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Path of the North Atlantic Deep Water in the Brazil Basin 

Norbert Zangenberg and Getold Siedler 
Institut fiir Meereskunde, Kiel, Germany 

Abstract. Recent hydrographic sections and high-quality historical data sets are used to 
determine geostrophic currents at subtropical latitudes in the western basin of the South 
Atlantic. Levels of no motion are determined from water mass information and a mass 
balance constraint to obtain the transport field of North Atlantic Deep Water (NADW) in 
this region. The incoming NADW transport of about 20 Sv from the north at 19øS appears 
to be balanced by only one third of this transport leaving in the south and two thirds 
leaving to the east or northeast at the Mid-Atlantic Ridge. A simple model is proposed to 
determine the cause of the NADW branching. It is shown that potential vorticity 
preservation in the presence of topographic changes leads to a similar flow pattern as 
observed, with branching near the Vit6ria-Trindade-Ridge and also an eastward turning of 
the southward western boundary current at about 28øS, the latitude where a balance of 
planetary vorticity change and stretching can be expected. 

1. Introduction 

Observations of the structure, the path, and the transport 
rates of the North Atlantic Deep Water (NADW) have played 
an important role in developing the dynamical framework of 
deep western boundary currents and the global thermohaline 
circulation [e.g., Warren, 1981; Broecker, 1991]. The pioneering 
work of Storereel [1958], Storereel et al. [1958], and Storereel 
and Arons [1960] provided the basic understanding of global 
flow patterns, with western boundary currents feeding the 
broad interior poleward flow (Figure 1). Their models with 
simple geometry and without stratification cannot be expected 
to provide any details of the flow. Nevertheless, the large-scale 
transport pattern in the South Atlantic from such a model, 
however crude, still seems to outline the basic pattern of 
NADW spreading in this part of the global ocean. 

Observations of a southward deep water flow between inter- 
mediate and bottom water in the western South Atlantic date 

back to the works of Brennecke [1911] and Wast [1935], who 
described three layers of the NADW related to different 
sources and showed a dominance of southward NADW trans- 

port in the western South Atlantic.. The distribution of oxygen 
given by Wast and Defant [1936, Figure XVIII] in the middle 
NADW, characterized by an oxygen maximum, indicated three 
tongues, suggesting a spreading southward along the South 
American continental slope, eastward close to the equator, and 
eastward from the Brazil Basin. 

Observations in the South Atlantic in recent years have 
provided a much extended hydrographic database facilitating a 
closer look at the structure and transports of NADW [McCart- 
hey, 1993; De Madton and Weatherly, 1994; Rhein et al., 1995; 
$iedler et al., 1996]. The presentation of salinity at 3000 m in 
Figure 2, adapted from Gouretski and Jancke [i995], suggests 
the three branches of NADW. Tsuchiya et al. [1994] presented 
an oxygen map with a similar pattern. The zonal flow compo- 
nent at tropical latitudes was studied by Friedrichs et al. [1994], 
who found an eastward flow of 7 Sv (i Sv = 10 6 m s s -•) of 
lower NADW which seems to spread into the eastern basin in 
Copyright 1998 by the American Geophysical Union. 
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the area of the Romanche Fracture Zone. De Madron and 

WeatherIy [1994] described a major reduction of the net south- 
ward NADW transports from 24 Sv to 7 Sv between 18øS and 
24øS. Zemba [1991] investigated the water mass distributions at 
higher latitudes in the western South Atlantic and estimated a 
poleward flow of 10 Sv of NADW within the deep western 
boundary current at 27øS. 

The area of this study is presented in Figure 3. Prominent 
features in the Southern Brazil Basin region are the Mid- 
Atlantic Ridge in the east, the ridge from the Santos Plateau 
across the Rio Grande Rise to the Mid-Atlantic Ridge in the 
south and the seamount and island chain of the Vit6ria- 

Trindade Ridge. They all provide topographic obstacles to the 
deep water flow. 

2. Data 

The main source of data from the Brazil Basin used here are 
hydrographic sections occupied by the research vessel Meteor 
during 1990/1991 (cruise 15 [Siedler and Zenk, 1992]) and 1992/ 
1993 (cruise 22 [SiedIer et al., 1993]) as part of the World 
Ocean Circulation Experiment (WOCE) South Atlantic pro- 
gram. Lines A-D in Figure 4 denote the sections made in 
1990/1991. The western end of D was repeated in !992/1993. 
The section along 19øS has the WOCE designation A9, and 
that along 30øS is A10. Station separations were usually close 
to or smaller than the first internal local Rossby radius (40-60 
km [Houry et al., 1987]), and station spacing was further re- 
duced in areas of steep bottom topography. Supplementing 
these two sets of Meteor data are observations made from 
Knorr and Melville in 1988/1989 as part of the South Atlantic 
Ventilation Experiment (SAVE) and from Oceanus cruise 133 
in 1983. Their locations are shown in Figure 4, while the com- 
plete hydrographic data set used here is summarized in Table 1. 

3. Method for Determining Geostrophic 
Transports 

We will use the traditional approach of choosing a level of 
no motion in accordance with water mass properties. Diapyc- 
nal mixing between the defined water masses will be neglected 
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Figure l. Global flow pattern of the deep ocean obtained from the Stommel-Arons circulation model 
[adapted from Kuo and Veronis, 1973]. The area investigated in the present study is shaded. 

in the limited region of investigation. Additional constraints 
will be used, however. Minimizing the net balance in a box 
comprising most of the region will be required, and a check will 
be made on transport changes in the case of transition from 
one level of no motion to another. 

First, we need to define the water mass boundaries. Reid 
[1989] and Rintoul [1991] obtained similar circulation patterns 
in the region of our study both for the Antarctic Intermediate 
Water and the Upper Circumpolar Deep Water. For transport 
calculations they are therefore combined here as Antarctic 
Intermediate Water (AAIW). The Weddell Sea Deep Water 
only extends to the northern part of the Argentine Basin as a 
substantial water mass [Peterson and Whitworth, 1989], and its 
contribution to the Southern Brazil Basin is an integral part of 
the bottom water flow. For the determination of near-bottom 
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Figure 2. Horizontal salinity distribution at 3000 m derived 
from observations in the South Atlantic [after Gouretski and 
Janeke, 1995]. 

transports in the Southern Brazil Basin the sum of the water 
originating from the Weddell Sea and the circumpolar region 
will therefore be summarized as Antarctic Bottom Water 

(AABW). The classification of water masses by density sur- 
faces is listed in Table 2. Corresponding salinity and density 
sections at 19øS and 30øS are shown in Figures 5a to 5d. More 
details on these sections are given by Siedler et al. [1996]. 

Appropriate levels of no motion can be expected at the 
boundaries of water masses which have opposite spreading 
directions. The AABW crosses the Rio Grande Ridge along 
the slope of the Santos Plateau and through the Vema and 
Hunter Channels [Hogg et al., 1982; Speer and Zenk, 1993; 
Piitzold et al., 1996] to the north. However, the NADW will 
have a southward component in the deep western boundary 
current. In the Southern Brazil Basin the interface between 

NADW and AABW can therfore be expected to represent a 
level of no motion. We use the isopycnal surface 0- 4 - 45.87 kg 
m -3 as interface (Figures 5c and 5d) which closely corresponds 
to the 2øC isotherm of potential temperature [Broecker et al., 
1976; De Madron and Weatherly, 1994]. At the upper part of the 
continental slope, however, owing to the absence of AABW 
this isopycnal surface is not available. 

Long-term current measurements on the continental slope 
at 23øS and 28øS [Miiller et al., this issue] show poleward flow 
components throughout the whole •,ater column at this depth 
range, with speeds decreasing toward the bottom. For this 
reason we will take the bottom as level of no motion there. 

Farther away from the Rio Grande Ridge in the Brazil 
Basin, the AABW flow probably has reversals in direction 
[Speer and Zenk, 1993; De Madron and Weatherly, 1994], and 
the AABW/NADW interface may therefore no longer be a 
level of strong directional change. In this part of the Brazil 
Basin the AAIW/NADW interface, however, will provide a 
good choice for the level of no motion. While the AAIW has 
westward and southward flow components near the Rio 
Grande Ridge [Boebel et al., 1997], a northward or eastward 
spreading of AAIW can be expected farther north [Reid et al., 
1977; Gordon and Greengrove, 1986; Ollitrault et al., 1995]. As 
a consequence, the AAIW and NADW will have opposing 
current directions in that northern region. We select the iso- 
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Figure 3. Map of the Southern Brazil Basin. 
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pycnal surface 0'2 = 36.70 kg m -3 (Figures 5c and 5d) to 
identify this interface. The near-bottom transport between 
neighboring stations with different bottom depths is estimated 
following the procedure described by Mc'Cartncy and Curry 
[1993]. The shear between station pairs above the greatest 
common depth is extrapolated downward applying weights de- 
pendent on the vertical density gradient. The total contribution 

of the bottom triangles to the transports varies from about 
for section WOCE A9 to about 6ø/ in sections C and D. Even 

when assuming a poor approximation by the above method, 
the resulting errors will be within a few percent. 

It was assumed that diapycnal processes do not ctmtributc 
signiticantly to the transports, and water mass layers can be 
considered separately in this case. The transports in each water 
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Figure 4. Distribution of the observational data used in this study. A-D indicate Meteor cruise 15 (1991); 
plus signs indicate Meteor cruise 22 (1992/1993); circles indicate Oceanus cruise 133 (1983); diamonds indicate 
SAVE/Knon' and Mefi,ille cruises (1988/1989); triangles indicate International Geophysical Year Cravtford 
cruise (1958); and squares indicate Meteor cruise (1925-7). 
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Table 1. Observational Data Sets Used in the Present 

Study 
, . 

Loca- Sampling 
Data Set tion Date Reference 

Crawford 24øS 1958 
Meteor 1925-1927 24øS 1925-1927 
Meteor 1925-1927 28øS 1925-1927 
Meteor 1925-1927 32øS 1925-1927 
Meteor cruise 15 19øS Feb.- 

March 1991 
Meteor cruise 15 21øS Feb. 1991 
Meteor cruise 15 30øS Jan. 1991 
Meteor cruise 15 40øW Jan. 1991 
Meteor cruise 22 28øS Nov.- 

Dec. 1992 
Meteor cruise 22 30øS Jan. 1993 
Oceanus cruise 133 23øS Feb. 1983 

Knorr, SAVE Leg 3 23øS Feb. 1988 
Melville, SAVE Leg 6 25øW March 1989 

Fuglister [1960] 
Wast [1935] 
Wast [1935] 
Wast [1935] 
Siedler and Zenk [1992] 

Siedler and Zenk [1992] 
Siedler and Zenk [1992] 
Siedler and Zenk [1992] 
Sledlet et al. [1993] 

Siedler et at. [1993] 
Warren and Speer [1991 ] 
SIO* (1992) 
SIOn- (1992) 

The historical data from Meteor 1925-1927 and from International 

Geophysical Year data are bottle data, whereas all other data sets are 
based on CTD measurements. 

*SAVE Legs 1-3, Physical, chemical and CTD data, SIO Reference 
92-9, unpublished report, 729 pp., Scripps Institution of Oceanogra- 
phy, University of California, San Diego, 1992. 

•'SAVE Leg 6, Physical, chemical and CTD data, SIO Reference 
92-12, unpublished report, 190 pp., Scripps Institution of Oceanogra- 
phy, University of California, San Diego, 1992. 

mass layer and the total transport in the box provided by the 
zonal section at 19øS (A9) and 30øS (A10) and the South 
American and African coastal boundaries were calculated with 

varying locations of the transition in levels of no motion. Min- 
imizing the net mass balance in the box for each layer as well 
as the total box transport lead to the selection of transition 
locations indicated in Figure 6. The resulting water mass trans- 
ports are listed in Table 3. Errors can mainly result from 
measurement noise, nonsynopticity of sections, insufficient 
spatial resolution, uncertainty in bottom topography, inappro- 
priate bottom triangle approximations, and choices of levels of 
no motion. We have not attempted to quantify all these effects, 
because of a certain unavoidable arbitrariness in the criteria 

for levels of no motion. Considering results from similar stud- 
ies and the check on bottom triangle contributions and on mass 
balance, a total transport error not exceeding 10-15% can 
probably be expected. 

4. Deep Transports in the Southern Brazil Basin 
The WOCE sections at 19øS and 30øS are now used to 

determine cumulative geostrophic transports across the entire 
South Atlantic of NADW and AABW. The results are pre- 
sented in Figure 7. The Southern Brazil Basin between the 
Brazilian shelf and the Mid-Atlantic Ridge gains about 22 Sv of 
NADW through the northern section at 19øS (Figure 7a). We 
recognize two main branches of poleward flow, one with about 
10 Sv close to the continental slope and a second one with 
about 12 Sv approximately 800 km off the shelf. At 30øS we find 
a poleward NADW flow of 10 Sv in the slope region (Figure 
7b). Water mass properties indicate that this flow is the con- 
tinuation of the branch of NADW found at 19øS close to the 

slope. A large part of NADW recirculates, however [see Reid 
et al., 1977; Zernba, 1991; Peterson, 1992], and two northward 
flow cores occur just to the west and to the east of the Rio 
Grande Rise (Figure 7b). These cores can also be identified by 

high salinity values in water mass properties (Figure 5b). Ow- 
ing to the recirculation the total poleward NADW transport 
between shelf and Mid-Atlantic Ridge at 30øS amounts to 6 $v 
only. The total gain of NADW at the northern zonal sections 
is thus not balanced by an equal loss at the southern section, 
requiring an eastward export of NADW of 16 Sv across the 
Mid-Atlantic Ridge to the east. We note that the results from 
these new zonal sections lead to a pattern which is quite dif- 
ferent from that in Reid's [1989, Figure 24] map of adjusted 
steric height at 3000 dbar. 

De Madron and Weatherly [1994] used SAVE sections at 
18øS, 25øS, and 25øW and chose the same isopycnal surfaces 
bounding the NADW as listed in Table 2. They selected levels 
of no motion at the NADW/AABW interface whenever 
AABW was present and selected the AAIW/NADW interface 
otherwise. They found structures at their zonal sections at 18ø8 
and 25øS which are similar to our results at 19øS and 30øS: two 
branches of southward NADW flow at the northern section 
and also a northward recirculation at the southern section. In 
the box given by the above sections, they obtained a gain of 12 
Sv in the north and a gain of 1 Sv in the south which is not 
balanced by their eastward transport of 3-4 Sv. We suspect 
that this violation of continuity points to an inappropriate 
choice of reference levels in the central and eastern parts of the 
basin, as explained in our earlier discussion on the selection of 
levels of no motion. 

In order to obtain more detailed information on the trans- 

port pattern in our region of study, we calculate the corre- 
sponding cumulative transports for the additional sections in- 
dicated in the map in Figure 8. For easier comparison the 
western part of the zonal WOCE section A9 at 19øS is repeated 
as section A. In the south, section D is in a similar position as 
the earlier presented WOCE section A10 at 30øS. 

The western core in section A (about 10 Sv) can be found 
again in section C and in the western part of section D. Section 
B is influenced by the semistationary Vit6ria eddy described by 
Bragge [1992] and Schrnid et al. [1995]. The overall balance 
again requires an eastward transport out of this area of more 
than I0 Sv. The results from our'analysis are summarized in 
Figure 9. We note that Fu [1981] obtained an eastward NADW 
transport of about 16 Sv near 20øS from his inverse model. 
However, he did not resolve the western boundary transport 
farther south. 

5. Changes of Potential Vorticity and the NADW 
Distribution 

The concept of conservation of potential vorticity [see t'ed- 
losIcy, 1979] provides a tool for understanding the obs•erved 

Table 2. Density Ranges of the Water Masses in the 
Southern Brazil Basin 

Upper Density Surface, 
kg m -3 

Lower Density Surface, 
kg m -3 

SF ocean surface cr o = 27.10 
AAIW cr 0 = 27.10 cr 0 = 27.35 
UCPDW cr o = 27.35 cr 2 = 36.70 
NADW cr 2 = 36.70 cr 4 = 45.87 
AABW cr 4 = 45.87 ocean bc,ttom 

SF, Surface Water; AAIW, Antarctic Intermediate Water; UCPDW, 
Upper Circumpolar Deep Water; NADW, North Atlantic Deep Wa- 
ter; and AABW, Antarctic Bottom Water. 
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Figure 5. Vertical distribution of salinity (a) at 19øS and (b) at 30øS and depth of the upper and the lower 
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NADW spreading in the western basin of the South Atlantic. 
The conservation of potential vorticity Q in large-scale flow is 
given by 

dQ d (f.+•) f+• dt =d-• H =0:0 Q =•=const 

with the Coriolis parameter f = 2Ifil sin qo and the vertical 
component of the relative vorticity • = •z, while H is the 
vertical thickness of the water mass column. We assume that 

friction is neglegible. In this case the water column will move 
along a trajectory which is controlled by its relative vorticity 
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Figure 6. Levels of no motion (LNM) used for the geostro- 
phic calculations presented in this study. 

• = (V x fi)= and the geographic latitude •p only. If the water 
column is forced into zonal motion by a topographic obstacle, 
a change of • is required to balance the variation in H. In the 
southern hemisphere a water column will therefore rotate 
clockwise with increasing H. We suspect that the onal Vit6- 
ria~Trindade Ridge has a major effect on the spreading of 
NADW in the Southern Brazil Basin. To describe this influ- 

ence, a simple conceptual model is developed. Its basic geom- 
etry is shown in Figure 10. 

A wall from the bottom to the surface (depth H o = 0) 
represents the ridge and extends eastward from the western 
boundary through part of the box. The continental slope is 
represented by two steps, by areas with moderate depth H• just 
north and south of the wall, and by areas with larger depth H 2 
farther east. The deep Brazil Basin is represented by the area 

Table 3. Meridional Water Mass Transports in the 
Western and Eastern Basins of the South Atlantic 

Western Basin Eastern Basin 

19øS 30øS 19øS 30øS 

SF 13.9 0.6 7.1 16.5 
AAIW 2.7 0.8 1.0 3.1 
NADW -22.1 -6.3 -2.4 -16.5 

AABW 5.6 (-4.2) 5.6 (-2.2) (-3.5) 

Values are given in sverdrups. Values in parentheses refer to trans- 
ports in the density range defined as AABW here which are affected by 
some contribution from NADW. 



5424 ZANGENBERG AND SIEDLER: NORTH ATLANTIC DEEP WATER IN BRAZIL BASIN 

,_.1o 
NADW • 0 

•-1o- 

• -2o- 

i ! ! ,, ! 

• 0 IIIIIIllllllllllllllll|11111111111[]'• 
'5 .... ' ' "" ' .... ' ' ' 

o 

• 2 

6 
-30 -20 -10 0 10 

Longitude 

10 • i • , , • • ; .... , ,, , , 
'•' NADW ....... 

-30' ' • "l [ '" ,[ ' ! ] i i i .......... ! i "i 

,•.'ls] .................... •BW 

11ttllt]llttlllll[[ ol, IilHiI[I[fi 
o 

• . 

6 
-40 -30 -20 - 10 0 10 

Longitude 

Figure 7. Cumulative geostrophic NADW and Antarctic 
Bottom Water (AABW) volume transports (a) along the zonal 
World Ocean Circulation Experiment (WOCE) section A9 at 
19øS and (b) along WOCE section A10 at 30øS. Integration 
starts from the South American continent in the west, and 
positive values are to the north. 

in the eastern part of the box, with depth H, slowly and linearly 
increasing from west to east. We assume that the density in the 
basin is constant and that the flow is inviscid. 

It is assumed that water flowing southward along the western 
boundary is forced by the zonal ridge into an eastward direc- 
tion. We then have an eastward flow with velocity u in the 
areas with H z and H 2 just north of the ridge. We consider a 
water column A at latitude qvz in the area with Hz and another 
column B at latitude qv2 in the area with H 2. Their potential 
vorticities are 

Q,• = f( •p•)/H• = const 

QB = f(½2)/H2 = const 

respectively. At the linex = Xo (see Figure 11) the water depth 
changes from Hz to H 2. In order to preserve potential vortic- 
ity, column A has to gain negative relative vorticity sr.4 at this 
line. 

f(½•)/H• = (f(cp•) + •,4(Xo))/H2 

or 

(,,2 ) <o 

Column A starts to rotate clockwise. Compensation for this 
additional vorticity can be obtained by moving the column 
southward to higher latitudes. The change will be completely 
neutralized at the latitude ½ncutr where 

f(•n•u,•) -- f(qv•) + sr•(xo) 

or 

H2 . •neutr '-- arcsin • sin qvl 

With frictional shear at the boundary we would have another 
clockwise component of relative vorticity which must be corn. 
pensated by a southward movement. 

Column B at initial depth H 2 does not experience the depth 
change at x = x o, and potential vorticity is preserved if the 
column continues its zonal motion until x -- xz. There the 
depth begins to increase slowly, and the column will start to 
have a poleward component in its motion. Since the water 
parcel has time to adjust because of the slow change, it will 
move along a line with f/H• = const. The different paths of 
columns A and B are indicated in Figure 10. 

Up to this point we have assumed a homogeneous ocean and 
a motion of a water column bounded by surface and bottom. 
We now modify the model considering the NADW as a de- 
coupled layer. The isopycnal surface cr 2 = 36.7 kg m -3, that is, 
the transition from AAIW to NADW, is chosen as the layer's 
upper boundary, and the isopycnal surface cr 4 = 45.87 kg m -3, 
that is, the transition from NADW to AABW, is chosen as its 
lower boundary. No vertical transports exist through the upper 
and lower boundaries of the water mass column. Y. You and 

G. Siedler (personal communication, 1998) showed that in the 
region near 20øS in the western South Atlantic transports 
across neutral surfaces above and below the NADW core are 

particularly low, confirming the appropriateness of this as- 
sumption for this limited region near the western boundary. 
The vertical transports out of the NADW layer can thus be 
neglected, contrary to the vertical transports required in a 
Stommel-Arons model on the larger scales. Salt and heat are 
thereby also conserved within the layer. 

To determine the local depths of the upper and lower 
boundaries, we use the complete oberservational database as 
summarized in Table 1. If the lower isopycnal surface is not 
observed at a certain location, we take the bottom instead. The 
resulting smoothed distribution of NADW layer thickness is 
presented in Figure 11. The layer thickness Hz at the conti- 
nental slope varies between 1300 and 1500 m. In the deep basin 
the thickness H3 is typically 2000 m, with local variations of 
about +200 m. 

In Figure 12 we present contours of constant potential vor- 
ticity in the range corresponding to the transition of water 
column A from Hz to H 2 north of the Vit6ria-Trindade Ridge 
at 19øS. The pattern indicates a flow along the continental 
slope to the south. The critical latitude ('Pneutr is reached near 
28øS, with the deepside part of the flow turning into a eastward 
direction. The corresponding model contours shown in Figure 
!3 indicate a predominantly zonal flow north of the ridge, with 
a moderate poleward turning of the deepside part of the flow 
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Figure 8. Cumulative geostrophic NADW transports along hydrographic sections A-D sampled during 
Meteor cruise 15 (December 30, 1990 to February 28, 1991). Integration starts from the South American 
continent in the west, and positive values are to the north. The bottom topography is shown in the map in the 
upper left corner with the 2000-m isobath indicated. 

in the deep basin. The basic features of the potential vorticity 
pattern from our crude model appear to resemble the flow 
field derived from the observations of two branches in the 
region of study: a boundary transport along the continental 
slope and a predominantly eastward transport in the interior of 
the Southern Brazil Basin. 

6. Conclusions 

The North Atlantic Deep Water has three main branches in 
the South Atlantic. The present study was aimed at describing 
and explaining the branching which occurs at subtropical lati- 
tudes in the Brazil Basin. Using water mass criteria, some 
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Figure 9. Schematic horizontal NADW transport pattern ac- 
cording to the data from Meteor cruise 15. Values are rounded 
to full sverdrups, and water depths less than 2000 m are 
shaded. 
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Figure 10. Presentation of the effects of changing water 
depth on a homogeneous water flow inhibited by a zonal ridge 
with depth/-/o = 0. The trajectories of two water columns A 
and B with constant potential vorticity Q are shown by lines 
with arrows. Southern hemisphere conditions are assumed 
(f < 0). The water depths are given by H[ = const, H• </-/2 
= const, and /-/2 < H3 which increases linearly to the east. 
The depth change of column A at xo is abrupt, while column B 
experiences a smooth transition at x• with the linear increase 
of depth. 

fundamental knowledge about large-scale water mass spread- 
ing, and a mass balance constraint, we obtained levels of no 
motion with transitions from the lower NADW boundary to 
the upper NADW boundary in certain regions. With the ab- 
solute geostrophic flow field resulting from these levels, the 
transport pattern of NADW between 19øS and 30øS was de- 
termined for the western basin. 

The region gains about 22 Sv of NADW at the northern 
boundary. Two branches with about 10 Sv and 12 Sv separate 
at the Vit6ria-Trindade Ridge near 20øS, with one southward 
branch along the continental slope and a second one with an 
easterly component. At the southern boundary d recirculation 
pattern exists, leading to a net southward transport of only 6 
Sv. In order to close the balance, a major eastward transport 
out of the western basin and across the Mid-Atlantic Ridge 
between the above latitudes of about 16 Sv is required. 

The simplified theoretical picture of the Stommel-,•ons 

-50 -45 -40 -35 -30 
ß i I I I i I I I I I i i 

-50 -45 

-25 

-25 

4s 

Longitude 

Figure 12. Contours of constant potential vorticity Q (in 
10 -8 m- • s-•) corresponding to trajectories of water column A 
which is stretched from H• to H 2 in the model region north of 
the ridge at 19øS. H 2 is set at a fixed value of 2000 m, whereas 
H• varies for the different contour lines from 1250 m to 
1500 m. Stipled areas represent regions where the model depth 
is less than 1500 m (corresponding to a real ocean depth z < 
30oo m). 



ZANGENBERG AND SIEDLER: NORTH ATLANTIC DEEP WATER IN BRAZIL BASIN 5427 

-2,• 

-50 -45 -40 -35 -30 

-45 -4O -35 -3O -25 

,-20 

,-25 

--35 

-25 

Longitude 

Figure 13. Contours of constant potential vorticity Q (in 
10 -am '-] s-]) corresponding to trajectories of water column B 
which has the initial depth H 2 in the model region north of the 
ridge at 19øS. H2 varies between 2000 m and 2200 m. Stipled 
areas represent regions where the model depth is less than 
1500 rn (corresponding to a real ocean depth z < 3000 m). 

model cannot be expected to explain such spatial patterns in 
the case of real bottom topography. By assuming that vertical 
transports through the upper and lower boundaries of the 
NADW layer can be neglected in the limited region near the 
western boundary, we can show that topographic control near 
the Vit6ria-Trindade-Ridge is responsible for the occurrence 
of branching. A simple model with varying depth.,, is used to 
demonstrate that preservation of potential vorticity results in 
the branching in this area. It can also be shown that a large part 
of the along-slope southward flow turns into a zonal flow to the 
east at the latitudes where the change in planetary vorticity is 
sufficiently large to compensate for the change in potential 
v0rticity due to the initial depth changes. 
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