St. Lau-
rent et al. (2001).

We force the model with a highly idealized distri-
bution of the cross-interface velocity w(r). The distri-
bution assumes a constant value of the velocity west
(w,,) and east (w;) of acritical longitude ¢ () (9 being
the latitude):

wie, 9) = wy if ¢ =¢(9) ad  (11)

if o> @), (12)

where |w,,| < wg and wg > 0. Given the model res-
olution we do not attempt to account for the possible
variability of w(r) at spatial scales associated with the
canyon-crest system in the western flank of the MAR,
which has an estimated meridional wavelength of ~30—
60 km (St. Laurent et al. 2001; Thurnherr and Speer
2003). However, the distribution defined by Egs. (11)—
(12) does capture essential features of the vertical cir-
culation described by Polzin et al. (1997) and St. Lau-
rent et a. (2001). That is, strong upwelling would occur
near the MAR and small upwelling or downwelling
would take place in the western interior far from the
ridge. In practice, the field w(e, ) is calculated by

w(p, 9) = W

specifying the ratio A = wy/wg (0 = |A| < 1) and
using the integral constraint in Eg. (6). Therefore, each
distribution w(r) isdictated by two externally prescribed
guantities: ¢.(19) and A. The first quantity determines
the width of the region near the MAR where the net
volume flux at the top of the AABW layer (3.7 Sv) takes
place. The second governs the partitioning of this flux
between this region and the western region.

We consider afirst experiment with spatially variable
w, using Agp, = 4° and A = 0O; that is, upwelling is
confined to a region within 4° of the MAR and w van-
ishes elsewhere. The assumption that the upwelling re-
gion has awidth of 4° on the western flank of the MAR
is consistent with inverse model results (St. Laurent et
al. 2001). Theresulting flow in the region of the western
boundary current differs little from the reference ex-
periment (not shown). To elucidate the effects of a spa-
tially variable w(r) on the interior circulation, stream-
lines whose initial location approximately coincides
with selected f/h, isopleths in the western part of the
basin are again examined (red lines in Fig. 8). They
differ strongly from the streamlines of the reference
experiment. Intheinterior far from theridge, the stream-
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(dots) is close to a f/h, contour.

lines tend to follow f/h, contours much more closely.
Near the ridge they do intersect these contours, but the
same is true for the streamlines of the reference exper-
iment, as will be discussed in section 3d. The net result
is that the southward component of the motion is on
average reduced strongly by the confinement of the dia-
pycnal mass flux near the ridge.

We examine a second experiment with Ag, = 4° as
in the preceding experiment but with A = —0.1; that
is, small downwelling occurs west of the critical lon-
gitude ¢ () (green linesin Fig. 8). This choice of w(r)
corresponds to a naive and qualitative extrapolation to
the whole basin of inverse model results obtained for a
region in the southeastern part of the basin (St. Laurent
et al. 2001). In contrast to the previous experiment, some
streamlines run north of their respective f/h, contours
in the western interior. Additional experimentswith A ¢,
= 2° or 6° indicate that the circulation responses to
spatially variable w(r) are insensitive to the width of
the upwelling area (not shown).

d. Interpretation of numerical results

A simple interpretation of the model resultsis given,
based on qualitative predictions from the linear PV bal-
ance (8) and idealized f/h, contoursfor the Brazil Basin
(Fig. 9). The effect of frictional torqueis neglected, and
the western boundary region and the region influenced
by the outflows at the Romanche-Chain FZs are ex-
cluded. The topographic and planetary g effects lead to
a convergence of f/h, contours to the equator at both
the western and eastern boundaries of the basin (if h,
could vanish the contours would converge to a single
point at both ends of the equator). The important dy-
namical consequence is the presence of (i) a positive
zonal component of thelinear PV gradient in thewestern
part of the basin and (ii) a negative zonal component
of thelinear PV gradient in the eastern part. A barotropic
flow that is purely geostrophic would be oriented north-
west—southeast in the western part and southwest—north-
east in the eastern part. The topographic and planetary



2502

EQ

JOURNAL OF PHYSICAL OCEANOGRAPHY

VoLUME 34

10°S

15°8

LATITUDE

20°3

25°3

30°S

35%8 -

10°W

15°W

30°W 20°W
LONGITUDE

Fic. 8. Isopleths of potential vorticities f/h, (thin black lines) and streamlines in three different model
experiments. The simulated streamlines are for the reference experiment (blue), a sensitivity experiment with

Agp, = 4° and A = O (red), and another sensitivity experiment with A, = 4° and A = —0.1 (green). The
initial location of each streamline (dots) is close to a f/h, contour. The critical longitude ¢(¥) is aso shown

45°W 40°W 35°W

(thick black line).

B effects will compete with the net upwelling w, which
tends to deflect the flow from f/h, contours.

In the constant-w case (line A in Fig. 9, and bluelines
in Fig. 8), the vortex stretching (wf/h, < 0) displaces
the streamlines to the right of the f/h, contours every-
where. In the variable-w case with w,, = 0 (line B in
Fig. 9, and red lines in Fig. 8), the streamlines follow
the f/h, contours until they get far into the eastern part
of the basin. The stronger rightward displacement in the
eastern part, with converging f/h, contours, does not
compensate for the lack of rightward displacement in
the region with diverging contours. The result is that
the overall circulation is much more northward. In the
variable-w case withw,, < 0 (lineCinFig. 9, and green
lines in Fig. 8), the vortex compression in the western
interior (wf/h, > 0) causes a leftward displacement and
the overall circulation is even more northward.

Another feature of the simulations, which may at first
seem surprising, is that the angle between the stream-
lines and the f/h, contoursis much larger in the eastern
part of the basin than in the western part, even in the

case with uniform upwelling. This means that the ratio
between the velocity components parallel and perpen-
dicular to the f/h, contours is smaller in the eastern
part. The reason is that these components have rather
different origin. The perpendicular component is driven
by the local upwelling and does not vary systematically
from west to east in the reference case (with constant
w). The parallel component, on the other hand, is de-
termined essentially by mass conservation, with the per-
pendicular component regarded as given. Thus, it issen-
sitive to the overal distribution of sources and sinks. In
the present case the sources are in the western part of
the basin, and if the sinks are distributed over the whole
basin, mass conservation requires that the parallel com-
ponent decreases from west to east. The same feature
is present in the Stommel—-Arons theory.

4. Comparison with previous studies

In this section we compare results from the shallow-
water model with previous inferences about the circu-
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Fic. 9. Idealized potential vorticity f/h, contours and streamlines
for the interior of the Brazil Basin. Streamline A corresponds to a
spatially uniform cross-interface velocity w. Streamline B corre-
sponds to a positive w in the region close to the ridge and to zero w
west of that region. Streamline C corresponds to a positive w in the
region close to the ridge and to negative w west of that region.

lation of AABW in the Brazil Basin. These inferences
are based on hydrographic data, float trajectory data,
and results from previous model studies.

a. Hydrographic data

It is noteworthy that estimates of geostrophic trans-
port may vary between studies owing to a variety of
reasons, such as real temporal variability, data quality
and availability, bottom triangle approximation, and the
choice of the level of no motion. Consider first some
qualitative aspects of the circulation. Reid (1989) cal-
culated adjusted steric heights at 4000 and 4500 dbar
in the South Atlantic. His Figs. 29 and 30 include three
isoplethsin the Brazil Basin, which suggest the presence
of a northward geostrophic flow throughout most of the
basin south of ~15°S. Our results with spatially uniform
w are clearly not consistent with the existence of anorth-
ward flow in the interior of the basin (e.g., Fig. 5). Our
results with spatially variable w are consistent with the
existence of a northward flow in the eastern half of the
basin away from the MAR but show a southward re-
circulation in the western half east of the western bound-
ary current. Speer and Zenk (1993) inferred asouthward
flow of AABW in the western part of the basin (east of
the DWBC) and a northward flow in the eastern part,
by considering only the distribution of geostrophic con-
tours. Thiscirculation isdifferent from the one predicted
by the shallow-water model with uniform w but is es-
sentially similar to the one predicted with spatially var-
iable w. Note that it is the small value of w over most
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of the basin assumed in the experiment with spatially
variable w that makes this experiment agree with the
flow scheme of Speer and Zenk (1993) (these authors
ignored the effects of upwelling in their flow scheme).
Demadron and Weatherly (1994) considered zonal and
meridional hydrographic sections obtained for the South
Atlantic Ventilation Experiment. They inferred the ex-
istence of three features: a southward return flow at the
eastern edge of the DWBC, a northward flow in the
eastern part of the basin (west of ~20°W), and a cy-
clonic abyssal gyre in the central part of the basin north
of ~11°S. Thefirst featureis present in all the numerical
experiments considered above, whereas the second can
be simulated only in experiments with variable w. None
of our simulations, on the other hand, include a gyre in
the northern central part of the basin.

A few quantitative estimates of geostrophic transport
of AABW in the Brazil Basin have been published. Mc-
Cartney and Curry (1993) examined two hydrographic
sections near 23° and 11°Srunning acrossthe entire basin.
They estimated a net northward transport of 6.7 Sv at
23°Sand 5.5 Sv at 11°S for AABW below a level of no
motion located along the 1.9°C potential temperature iso-
therm. From sections spanning the whole zonal width of
the basin, Speer and Zenk (1993) calculated a net north-
ward transport of 5.0 = 1.1 Sv at 24°S, 45 + 0.8 Sv at
19°S, and 3.0 = 1.4 Sv at 11°S, assuming a level of no
motion along the o, = 45.85 kg m~2 surface. In the
shallow-water model, the net northward transport
amounts to 5.7-5.8 Sv at 23°S, 5.3-5.5 Sv at 19°S, and
4.4-45 Sv at 11°S, where the ranges reflect variations
among the four experiments considered above. The zon-
aly integrated transports predicted by the model appear
comparable to the few observational estimates.

b. Float trajectories

We now attempt to compare model results directly
with information provided by floats that were released
at abyssal depths in the Brazil Basin (Hogg and Owens
1999). One important dynamical issue is whether the
observed ““zonality” in the trajectory of some of the
floats released in the interior could be linked to the
presence of enhanced diapycnal mixing near the MAR
(Hogg and Owens 1999). The comparison is thus fo-
cused on the circulation in the interior, where horizontal
variations in w were shown to have a substantial impact
in the shallow-water model. We consider the floats that
satisfy two criteria. First, we retain in the analysis only
the floats that were launched at ~4000 m (in AABW)
and that lasted at least 1 yr (Hogg and Owens 1999,
their Fig. 6d). Second, we omit from the comparison
the floats for which there is a clear visual indication of
influences by the DWBC. A total of 18 floats satisfy
these two criteria (Fig. 10).

We comparethe AABW float trajectorieswith stream-
lines predicted by the shallow-water model in the ex-
periment with spatially uniform w and in the experiment
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FiG. 10. Trajectory of 18 floats at abyssal depthsin the Brazil Basin. Different colors are used to differentiate
the individual float trajectories. Only the trajectories that were regarded as representative of AABW (Fig. 6d
of Hogg and Owens 1999) and for which there is no clear visual indication of influences by the DWBC are
shown. The numbers and dots denote the original float identification number and initial location, respectively
(data from Hogg and Owens 1999). |sopleths of f/h, are also shown (black lines). The depths shallower than

3700 m are shaded.

with positive w near the MAR and zero w elsewhere
(Fig. 11). Consider first whether the float trajectories
and the model streamlines show (dis)similar flow di-
rections. The float trajectories exhibit much more var-
iationsat small spatial scalesthan the model streamlines,
which makes this qualitative comparison difficult. Nev-
ertheless, it appears that the streamlines in both model
experiments show important differences with float tra-
jectories, although there are exceptions (e.g., 35b). The
streamlines simulated with spatially variable w do not
seem to compare more favorably to the float trgjectories.
The notable exception to thisis for float 231, for which
the prescription of a spatially variable w largely im-
proves the fit of the model streamline to the float tra-
jectory. At this point we do not have an explanation for
why the fit is improved for this particular float.

We then compare the float data and the model results
quantitatively. On each model streamline the geographic
position after the time equal to the deployment period of
the corresponding float is identified (pluses in Fig. 11).

For each streamline the distance to this position is much
smaller than the distance between the initial and final
locations of the corresponding float; that is, the velocities
predicted by the shallow-water model are much smaller
than the float velocities. We compute for each float the
average float velocity over its trgjectory:

U = J uFdl/ﬁf d,

wherel, and | ; designate, respectively, theinitial and final
float location and u. is the float velocity. The average
float velocities Uz arein the range 1.6-6.2 cm s—* (Table
3 and circles connected by solid line in Fig. 12). The
float velocities are compared with the shallow-water
model velocities predicted in the four numerical exper-
iments considered above with (i) spatially uniform w, (ii)
spatially uniform w and reduced eddy viscosities, (iii) w
> 0 near the MAR and w = 0 elsewhere, and (iv) w >
0 near the MAR and w < 0O elsewhere (Fig. 12). For a

(13)
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consistent comparison we compute the line integral of
the model velocity amplitude along each float trajectory:

ful = J jul dl/f d.

Note that the product |u|dl is used instead of u - dl as
the integrand—that is we are interested in comparing
the velocity amplitudes, not their projection, along the
float trajectories. It appears that the model velocitiesare
systematically lower than the float velocities, the dif-
ference reaching on average one order of magnitude
(Fig. 12). Note also the large amplitude differences be-
tween experiments characterized by different w,(r).
More specifically, the velocity amplitudes near theridge
(e.g., corresponding to the trajectory of floats 208, 222,
and 224) are generally higher in experiments with var-
iable w than in experiments with uniform w owing to
the elevated vortex stretching near the ridge in the for-
mer experiments. Thus, the vel ocity amplitudes near the
ridge simulated with variable w are closer to, but still
substantially lower than, the float velocities.

It is also instructive to compare the float velocities
with the velocity amplitudes predicted by the Stommel—
Arons theory. An analytical expression for the velocity
amplitude is derived from the theory

(14)

[uaa (@, 0| = hﬁwv[z cosd (g — ¢)]2 + tan29,  (15)

where R is the earth radius and ¢, is the longitude of
the eastern boundary of the basin. This expression is
obtained by assuming aflat bottom, a constant pressure
on the eastern boundary, a spatially uniform cross-in-
terface velocity at the top of the layer (w), and an eastern
boundary at a constant longitude (¢g). To calculate
[usa(@, )| we assume h, = 1000 m, w = 5 X 107
m s, and ¢ = 15°W. Like the line integrals of the
model velocity amplitude, the line integrals of the the-
oretical velocity amplitude (circles connected by dashed
linein Fig. 12) are much smaller than thefloat velocities.
The theoretical and float velocities also differ by one
order of magnitude on average.

c. Models

Our model results for the interior of the abyssal Brazil
Basin show similarities but also differenceswith previous
model studies. Spall (1994b) used athree-layer isopycnic
PE model to study the effects of baroclinic instability of
the western boundary current on the abyssal circulation
in the interior. Whereas the model was not intended to
simulate the circulation in a particular basin, the choice
of the model basin (i.e, its idealized geometry and to-
pography, and its location in the Southern Hemisphere)
was motivated by observations in the Brazil Basin. The
mass fluxes between the layers were assumed to be spa-
tialy uniform. When the western boundary current is
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stable (as occurred in numerical experiments with arel-
atively high value for the bottom drag coefficient), these
fluxes force a clockwise circulation gyre in the interior,
modified by topography. This is qualitatively consistent
with the Stommel—-Arons theory and our shallow-water
model. When it is unstable (with relatively small bottom
drag), amean circulation was found only in the statistical
sense, characterized by anticlockwise motion in the in-
terior. Stephens and Marshall (2000) used a model based
on the shallow-water equations (neglecting local and ad-
vective accelerations in the momentum equation) to rep-
resent the flow of AABW in the entire Atlantic. All the
simulations reported in their study assume a uniform w.
The authors mentioned that the flowsin their model occur
predominantly along PV (f/h) contours, which is con-
sistent with our results obtained for the region far from
the ridge with spatially variable w. The results of Ste-
phens and Marshall (2000), on the other hand, disagree
with predictions by the Stommel—-Arons theory and our
numerical experiments with uniform w. In his two-layer,
planetary geostrophic model forced by localized mixing
over sloping bottom, Spall (2001) reported that the flow
in the deep layer is very weak, zonal, and toward the
east. This result is essentialy similar with prediction by
the present model.

The study of St. Laurent et al. (2001) provided im-
portant constraints on the circulation of AABW in a
relatively small areaof the Brazil Basin (between ~25°—
11°W and 25°-19°S). The authors inferred, from an in-
verse model constrained by dissipation and hydrograph-
ic data collected in 199697, the flow in three layers
corresponding to the neutral density ranges 28.08—
28.16, 28.16-28.20, and >28.20 kg m~2. They con-
cluded that the flow in these layersis ‘*‘ generally south-
ward and westward.” They demonstrated that their re-
sults are quantitatively consistent with tracer dispersion
data for about the same region and period (Ledwell et
al. 2000). Note that St. Laurent et al. (2001) mentioned
that their estimated flow direction is not consistent with
the adjusted steric heights calculated by Reid (1989),
which suggest northward flow near 20°S, 20°W at 4000
(his Fig. 29) and 4500 dbar (his Fig. 30). Speer and
Zenk (1993, their Fig. 13) and Demadron and Weatherly
(1994, their Fig. 19) also inferred the presence of a
northward flow of AABW in the region investigated by
St. Laurent et al. (2001). The results from the shallow-
water model obtained with spatially variable w show
northeastward flow in the eastern half of the basin far
from the MAR (Fig. 8). This is consistent with early
inferences (Reid 1989; Speer and Zenk 1993; Demadron
and Weatherly 1994) but disagrees with the more local
estimates of St. Laurent et al. (2001).

5. Discussion

A first result of this study istheillustration of astrong
sensitivity of bottom-water circulation to upwelling dis-
tribution in a shallow-water model with realistic topog-
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Fic. 11. Comparison between AABW float trajectories (thick solid line) and streamlines simulated by the
shallow-water model in the experiment with spatially uniform w (dashed line) and in the experiment with a
spatially variable w with Ag, = 4° and A = 0 (thin solid line). The pluses on model streamlines indicate the
position after a time equal to the deployment period of the corresponding float. The number in each panel is

the float identification number (ID).

raphy. If the upwelling is confined to the region of rough
topography near the model ridge, as suggested by dis-
sipation data for the Brazil Basin, the poleward motion
as predicted by the Stommel—Arons theory is strongly
reduced, or even reversed. Thisresult arisesin the shal-
low-water model mostly from the combination between
two effects: (i) the net gradient of ambient potential
vorticity set by the topography and the variation of the
Coriolis parameter with latitude, and (ii) the spatial dis-
tribution of the PV flux at the top of the abyssal layer.
The first effect tends to align barotropic motion with
f/h, contours, which in the Brazil Basin diverge to the
southeast in the western part of the basin and converge
to the northeast in the eastern part. The second tends to
deflect barotropic mation to the right of f/h, contours
in the Southern Hemisphere. The first effect essentially
dominates in the western interior, where net upwelling
is low, whereas the second becomes very important

close to the ridge, where upwelling is high. If the up-
welling is limited to a small region close to the ridge,
the motion is equatorward just west of this region and
quasi zonal within this region. This largely reduces the
zonally integrated transport to the south in the interior.
For example, the zonally integrated transport east of
30°W is southward at 23°S (11°S) in the two experi-
ments with uniform w, amounting to —0.77 Sv (—0.59
Sv) inthe reference experiment and to —0.71 Sv (—0.59
Sv) in the experiment with reduced viscosities. By con-
trast, this transport at 23°S (11°S) is northward in the
two experimentswith spatially variable w, reaching 0.39
Sv (0.45 Sv) in the experiment with w = O far from the
ridge and 1.57 Sv (1.54 Sv) in the experiment with w
< 0 far from the ridge. The differences in the transport
rates between the experimentswith uniform and variable
w are on the same order of magnitude as the estimated
net inflow of 3.7 Sv into the basin (Table 1). This il-
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lustrates the strong influence of w(r) on the interior
circulation.

A second result of our study is the important differ-
ences between the predictions of the shallow-water
model and the float datafor AABW in the Brazil Basin.
The model streamlines and velocities show important
differences with the float trajectories and velocities.
These differences are obviously the result of missing
physics in the model. To better identify the missing
physics we first consider more closely the trajectories
of the floats launched in the AABW layer during the
DBE (Hogg and Owens 1999). The trajectories seem
actually to reveal an important influence by an abyssal
eddy field (Fig. 10). Data from current meters deployed
at ~2500 m during the DBE indicated TKE levels of
order 1 cm? s=2 in the basin interior (Hogg and Owens
1999). Despite these low levels, as noticed by these
authors, a surprising number of floats were caught in
vortices. Evidence of abyssal eddies in the Brazil Basin
was also found from hydrographic casts (Weatherly et
al. 2002). It isnoteworthy that zonal motion issuggested

by many, but not all, float trajectories (Fig. 10). Among
the floats that experienced approximately zonal trajec-
tories, many showed back-and-forth motions. LaCasce
(2000) conducted a statistical analysis of the trajectory
of the floats released at the NADW and AABW levels
during the DBE. He concluded that the floats in the
interior show no significant drift in any direction, de-
spite that some floats move only westward and others
only eastward during their deployment period. It isin-
structive to compare for each float the net displacement
between itsinitial and final locations with the total dis-
tance traveled by the float during its whole deployment
period. Floats 142a, 184, 212, 229, 286, and 35b have
a ratio of total distance to net displacement equal to,
respectively, 5.6, 10, 13, 5.7, 5.6, and 3.4 (Table 3). For
these floats the period of the zonal oscillations is com-
parable to the deployment period (Table 3). The AABW
floats present other puzzles (Hogg and Owens 1999).
For example, all floats launched in the northern half of
the basin and along its eastern edge near 19°W expe-
rienced a net displacement to the west (Hogg and Owens
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TaBLE 3. Tragjectory statistics for floats released in the AABW of
the Brazil Basin.

[ [ [o]

Float ID Ta(day) L°(km) (km) (em s™)
142a 621 328 1829 5.6 4.6
157 821 198 724 3.7 16
184 793 166 1656 10 3.0
199 783 556 2069 3.7 4.3
202 791 448 1459 33 3.0
208 791 023 1117 49 2.2
212 793 139 1750 13 3.7
220 793 213 1237 5.8 2.6
222 510 193 1054 55 3.7
224 793 240 953 4.0 21
229 793 361 2069 5.7 4.1
231 795 580 1479 2.6 31
232 793 057 973 17 2.0
247 793 053 1214 23 25
286 793 468 2626 5.6 6.2
290 793 146 1252 8.6 2.7
293 595 260 636 25 16
35b 444 361 1235 34 4.3

2 Approximate length of time between initial and final locations of
the float.

b Geodesic distance between initial and final locations of the float.

¢ Total distance traveled by the float between its initial and final lo-
cations.

1999, their Fig. 6¢). There also appears a collision
course with two floats (202 and 231) deployed in the
middle of the basin (Hogg and Owens 1999, their Fig.
8a). These authors argued that some of the float ** mys-
teries” will be solved through a more extensive float
dataset and by taking temporal variability into account.

In the remainder of this section we discuss some
mechanisms that are not represented in our numerical
experiments but which may have influenced strongly
the floats released in the AABW layer of the Brazil
Basin. The differences between the float data and the
results from our numerical experiments may be largely
associated with their lack of any time-dependent motion.
The float velocities (Table 3, Fig. 12) have an order of
magnitude comparable to the rmsvelocitiesfrom current
meters deployed at ~2500 m in the basin, which were
interpreted in terms of eddy activity (Hogg and Owens
1999). The discussion below islargely devoted to mech-
anisms that may be responsible for the presence of zonal
motions and/or eddies in the abyssal interior.

a. Geostrophic turbulence

Zona motions in the subthermocline region can be
produced by the elongation of an abyssal eddy field in
the zonal direction owing to the planetary B effect.
LaCasce and Speer (1999) used a quasigeotrophic (QG)
model to simulate particle trajectories in aturbulent un-
forced barotropic flow on the 8 plane. In the simulation,
most trajectories show a systematic zonal drift, the di-
rection of the drift depending on the initial position,
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Fic. 12. Velocity amplitudes estimated from the floats released in
the AABW in the Brazil Basin (circles connected by solid line),
calculated from the Stommel—Arons theory (circles connected by
dashed line), and simulated in the four numerical experiments con-
sidered in this study (other symbols). Experiment 1 is the reference
experiment. Experiment 2 is the same as the reference experiment
but with the values of A, and A, reduced by afactor of 2. Experiment
3 corresponds to a spatially variable w with Ap, = 4° and A = 0.
Experiment 4 corresponds to a spatially variable w with Ag, = 4°
and A = —0.1. The numbers below the horizontal axis are the float
identification numbers. Only the floats for which the trajectories were
regarded as representative of AABW (Fig. 6d of Hogg and Owens
1999) and for which there is no visua indication of influences by
the DWBC are considered (data from Hogg and Owens 1999). Note
the logarithmic scale.

with some particles moving west and others east. The
simulated trajectories (Fig. 3 of LaCasce and Speer
1999) do not look unlike some of the AABW trajectories
in the interior of the Brazil Basin (Fig. 10). A quanti-
tative assessment of the importance of this mechanism
may be attempted. According to the QG approximation,
the conversion of eddiesinto Rossby wave packetsleads
to a statistically stable peak in the energy spectrum at
wavenumber V B/U, where U is atypical velocity am-
plitude of the eddy field (Pedlosky 1987). The Rhines
scale V' U/B provides a measure of the meridional scale
of the zonal jets. Assuming that the rms velocities of
O(1 cm s7%) measured by current meters at ~2500 m in
the basin (Hogg and Owens 1999) are also representative
of levels in the AABW, this scale amounts to ~20 km
at the midlatitude of the basin. This is smaller than the
meridional scale that is apparent in individual float tra-
jectories (e.g., floats 229, 35b, 212, 184, and 231; Fig.
11). The assessment is very crude and at best suggests
that more energetic conditions may be required for geo-
strophic turbulence to be a dominant mechanism af-
fecting the AABW floats.

b. Fractured ridge

Zonal jets may occur on the western side of a basin
possessing a meridional ridge pierced by gaps (e.g., Ped-
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losky 1994). Pedlosky (2001) applied a two-layer QG
model to a basin including a meridional fractured ridge,
to suggest that the zonal jets might explain float data at
about 22°S examined by Hogg and Owens (1999). Mer-
cier et a. (2000) inferred from ameridional hydrographic
section along the eastern flank of the MAR, that ** bottom
water” throughflows occur at the Rio de Janeiro FZ
(22°S) and Rio Grande FZ (26°S). The water fluxes, how-
ever, have not been quantified and their significance for
the mass budget of AABW in the Brazil Basin is un-
known (accordingly only AABW fluxes through the Ro-
manche-Chain FZs have been considered in the shallow-
water model). On the other hand, the AABW float tra-
jectoriesthat show best visua evidence for zonal motions
actually occur north of 22°S (Fig. 10). It seems a priori
likely that the outflows at the Romanche-Chain FZs
(Mercier and Speer 1998) did influence some float tra-
jectories. In the shallow-water model the circulation in
the northern part of the basin is strongly influenced by
the presence of these FZs, where mass fluxes are spec-
ified; thisis apparent both in the experiment with uniform
w (Fig. 6) and in the experiment with variable w (Fig.
8). On the other hand, the floats that experienced quasi-
zonal trajectories, namely, those in the northernmost part
of the basin, did not move in one particular direction but
tended to oscillate (floats 229, 35b, 212, 184; Figs. 10
and 11). Thus, there appears to be no strong support in
favor of the role of gapsin the MAR on the AABW float
trajectories, at least not in the way envisioned by the
aforementioned theories.

¢. Eddies produced by surface wind

The possible importance of eddies for the abyssal
circulation haslong been established. For example, Hol-
land and Lin (1975) used a two-layer PE model with
relatively small viscosity and high spatial resolution to
simulate the circulation driven by steady wind in asin-
gle-gyre basin. In this model the eddies which can ap-
pear spontaneously as a result of baroclinic instability
are uniquely responsible for the establishment of amean
circulation in the lower (abyssal) layer, with velocities
of ~1 cm s*. Important is that the establishment of
the mean circulation in the deep layer proceeds through
pressure forces acting at the interface between the two
layers, a forcing not represented in the shallow-water
model. Holland (1978) applied a two-layer QG model
driven by steady wind to single- and double-gyre basins.
They show that eddies generated by instabilities of the
surface flow create a downward momentum flux that
fills the lower (abyssal) layer with eddy energy and
produces there time-mean gyres. The downward transfer
of kinetic energy proceeds again through inviscid pres-
sure forcing at the interface, generating abyssal veloc-
ities as large as 0(10) cm s~! in some experiments.
Holland and Rhines (1980) examined in detail one par-
ticular numerical experiment of Holland (1978), which
was regarded as having the most *‘realistic’’ behavior.
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In this experiment the deep ocean contains eddy energy
far in excess from the mean. The pressure forcing at the
interface is accompanied by downgradient PV flux ev-
erywhere in the lower layer. These authors hence pos-
tulated that the deep dynamics is characterized by a
“turbulent”” Sverdrup balance:

u-vQ =V - (-u'Q"), (16)
where u is here the three-dimensional velocity vector,
Q is the potential vorticity in the QG approximation,
() isameanvalue, and ()" isaperturbation. The balance
indicates that the mean flow would be determined by
the divergence of the eddy PV flux and by the mean
PV gradient. In particular, the vertical forcing on the
abyssal circulation would arise from the correlations
between the fluctuations of vertical velocity and PV.
This differs fundamentally from the view, explicitin the
Stommel-Arons theory and the shallow-water model,
that the abyssal flows are driven by a vertical velocity
w unrelated to the deep dynamics.

d. Density stratification and baroclinic instability

The absence of density stratification is a major phys-
ical deficiency of the shallow-water model (Pedlosky
1987) and its importance in the misfit between the float
data and the model must also be discussed. It isinstruc-
tive in this regard to examine the AABW float trajec-
tories in the longitude—pressure plane (Fig. 13). Several
floats sank by several hundred decibars during their de-
ployment period, owing presumably to a decrease of
float buoyancy through time (N. Hogg 2003, personal
communication). It could be specul ated that the changes
in float direction with depth reflect, at least partly, the
presence of baroclinic motions within the AABW layer.

According to continuously stratified models, two pos-
sible causes of strong baroclinic velocities as compared
with the average velocities over the whole abyssal layer
in the interior are longitudinal variations in diapycnal
advection (Pedlosky 1992) and a vertical shear in the
mass fluxes at the basin boundaries (Edwards and Ped-
losky 1995). Observations for the Brazil Basin are con-
sistent both with important longitudinal variationsin dia-
pycnal mixing (Polzin et a. 1997; Ledwell et a. 2000;
St. Laurent et al. 2001) and with substantial vertical shear
in the AABW fluxes at the rims of the basin (Mercier
and Speer 1998; Hogg et al. 1999; Zenk et al. 1999).

Spall (1994b) noted that the sum of the two bottom-
most layers in his three-layer isopycnic model approx-
imately represents the AABW in the Brazil Basin. He
illustrated that the baroclinic instability of the DWBC
over the sloping bottom can drive theinterior circulation
through lateral PV stresses [Eqg. (16)]. This contrasts
with previous works that pointed to a source of eddy
variability outside the abyssal layers and to the role of
vertical stresses (e.g., Holland 1978; Holland and Rhines
1980). Spall (1994b) showed that, in an experiment with
unstable DWBC, the eddy variability is dominated by
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Fic. 13. Trajectory of 18 floats in the AABW of the Brazil Basin in the pressure-longitude
plane. Each trajectory is entirely confined in the corresponding panel except for float 222 (bot-
tommost |eft panel) whose latest recorded pressure is 4762 dbar. The pressure and longitude scales
are different in each panel (data from Hogg and Owens 1999).

two freguencies, corresponding to periods of about one
month and one year, and that the eddy fluxes are carried
by topographic waves with a velocity amplitude esti-
mated to 0(1) cm s~*. The longest period is not incon-
sistent with the period of the zonal oscillations observed
for some AABW floats (Fig. 10; Table 3), whereas the
wave velocity amplitude has an order of magnitude com-
parable to that of the velocities measured by current
meters at ~2500 m (Hogg and Owens 1999) and of the
float velocities (Fig. 12).

Another possible mechanism is the baroclinic insta-
bility of amean meridional flow (Spall 1994a). Treguier
et al. (2003) calculated unstable modes of the mean
meridional flow and found them to be of the scale of
the zonal currents observed in the Brazil Basin. They
concluded that the role of these unstable modes does
not seem to be important in their models but that they
may become more so at higher resolution. Thus, baro-
clinic instabilities appear as possible mechanismsto ac-
celerate the interior flow, although their importance for
the lagrangian transport in the interior of the Brazil Ba-

sin asrevealed by AABW floats would require aspecific
investigation.

e. Rossby waves

Other mechanisms may also generate low-frequency
zonal motions in the subthermocline region. The sim-
plest mechanism is probably the propagation of asingle
Rossy wave of finite amplitude. LaCasce and Speer
(1999) used the QG model for a barotropic fluid to
simulate numerically the trajectory of particlesadvected
by a single Rosshy wave in a channel bounded merid-
ionally. The simulated drift velocity is either eastward
or westward, despite the fact that the wave speed is
uniquely westward, and varies in both horizontal direc-
tions. This pattern is not inconsistent with some float
trajectories for the AABW layer (Fig. 10).

Rossby waves generated by surface wind have been
proposed as a primary mechanism of zonal flowsin the
subthermocline region (Nakano and Suginohara 2002;
Treguier et al. 2003). Treguier et a. (2003) compared
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the trajectories simulated by two different z-coordinate
PE models with the trajectories of floats deployed at
~2500 m in the Brazil Basin (Hogg and Owens 1999).
The authors did not consider the deeper level of the
AABW, where none of the models was deemed to be
very realistic. Comparison of model results with results
from an idealized tropical Atlantic model that is almost
entirely wind-driven, gave evidence that the zonal flows
in the PE models, which resemble the float trajectories
within the NADW, arise from wind forcing. It seems
conceivable that wind forcing importantly affected the
trajectories of the AABW floats as well. On the other
hand, the model simulations examined by Treguier et
al. (2003) do not consider the presence of enhanced
diapycnal mixing near the MAR (e.g., Polzin et al. 1997;
Ledwell et a. 2000; St. Laurent et al. 2001). Huang and
Jin (2002) showed that a simple representation of bot-
tom-intensified diapycnal mixing near the ridge has a
profound influence on the abyssal circulation in a z-
coordinate PE model of the South Atlantic. When bot-
tom-intensified mixing is included, the simulated cir-
culation in the Brazil Basin is dominated by meridional
rather than zonal motions. More specifically, it is char-
acterized by (i) a strong bottom current along the west-
ern slope of the MAR (at depth > 3 km), which isalmost
as strong as the DWBC, and (ii) a flow on the seafloor
that is generally equatorward (Huang and Jin 2002, their
Fig. 1).

Inspection of the AABW float trajectories shows that
zonal motions are mostly apparent near the equator (Fig.
10). It appears well established that variability in the
deep equatorial ocean can partly be described in terms
of linear waves forced by surface winds (Thierry et al.
2004, and referencestherein). In particular, these authors
provided evidence that the deep seasonal variability in
PE models of the equatorial Atlantic Ocean is mainly
forced by the zonal wind fluctuations in the equatorial
band. According to Thierry et a. (2004) wind energy
in the investigated model simulations reaches the deep
layers via vertically propagating Kelvin and Rossby
waves, with Rossby waves with high meridional modes
(I > 1) contributing to the deep seasonal variations.
Future work is necessary to explore the possibility that
wind forcing was an important mechanism affecting the
float trajectories in the AABW layer.

6. Conclusions

In this work a numerical model based on the shallow-
water equations is developed in an attempt to address
someimportant i ssues about the abyssal circulation raised
by data from the Deep Basin Experiment in the Brazil
Basin. We formally address the problem of thecirculation
of a rotating, incompressible, and homogeneous fluid
(representing the AABW) subject to a horizontally vary-
ing mass flux at its free surface and resting on avariable
bathymetry (Brazil Basin). In the model layer therelative
vorticity is small compared to the planetary vorticity,
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except in the western boundary current where most of
the kinetic energy is concentrated. To characterize and
interpret dynamically the numerical flows, model stream-
lines are compared to contours of linear potential vorticity
of the shallow-water theory. We find that the Stommel—
Arons, poleward motion in the interior can largely be
reduced, or even reversed in sign, if the upwelling is
confined to the proximity of the ridge. This result is
interpreted in terms of a bal ance between the topographic
and planetary B effects and the distribution of vortex
stretching at the top of the layer. 1t suggests the need for
an accurate representation of diapycnal mass fluxes in
shallow-water models and isopycnic models aimed at a
realistic simulation of abyssal circulations.

The shallow-water model can produce resultsthat are
consistent with some (but not all) estimates of AABW
transport patterns and rates in the basin based on hy-
drographic data. On the other hand, the model stream-
lines and velocities show important differences with the
trgjectory and velocity of the floats launched in the
AABW. The float data provide a picture of the abyssal
circulation that is much more energetic and variablethan
the one envisioned by the Stommel-Arons theory (a
steady-state theory) and the shallow-water model, at
least as it is formulated and numerically solved in this
study. The Eulerian velocities in our numerical exper-
iments are on average an order of magnitude smaller
than the float velocities and constant in time. The pre-
scription of very small net upwelling in the interior far
from the ridge does not systematically improve the fit
of the model streamlines to the float trajectories. Thus,
our experiments do not support the hypothesis that zonal
motions, which are apparent in some float trajectories,
result from vanishing buoyancy forcing in the interior
(Hogg and Owens 1999).

The differences between the float data and the model
results give someinsight into the dynamical interpretation
of the float data and into the limitations of the model. A
variety of mechanisms (in addition to spatial variations
in buoyancy forcing), which are absent from our exper-
iments, may have strongly influenced the AABW floats.
From simulations with PE models wind forcing was pro-
posed as a primary mechanism for the zonal trajectories
of floats released in the NADW (Treguier et al. 2003).
However, not al floats in the underlying AABW show
zonal motions and it is not clear whether model trajec-
tories in the deeper AABW are robust against the as-
sumed distribution of vertical (or diapycna) mixing
(Huang and Jin 2002). Other plausible mechanisms that
may have strongly influenced the AABW floats are quite
varied, including B turbulence, density stratification and
the baroclinic instabilities of DWBCs and meridional
flows, and the advection by Rossby waves.

Our study highlights the limitations of the shallow-
water model to produce realistic simulations of ocean
abyssal flows, at least as they are pictured by obser-
vations from neutrally buoyant floats. Thus, our results
should be regarded more as conceptual experiments



2512

rather than a more realistic simulation of the AABW in
the Brazil Basin in comparison with previous model
studies. The limited capability of our experiments to
replicate the float data may be largely associated with
the omission of potentially important dynamical inter-
actions with the layers overlying the AABW in the Bra-
zil Basin. Thisisamajor drawback of the shallow-water
model, for which these interactions are limited to the
prescription of interfacial mass fluxes. Moreover, as
shown in previous studies (e.g., Kawase 1987) and here,
the parameterization of these fluxes is critical in deter-
mining the flow in the model.
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APPENDIX

Calculation of Streamlines

Consider a water particle located on the meridional
boundary of a model grid cell with the zonal velocities
U;j_1 @d U, 4, defined at its meridional boundaries
and the meridional velocities v, ,,,;_, and v, ,; at its
zonal boundaries (open circlein Fig. 3). Within the cell
u is assumed to be alinear function of longitude ¢ only
and is calculated from the boundary values u;;_,, and
U, j-10- Similarly, vis assumed to be a linear function
of latitude % only and is computed from v,,,,;, and
Vi,1;- The streamline within the cell is then the set of
points satisfying two ordinary differential equations:

R cosf}pd—glt7p + o0, + @, =0 and
dd,
d—tp-l—q‘}pyl-l—'yZ:O,
where ¢, and J, are the longitude and latitude of the
particle, respectively, R is the earth radius, and

Uij—yo = Uiyaj-12

Ag '

o, =

Rl

a, = A(P(Uiﬂ,j—ﬂz = Uij_y2) = Uiy
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The two ordinary differential equations (ODES) above
are coupled by the function 9,(t). The zero- and first-
order terms in the Taylor expansion cos(9¥, + A¥9) =
costy(1 — tand,Ad) + O[(AB)?] differ by less than
0.002 cost, in absolute magnitude for —35° < ¥, <
0° and A9 = 10'. Taking d cosd,/dt = O in the first
ODE is thus a very good approximation to describe the
zonal motion of the particle in the cell. The two ODEs
can then beindividually integrated analytically, yielding
the solutions ¢, = ¢,(t) and ¥, = J,(t). In practice
these solutions are used to calculate the time it takes
for the particle to reach the different boundaries of the
cell. Consider the case u;;_,,, > 0 so that the particle
moves eastward. The time necessary to reach the eastern
boundary amounts to

R cosd, (
te = In

o+ ala;
a, '

G T alay

Similar expressions can be found for the time necessary
to reach the northern (t,) and southern boundary of the
cell (ts). The actual path of the particle is then given
by the minimum of tg, t,, and ts. One particular but
possible situation occurs when the flow field is locally
convergent, that is, U;;_y, > 0, v 4, < 0, Upypj g <
0, and v, 4,;-, > 0. When this occurs the particle is
virtually lost from the domain and the calcul ation of the
streamline is stopped.
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