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ABSTRACT

A Stommel-Arons model of the circulation of Lower Circumpolar Deep Water (LCDW) in the Atlantic
Ocean is presented and compared with observations. The LCDW is defined as a layer of uniform thickness over
a flat bottom; the lateral boundaries are given by the 4000-m isobath. The Drake Passage and the throughflow
between Africa and Antarctica are closed. The model is forced by a concentrated source in the Weddell Sea
representing the net Atlantic gain of LCDW due to production in the Weddell Sea and inflow through Drake
Passage. This net gain is termed the LCDW formation rate. It is compensated by upwelling over the rest of the
Atlantic.

Best agreement with observed net transport rates in the western Atlantic was found using a LCDW formation
rate of about 8 Sv (Sv = 10° m* s™'). In reality, however, a higher rate is required in order to establish the
outflow to the Indian Ocean. The interior transport, the transport through topographic gaps, and the transport
rates of western boundary currents on the eastern fianks of topographic barriers are calculated and compared
with observations where available.

In additional runs it was found that raising the production rate to a value of 13 Sv and enabling simultaneously
an LCDW outflow of 5 Sv into the Indian Ocean can explain observed very high transport rates in the South

3051

Sandwich Trench. Consequences of different patterns of nonuniform upwelling are discussed.

1. Introduction

The Lower Circumpolar Deep Water (LCDW) is the
dominant water mass found next to the sea floor of the
World Ocean. It originates from sinking of surface wa-
ter at distinct locations around Antarctica and subse-
quent mixing with other water masses. This newly
formed water is dragged around Antarctica by the Cir-
cumpolar Current and finally invades the abyss of the
Atlantic, Indian, and Pacific Oceans, where it is further
diluted by mixing with the overlying water masses. The
southern origin, however, can still be identified by its
low salinity, low oxygen, and high silica content (Em-
ery and Meincke 1986; Warren 1981; Mantyla and
Reid 1983).

Two major sources contribute to the LCDW found
in the Atlantic Ocean— very dense and cold Weddell
Sea Deep Water (WSDW) (potential temperatures
below about 0°C, o, > 46.07 kg m~*) and less dense,
warmer LCDW (potential temperatures between
about 0° and 2°C, 45.85 kgm™® < o, < 46.07
kg m™*) coming from the west through Drake Pas-
sage (Reid et al. 1977). At present it is still unknown
to what extent Drake Passage LCDW enters the abyss
of the Atlantic Ocean, but there exist some crude es-
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timates of the WSDW fraction contributing to the
Atlantic LCDW. According to Foster and Carmack
(1976), WSDW is formed by mixing of Weddell
Sea Bottom Water (WSBW) with the overlying
Warm Deep Water (WDW) in the ratio of about 1:1.
The WSBW formation rate ranges from 2-5 Sv (Sv
= 10° m*s~') (Carmack and Foster 1975) to 6—9
Sv (Gill 1973); hence, WSBW should form at a rate
between 4 and 18 Sv. Assuming the total volume of
WSBW in the Weddell Sea to be constant, an amount
equal to the newly formed WSDW has to exit. Ac-
cording to Gordon (1966), Carmack (1977), Reid
(1989), and Whitworth et al. (1991), this happens
either to the north via the South Sandwich Trench
into the Argentine Basin or to the east into the Cape—
Agulhas Basin and Indian Ocean. For the first path-
way, the geostrophic calculations of Georgi (1981)
yielded a net volume flux of ~15 Sv at the southern
entrance of the Trench and 5 Sv at the northern end;
the amount of WSDW transferred into the Cape—
Agulhas Basin and the Indian Ocean, however, has
never been quantified from measurements. The ex-
istence of the outflow is confirmed by Mantyla and
Reid’s (1983 ) maps of scalar near-bottom properties,
and the inverse calculations of Rintoul (1991) sug-
gest eastward volume transports into the Indian
Ocean from 5 to 10 Sv for potential temperatures
below 0.4°C based on reasonable assumptions on the
structure of the global thermohaline circulation pat-
tern.
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In the Atlantic, LCDW is found in all basins. From
the Argentine Basin it flows north and invades the Bra-
zil Basin via the Vema and Hunter Channels and the
Lower Santos Plateau (Hogg et al. 1982; Speer et al.
1992; Speer and Zenk 1993). At the northern end of
the Brazil Basin, the flow splits into an eastward branch
through the Romanche Fracture Zone and a northwest-
ward one, which spills over the broad equatorial sill
into the Guiana Basin (McCartney and Curry 1993)
and finally into the North American Basin (Amos et al.
1971; Tucholke et al. 1973 ), where it can be identified
up to 40°N (Weatherly and Kelley 1982, 1985). The
eastern North Atlantic, that is, the Cape Verde, Canary,
and Iberian Basins, are supplied via the Vema Fracture
Zone at ~11°N (Vangriesheim 1980; Eittreim et al.
1983; McCartney et al. 1991). Here LCDW influence
has been traced northward up to ~32°N (Saunders
1987). The Sierra Leone and Angola Basins get their
LCDW contribution through the Romanche Fracture
Zone from the Brazil Basin; however, the abyss of the
southwesternmost corner of Angola Basin is also partly
influenced by LCDW, which originates from the Cape -
Agulhas Basin and spills over deep sills in the Walvis
Ridge named the ‘‘Walvis Passage’’ after Connary and
Ewing (1974).

There have been various attempts to quantify the
LCDW flow in the Atlantic basins and the exchange
rates between them by measurements, a summary of
which is given in Table 1. However, except for the
general impression that in the western basin the trans-
port values decrease with increasing latitude, the mea-
surements yield a rather inconsistent transport pattern.
This is probably due to the following reasons.

¢ The majority of the transports have been calcu-
lated by applying the dynamical method to density
measurements, the results of which depend critically
on the choice of the level of no motion (see Table 1:
‘“‘reference level’’). '

» Different authors have used different definitions
for the LCDW (see Table 1: ‘‘LCDW definition’’).

¢ The measured transports are related to different
quantities. Many of them refer to basinwide integrated
net transports, whereas others are confined to the west-
ern boundary, and others to flows through topographic
gaps (see Table 1: “‘remarks”’).

In the present paper, an attempt is made to develop
a consistent LCDW circulation scheme for the Atlantic
Ocean by using a linear Stommel - Arons model, which
relates the flow in the interior of the LCDW containing
layer to the vertical motion imposed on the upper
boundary. The vertical motion pattern is driven by a
concentrated source (downwelling ) in the Weddell Sea
representing the net gain of Atlantic LCDW due to pro-
duction in the Weddell Sea and inflow through Drake
Passage, that is, the sum of total LCDW production in
the Weddell Sea and LCDW inflow through Drake Pas-
sage minus the LCDW outflow to the Indian Ocean.
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The input by the source is compensated by sluggish
upwelling occuring over the rest of the Atlantic. Be-
cause the source strength and the upwelling pattern are
fairly unknown, the modeled volume transports are cal-
ibrated against observed transports in the western At-
lantic basin. In this way a lower bound can be imposed
on the net inflow of LCDW into the Atlantic Ocean.
It was originally intended to develop a more complex
model of the LCDW circulation in the Atlantic Ocean,

- including meridional and zonal bottom slopes and the

south—north tilt of the interface between LCDW and
North Atlantic Deep Water (cf. Wright 1970, Fig. 1).
However, an inspection of the results of a preliminary
run using a flat bottom and a horizontal interface re-
vealed so many interesting features that it seemed
worthwhile to publish it in a separate study first.

2. The model
a. Equations

In the model, LCDW is represented by a layer of
constant thickness H bounded by a flat bottom at z
= 0. Using spherical coordinates, the linearized vortic-
ity equation ff?r the vertically integrated meridional ve-

vdz reads

locity V = fo
V(N ¢) = —wR tanep, (1)

assuming hydrostatic balance and neglecting friction
and tidal forces. In a meridionally bounded basin the
vertically integrated zonal velocity U = fg' udz at any
constant latitude ¢ = ¢, is obtained by integrating the
continuity equation from the eastern boundary, A = Ag,
assuming zero normal velocity there:

A
0
U\, o) = — L a(Vcoswo)d)\’

2N

— Rcoscpof w(N\, po)dN. (2)

X,

In (1) and (2) w represents the vertical velocity im-
posed on top of the layer, and the bottom vertical ve-
locity has been set to zero. The other symbols used have
the conventional meanings:

R earth radius = 6371 km,

u zonal velocity,

v meridional velocity,

z vertical coordinate, z = 0 at the bottom, increas-

ing upward,

© latitude, ¢ = O at the equator, increasing north-
ward,

longitude, A, A" = O at the Greenwich meridian,
increasing eastward.

b. Basin geometry, boundary conditions, and western
boundary currents

In the model, a C-grid with AN X Ap = 1° X 1°is
used. The model domain is represented by those areas



TaBLE 1. Observed transports of Lower Circumpolar Deep Water in the Atlantic Ocean (eastward, northward > 0.
Temperature values are potential temperatures).

Reference LCPW Latitude/longitude Transport
Author Method level definition (degrees) (Sv) Remarks
Western basin
Weatherly and Kelley (1982) C 1.82°C <1.82°C 40N -0.5 WB
Tucholke et al. (1973) D, C 4700 m <1.84°C 23N 0.5 net (1)
Wright (1970) D 2°C <2°C 16N 14 net
Wright (1970) D 2°C <2°C ~10N 2.7 net (2)
Wright (1970) D 2°C <2°C 8N 2.7 net
McCartney (1994) D 1.9°C <1.9°C 4N 4.0 net
Whitehead and Worth. (1982) C 1.9°C <1.9°C 4N 0.8 WB
Whitehead and Worth. (1982) D 1.9°C <1.9°C 4N 20 net
Sverdrup et al. (1942) ? ? ? ON 1.0 net
McCartney and Curry (1993) D 4000 dbar <1.93°C ON 4.3 net
Wright (1970) D 2°C <2°C 8S 2.8 net
McCartney and Curry (1993) D 4000 dbar <1.9°C 118 55 net
Speer and Zenk (1993) D 2°C <2°C 118 3.0 net
Wright (1970) D 2°C <2°C 165 23 net
Speer and Zenk (1993) D 2°C <2°C 198 45 net
McCartney and Curry (1993) D 1.9°C <1.9°C 238 6.7 net
Wright (1970) D 2°C <2°C 248 6.4 net
Speer and Zenk (1993) D 2°C <2°C 24S 5.0 net
Sverdrup et al. (1942) D ? ? 308 3.0 net
Hogg et al. (1982) D,C 1.8°C <1.8°C 308 4.1 Vema
Speer and Zenk (1993) D 2°C <2°C 308 20 Santos
Speer and Zenk (1993) D 2°C <2°C 318 6.7 net
Wright (1970) D 2°C <2°C 328 5.1 net
Speer et al. (1992) D 2°C <2°C 348 0.7 Hunter
Georgi (1981) D 1°C <1°C 408 10.0 WB
Georgi (1981) D 0°C <0°C 408 1.8 WB
Georgi (1981) D 0°C <0°C 46S 1.0 WB
Whitworth et al. (1991) C 0.2°C <0.2°C 508 8.2 WB
Georgi (1981) D 0°C <0°C 518 1.3 WB
Georgi (1981) D 0°C <0°C 548 5.0 WB
Weddell-Enderby Basin
Georgi (1981) D 0°C <0°C 56S 12.0 WB
Georgi (1981) D 0°C <0°C 56S 5.0 net
Georgi (1981) D 0°C <0°C 598 15.0 net
Georgi (1981) D 0°C <0°C 598 18.0 WB
Eastern basin
Saunders (1987) C 2.05°C <2.05°C 37N 0.21 Discovery
Saunders (1987) D 3500 dbar <2.05°C 37N 0.35 Discovery
Saunders (1987) C 3500 dbar <2.05°C 36N 0.7 net
McCartney et al. (1991) D 2-2.5°C <2°C 36N 0.46 net
McCartney et al. (1991) D 2-2.5°C <2°C 36N 0.83 east
McCartney et al. (1991) D 2-2.5°C <2°C 36N -0.37 WB
McCartney et al. (1991) D 2-2.5°C <2°C 36N 0.58 net
McCartney et al. (1991) D 2-2.5°C <2°C 35W 1.55 WB, mean
McCartney et al. (1991) D 2-2.5°C <2°C 24N 1.1 WB
McCartney et al. (1991) D 2-2.5°C <2°C 15N 1.9 WB
McCartney et al. (1991) D 2-2.5°C <2°C IN 0 Kane Gap
McCartney et al. (1991) D 2-2.5°C <2°C 29W 1.0 Gambia
Warren and Speer (1991) D 4000 dbar <4000 dbar 118 -0.75 WB
Warren and Speer (1991) D 4000 dbar <4000 dbar 118 —-1.16 net
Warren and Speer (1991) D 4000 dbar <4000 dbar 248 245 WB
Warren and Speer (1991) D 4000 dbar <4000 dbar 248 -0.7 net
Vema Fracture Zone

Vangriesheim (1980) C 1.5°C <1.5°C 1IN 0.46
McCartney et al. (1991) D 2.17°-2.43°C <2°C 11N 2.2 mean

C: current meters; D: dynamical method; Discovery: Discovery Gap; east: in eastern part of the basin; Gambia: transport along southern
boundary of Gambia Abyssal Plane; Hunter: transport through Hunter Channel; Kane Gap: Kane Gap throughflow; net: net meridional
basinwide transport; Santos: transport over Lower Santos Plateau; Vema: transport through Vema Channel; WB: western boundary current

transport; (1): net northward transport estimated from their Table 2 and Fig. 6; (2): meridional section at SO°W.
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of the Atlantic Ocean, where the water depth is greater
than 4000 m (Fig. 1). The Atlantic—Indian through-
flow is closed. Because the interior flow is completely
determined by (1) and (2) if w(¢, N\) is known and no
normal flow is allowed at the lateral boundaries, the
vertical volume flux across the top interface and inte-
grated over the model domain must vanish.

Due to (2) continuity is satisfied everywhere except
at western boundaries of the domain, where a volume
flux deficit may arise due to the no-normal-flow con-
straint. Therefore, an infinitesimally wide western
boundary laver is introduced, where a western bound-
ary current {WBC) compensates for the deficit. The
WBC is evaluated by integrating up the volume flux
deficits along the western sidewalls of grid cells neigh-
bored by land cells in the west. This implies also pieces
of zonal boundary currents along zonal segments of
grid cells separating land and sea.

Because of the complicated topographic shape of the
model domain, there are seven WBCs numbered from
1 to 7 (Fig. 2). These are the northern and the southern
Cape—Agulhas Basin WBCs (Nos. 1, 2), the Angola

Northwest
Atlantic
Basin Northeast
Atlantic

Basin

latitude/deg N

Argentine Basin

Weddell-Enderby Basin
eddell Sea

-80 -60 -40 -20 0

longitude/deg E

20

Fic. 1. The model domain (white) is represented by those parts of
the Atlantic that are deeper than 4000 m. The throughflow between
South Africa and Antarctica is closed (VC = Vema Channel, HC
= Hunter Channel, RFZ = Romanche Fracture Zone, VFZ = Vema
Fracture Zone).
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FiG. 2. There are seven western boundary currents (WBC) in the
model: the northern Cape—Agulhas Basin (1), southern Cape—Agul- -
has Basin (2), Angola Basin (3), Northeast Atlantic (4), eastern trop-
ical Atlantic (5), Hunter Channel (6), and western Atlantic WBC (7).
Light gray shading indicates the infinitesimally wide western bound-

ary layer.

Basin (No. 3), the northeast Atlantic (No. 4), the east-
ern tropical Atlantic (No. 5), the Hunter Channel (No.
6), and the western Atlantic WBC (No. 7). For con-
tinuity reasons, the integration of WBCs Nos. 1 and 4
starts at the most northern extension of the respective
basin, the integration of No. 3 starts at the most south-
ern extension of the Angola Basin, and No. 7 is inte-
grated from south to north. A special problem arises
for WBCs Nos. 6 and 5 attached to the east coast of

-the two “‘islands,’’ that is, the Rio Grande Rise and that

part of the Mid-Atlantic Ridge between the Vema Frac-
ture Zone and the Romanche Fracture Zone. Here, the
starting point of the integration can be chosen arbi-
trarily at the northern or the southern tip of the islands
without violating continuity, and there are two possible
solutions for the direction of the boundary currents (cf.
Warren and Speer 1991). In the present paper, the start-
ing point for the integration of WBC No. 6 is in the
south and that for WBC No. 5 in the north. This choice
leads to WBC flow directions in agreement with ob-
servations ( Speer et al. 1992; Metcalf et al. 1964; Hee-
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zen et al. 1964 ). In order to prohibit a sign change of
the Cape—Agulhas Basin WBCs Nos. 1 and 2 at the
Walvis Passage, the integration of No. 2 is starting in
the north.

The integration of each WBC is finished at the most
southern (WBCs Nos. 1, 2,4, 5, 7) or the most northern
extension (Nos. 3 and 6) of the western boundary layer.
The final value represents the interior volume flux def-
icit (positive or negative) of the respective basin and
is then added to the flux deficit of that western bound-
ary layer encountered next in the west at the same lat-
itude. Because that means that WBC No. 1 is feeding
No. 2, No. 3 is feeding No. 5, and WBCs Nos. 2, 4, 5,
and 6 are feeding the western Atlantic WBC No. 7, the
WBC transports have to be calculated in the sequence
1,2,3,4,5,6, and 7. This is a different interpretation
of the continuity equation (2), where the source on the
right-hand side driven by vertical transports is replaced
by a source due to the volume flux surplus—deficit of
the WBC at the respective grid point.

3. Model calibration

The LCDW gain of the Atlantic from the inflow
through Drake Passage and production in the Weddell
Sea is represented by a concentrated source in the Wed-
dell Sea and expressed in terms of vertical transport
concentrated at a single grid point. The strength of this
source is called the ‘‘LCDW formation rate.”” Apply-
ing the simple assumption of compensating uniform
upwelling over the rest of the model domain, it is an
easy task to calculate the LCDW transport in the inte-
rior of the basins and the corresponding WBC trans-
ports. The formation rate of Atlantic LCDW, however,
is not well known. Therefore, the modeled LCDW
transports will be calibrated against the observed net
meridional flow in the western Atlantic (cf. Table 1),
that is, the zonally integrated flow in the Argentine,
Brazil, and Northwest Atlantic Basins. The western At-
lantic is chosen because the majority of observations
were located there. The observed net meridional trans-
ports are displayed in Fig. 3. A linear regression yields
a correlation coefficient of 0.73, which means that a
linear decrease of meridional LCDW transport with in-
creasing latitude is an acceptable approximation.

A series of model runs driven by different LCDW
formation rates were performed, and the net meridional
flow in the western basin was compared with the linear
regression mentioned before (Fig. 4). In order to vi-
sualize the sensitivity of the meridional transport to the
choice of the formation rates, the transport curves as-
suming 6, 8, or 10 Sv, respectively, are shown, where
the sinking occurs in a single grid cell centered at 67°S,
47°W in the western Weddell Sea. It can be seen clearly
that the first yields too low transports over nearly the
entire latitude range, and the transports of the latter are
too high. The best agreement was found for a model
run assuming a formation rate of ~8 Sv.

ONKEN
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FiG. 3. Observed net meridional transport (dots) of LCDW in the
western Basin of the Atlantic Ocean (cf. Table 1). The correlation
coefficient of the linear regression is 0.73.

4. Model resuits and comparison with observations

In the preceeding section it was found that the as-
sumption of a LCDW formation rate of S, ~ 8 Sv
matches best the net meridional transport in the western
basin. In the following, the results of that model run
named STDRD will be investigated in more detail.
First, the western boundary currents will be shown; sec-
ond the interior transport outside the western boundary
layer is given; and third the net transport in individual
basins is presented.

It should be mentioned that S, is only that fraction
of the formation rate that is necessary to establish the
LCDW circulation pattern in the Atlantic. In reality,
however, the formation rate must be higher because an
unknown amount of LCDW is needed to supply the
LCDW layer of the Indian and (perhaps) the Pacific
Oceans. Therefore, in the discussion section effects are
discussed that are due to an outflow of LCDW into the
Indian Ocean.

a. Western boundary currents

The latitudinal dependence of WBC transports is dis-
played in Fig. 5 and in a summary sketch in Fig. 6. The
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FiG. 4. Modeled net meridional transport (solid lines) in the west-
ern Atlantic basin assuming 6, 8, or 10 Sv LCDW production rate.
The dashed line represents the linear fit displayed in Fig. 3; observed
transports are marked by dots (cf. Fig. 3).

largest transport rates of nearly 14.7 Sv northward can
be found in the western Atlantic WBC No. 7 at 66°S.
Farther north, the transport decreases nearly linearly at
a rate of about 0.16 Sv per degree and drops to zero at

22°N. North of that latitude, the WBC reverses direc-

tion and exhibits maximum southward transport of 2.1
Sv at 40°N. For comparison, there are only a few ob-
served transports available. At 59°S and 56°S, Georgi
(1981) calculated geostrophic WBC transports of 18.0
and 12.0 Sv (cf. Table 1), which are 6 or 4 Sv, re-
spectively, higher than the model values. These num-
bers, however, refer to the transport of water colder
than 0°C, which stems from the Weddell Sea only. Be-
tween 54° and 40°S Georgi’s (1981) geostrophic trans-
port calculations yield results between 1 and 10 Sv, the
magnitude of which seems to be very sensitive to the
choice of the reference level. At 40°S, for example, the
transport using the 1°C isothermal surface instead of
0°C leads to an increase of transport of more than a
factor of five. The reason for these large differences is
illustrated by Georgi’s (1981) Figs. 11 and 12, which
show that the vertical shear has the same sign and about
the same magnitude over the temperature range be-
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tween 0° and 2°C. The current-meter-based transport
calculations of Whitworth et al. (1991) at 50°S are in
turn very close to the modeled transport of 8.5 Sv, al-
though these measurements also refer to water colder
than 0.2°C. The only further measurements of WBC
transports in the western basin are those of Whitehead
and Worthington (1982) at 4°N yielding 0.8 Sv (model
value 2.3 Sv) and Weatherly and Kelley (1982) at
40°N, which confirm at least the reversal of the WBC
transport direction. A fundamental difference between
the model results and observations exists in the western
tropical Atlantic. Here the model diagnoses a north-
ward WBC. Observations, however, indicate that there
is no or only a weak WBC between about 8° and 16°N,
and the entire northward LCDW transport occurs in the
interior and on the eastern side of the basin (Fuglister
1960; Wright 1970; Whitehead and Worthington
1982).

The latitudinal change of transport in WBC No. 7 is
not uniform but is interrupted by jumps where the trans-
port changes rapidly. These jumps are either caused by
abrupt changes of the width of the basin or by other
WBCs separating from WBC No. 7 or flowing into it.
The first determines the pathlength of the integral (2)
and in turn leads to sudden modifications of the volume
flux deficit in the western boundary layer. This is the
case between 50° and 48°S where the WBC transport
increases due to the widening of the Argentine Basin,
at about 28°S because of the Rio Grande Rise, and north
of 40°N caused by the narrowing of the Northwest At-
lantic Basin. The latter occurs at 58°, 34°, and 2°S and
11°N due to WBCs Nos. 2, 6, 5, and 4.

The southern Cape—Agulhas Basin WBC (No. 2)
separates from WBC No. 7 at 58°S and starts with a
transport value of 2.6 Sv at the most southern extension
of the Cape—Agulhas Basin. In the basin, the transport
decreases with latitude and reaches a minimum value
of 0.8 Sv at 52°S and then increases again to 2.7 Sv at
46°S. Farther north the transport decreases and sud-
denly drops from about 1.5 Sv to zero at 34°S. Right
now, the northern Cape—Agulhas Basin WBC (No. 1)
starts with northward transport of close to 1 Sv and
gradually decreases to zero at 22°S. Hence, WBC No.
2 is absorbed by WBC No. 1 at the entrance of the
Walvis Passage. Unfortunately, there exist no obser-
vations for comparison in this area.

WBC No. 4 branches from No. 7 at 11°N, which is
the northern boundary of the Vema Fracture Zone. The
initial transport is about 0.5 Sv northward. At 20°N the
sign of the transport changes and to the north of this
latitude only southward transport with a maximum of
1.4 Sv at 46°N can be found. This result is contrary to
the geostrophic calculations of McCartney et al
(1991), who found a WBC beginning at the Vema
Fracture Zone at 11°N and then flowing northward all
along the eastern flank of the Mid-Atlantic Ridge up to
about 30°N. They found a southward boundary current
only at 36°N. In addition, the results disagree also quan-
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FiG. 5. Model run STDRD: transports in WBCs numbers 1 to 7 (cf. Fig. 2).

titatively. In the present study the northward WBC at
the exit of the Vema Fracture Zone exhibits a maximum
transport of 0.5 Sv, McCartney et al.’s (1991) WBC,
however, is more than three times stronger.

The WBCs numbers 5 and 6 affiliated with ‘‘is-
lands’’ are directed northward due to the choice of the
starting point of the integration (see above) and are in
agreement with observations, except for the most
southern part of the Hunter Channel WBC that flows
in the opposite direction. The only transport observa-
tions in the Hunter Channel (No. 6) have been pub-
lished by Speer et al. (1992), who reported 0.7 Sv
northward LCDW transport. Although the model value
is only about 30% of that number, it does not make
sense to discuss the difference because the model value
depends strongly on the topographic shape, that is, on
the channel width. In a few additional runs it has been
found that converting one grid point on the eastern
bank of the channel from ‘‘land’’ to ‘‘water’’ leads to
an increase of the WBC transport by more than a factor
of 2. The WBC at the eastern flank of the island in the
tropical Atlantic is fed by a nearly 2 Sv northward flow
through the Romanche Fracture Zone, more than one-
half of which turns immediately to the east to supply
the Angola Basin WBC (No. 3). The rest continues
farther northward and the transport diminishes gradu-
ally to zero when approaching the Vema Fracture Zone
at the northern end of the island. Starting the integration
for this WBC at the southern end of the island yields a
southward boundary current and an opposite flow
through the Romanche Fracture Zone, which is in dis-
agreement with observations (Metcalf et al. 1964; Hee-
zen et al. 1964).

The Angola Basin WBC (No. 3) separates from the
northward directed WBC No. 5 immediately after its
beginning at the equator. The initial southward trans-

port is about 1.1 Sv, but it diminishes rapidly to zero
at 15°S. Between 15° and 34°S the WBC flows to the
north, exhibiting maximum transport rates of 0.4 Sv.
The sign of the transport is in agreement with the find-
ings of Warren and Speer (1991), who calculated
southward WBC flow at 11°S and northward flow at
24°S (cf. Table 1), but the magnitudes are partly dif-
ferent. In the southward regime the observations yield
0.75 Sv, which is close to the model value of 1.1 Sv;
in the northward regime, however, the observed num-
ber of 2.45 Sv is nearly five times larger than the model
value. The authors attribute this extraordinarily high
transport to uncertainties in the geostrophic method and
the superimposed noise of an Agulhas eddy.

b. Interior flow and net meridional transports

The interior flow outside the western boundary layer
is displayed in Fig. 7a. According to (1) the meridional
component is directed toward the pole on either hemi-
sphere because w is positive everywhere except for the
site of the concentrated source and tany has the same
sign as the latitude. Together with the WBCs (Figs. 5,
6), this yields cyclonic flow patterns, where the WBCs
are directed equatorward, that is, for the Argentine,
Cape—Agulhas, and Brazil Basins, the southern part of
the Angola Basin, and the northern parts of the North-
west and Northeast Atlantic Basins. Between the equa-
tor and 23°N, both the interior and WBC transports are
directed poleward; hence, there is no closed circulation
pattern. The same happens in the Angola Basin be-
tween the equator and 15°S.

A comparison with observations exhibits many sim-
ilarities, but there are also regions where the modeled
flow pattern deviates from the observed one. The cy-
clonic flow pattern in the Argentine Basin is confirmed
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hibits a complex structure of cyclonic and anticyclonic

80¢ recirculation regimes.
The LCDW transport pattern in the Northeast Atlan-
tic Basin has been investigated by McCartney et al.
60 (1991). Although their transport rates for the interior
flow are again about three times stronger than the mod-
40 eled transports (like the WBCs, see above), a compar-
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by Reid’s (1989) geostrophic flow analysis at the 4000  -80
and 4500 dbar levels (his Figs. 29 and 30) and by the

current-meter measurements of Whitworth et al. -80 -60 -40 -20 0 20
(1991). In contrast, Weatherly’s (1993) investigations longitude/deg E
of near-bottom flow reveal some indication for an an- 40
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ticyclonic flow pattern. In the Cape—Agulhas Basin,
both the model and Reid’s (1989) calculations yield 35| >
cyclonic flow (his Fig. 31). There is also good agree- X ) elotetetel ]
ment in the Angola Basin, although there is no WBC am? 224445227
visible in Reid’s (1989) Fig. 30. The high-resolution |/, /N> ~77 7777/ 7 /111 }]]
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the modeled pattern rather well. The situation is worse & |1 = A A
in the Brazil Basin, where none of the observations 82°[’g Sz
yields a cyclonic-flow pattern, but the observations also 3 s RN

disagree among themselves. Reid’s (1989) Figs. 29
and 30 suggest northward transport over the entire Ba-
sin, whereas in Wright’s (1970) geostrophic calcula-
tions there is clear evidence for a concentrated north-
ward western boundary flow at 32°, 24°, 16°, and 8°S
and a regime with alternating flow directions in the
eastern half of the Basin. A similar picture emerges also longitude/deg E

from the very re,cent publications of Speer and Zenk FiG. 7. Model run STDRD: interior volume transport (a) in the
(1993) and Durrieu de Madron and Weatherly (1994),  entire model domain and (b) in the tropical and subtropical northeast
where the LCDW flow in the eastern Brazil Basin ex-  Atlantic. The length of the arrows is proportional to the transport.
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ison of their summary sketch of observed transports
(their Fig. 4) with the modeled pattern displayed in Fig.
7b reveals some striking qualitative similarities. Both
in the observations and the model a jetlike current en-
ters the Gambia Abyssal Plane (cf. their Fig. 1) through
the Vema Fracture Zone. When approaching the Afri-
can shelf, the jet becomes progressively weaker and
turns cyclonically into a counterflow, the generation of
which is obviously due to the blocking of northward
transport by the Cape Verde Plateau. Farther to the
north the flow direction changes again and northeast-
erly flow prevails throughout the basin. Please note that
a WBC comparable to McCartney et al.’s (1991 ) north-
ward WBC flow along the Mid-Atlantic Ridge is absent
from Fig. 7b.

Except for some transport vectors in the Guiana (cf.
Fig. 7b) and the Newfoundland Basins, the modeled
interior flow in the Northwest Atlantic Basin is directed
toward the northeast. It is difficult to compare the flow
with findings from observations because these differ
among themselves. Reid (1994, Fig. 81) suggests a
northward bottom water flow at 4500 dbar along the
Mid-Atlantic Ridge, which turns to the west at about
30°N and then to the east again at 35°—40°N. At the
western boundary, southward flow is found all along
the American coast. Schmitz and McCartney’s (1993)
circulation cartoons indicate northward flow all along
the Mid-Atlantic Ridge and a system of several gyres
to the west instead of a continuous western boundary
flow. In contrast, the bottom temperature (McCartney
et al. 1991, Fig. 2) and silica distribution (Mantyla and
Reid 1983, Fig. 2e) indicate that the poleward LCDW
transport occurs in two lobes branching at about 20°N.
The western lobe is confined to the American shelf; the
eastern lobe, however, extends over the central and
eastern part of the basin and indicates a preferred flow
direction toward the northeast as in Fig. 7a.

The net meridional LCDW volume transport across
any latitude circle can be decomposed into the transport
in the western boundary layer and the zonally inte-
grated interior transport. Figure 8 displays the net and
interior flow for the western (i.e., the Argentine, Brazil,
and Northwest Atlantic Basin) and the eastern basin
(the Angola, Cape—Agulhas, and Northeast Atlantic
Basin). The differences between both curves are the
WBC transports. In the western basin (Fig. 8a) the net
transport is to the north everywhere, decreasing mono-
tonically from 6.6 Sv at 54°S to zero at the northern
limit of the basin. The interior transport, however,
changes sign at the equator. Therefore, the entire cross
equatorial transport of nearly 2.6 Sv occurs in the
WBC. At 23°N the curves for the interior and the net
transports are crossing, which means that the WBC is
changing sign and the northward transport occurs
solely in the interior. Thus, we can distinguish between
three regimes—a ‘‘western boundary current regime’’
on the Southern Hemisphere where the sign of the
WBC determines the sign of the net flow, a ‘‘mixed
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Fig. 8. Model run STDRD: net and interior transports (a) in the
western and (b) in the eastern basin. The highlighted areas (right
panel) indicate the respective basin.

regime’’ between the equator and 23°N where the
WBC and the interior flow both contribute to the north-
ward net transport, and an ‘interior regime’’ to the
north of that latitude where the net transport is gov-
erned by the sign of the interior flow. Available con-
sistent observations are the WBC and net transport
measurements at 4°N [McCartney (1994 ); Whitehead
and Worthington (1982), cf. Table 1], indicating that
both the interior and the WBC flow are positive, and
the measurements of Georgi (1981) at 56° and 59°S in
the Weddell-Enderby Basin suggesting an interior
flow opposed to the WBC. In addition, it should be
mentioned that the observed net transports of the entire
western basin are consonant with the modeled transport
rates by definition (cf. section 3).

In the eastern basin (Fig. 8b) the situation is some-
what more complicated. As in the western basin, the
interior flow is poleward in both hemispheres; the net
flow, however, is southward in the Angola Basin and
northward in the Cape—Agulhas Basin and north of
2°S. The crossing of both curves occurs at the locations
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of the WBC sign changes at 15°S in the Angola Basin,
at 2°S, where the Angola Basin WBC branches from
the northward continuing WBC No. 5 and at 20°N in
the Northeast Atlantic Basin. Hence, using the same
definitions as in the western basin, the eastern basin is
fundamentally different from the western basin; it is a
‘‘western boundary regime’’ in the Cape—Agulhas Ba-
sin and an ‘‘interior regime’’ north of 20°N and in the
Angola Basin south of 15°S because both the interior
transport and the net transport exhibit the same sign
and are opposed by the WBC. Except for the small
latitude band between 2°S and the equator, the rest of
the eastern basin is a ‘‘mixed regime.”’

Combining both the net flow in the western and east-
ern basin allows comparison with Roemmich and
Wunsch’s (1985) inverse calculation between 24 and
36°N. They find a net northward bottom water flow of
2.9 * 2.6 Sv, which is comparable to the modeled net
flow of about 1.5 Sv in the same latitude range.

5. Discussion

The above comparison of model results with obser-
vations has shown that there is at least a qualitative
agreement in most parts of the Atlantic. In some loca-
tions a comparison is impossible because lack of ob-
servations, but there are also regions where the model
results and the observations disagree. These differences
can either be explained by necessarily somewhat arbi-
trary assumptions in the interpretation of hydrographic
data or they are due to shortcomings of the model for-
mulation. '

A first significant difference occurs in the Northeast
Atlantic Basin. In contrast to McCartney et al. (1991),
who found only northward WBC transports, the model
yields a sign change of the WBC confined to the eastern
flank of the Mid-Atlantic Ridge at about 20°N. As the
other modeled reversals of WBC direction in the An-
gola Basin and in the Northwest Atlantic Basin are con-
firmed by the few available observations, it is assumed
that McCartney et al.’s (1991) different findings are
possibly caused by their fairly warm reference level
between 2° and 2.5°C, which makes the LCDW trans-
port stronger in regions where the overlying Deep Wa-
ter moves in the opposite direction and may reverse the
sign of the LCDW flow, where both water masses move
in the same direction. The latter has possibly caused
the observed northward WBC flow north of 20°. An-
other fact pointing to the possibility that the reference
level is too warm is that the observed interior transports
agree qualitatively with the model but are stronger by
at least a factor of 3. In addition, the Vema Fracture
Zone throughflow of 2.2 Sv is more than two times the
modeled value of about 0.9 Sv (interior plus WBC
transport) and nearly five times the transport observed
by Vangriesheim (1980). In a series of extra model
model runs, it was found that a transport of 2 Sv
through Vema Fracture Zone could only be achieved
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by doubling the LCDW production rate, which in turn
yields extremely unrealistic results for other regions.

Another disagreement worth mentioning is the in-
terior flow in the Brazil Basin, the observed structure
of which is obviously more complex than in the model.
A possible explanation for the observed alternating di-
rections of the meridional flow has recently been of-
fered by Spall (1994). He applied a three-dimensional
primitive equations model to an idealized basin, which
is comparable in size to the Brazil Basin, and found
that instabilities of the western boundary current alter
the mean basin-scale deep flow from a cyclonic to an
anticyclonic recirculation.

Observations suggest that the northward LCDW
flow flips from the western to the eastern side of the
Guiana Basin after crossing the equator; that is, in the
western tropical Atlantic a WBC as predicted from the
model is absent. Speer and McCartney (1992) dem-
onstrated that this can be due to a variable thickness of
the LCDW layer, and Warren (1981) and Pedlosky and
Chapman (1993) proposed the meridional topography
slope to generate this flow pattern. Anothér possibility
is that the LCDW transport pattern is affected by the
complicated topography or it is steered by the overlying
strong cyclonic recirculation cell of North Atlantic
Deep Water (cf. Friedrichs et al. 1994). Nof and Olson
(1993) using a 11/2 and a 21/; layer analytical model
could show that the flipping is simply a consequence
of geostrophy applied to a deep boundary current jet,
which is separated by a front from the interior of the
ocean. All these effects could not be investigated in the
present study because of the flat bottom and the uni-
form layer thickness and will be subject of a later paper.

Georgi’s (1981) transport calculations in the South
Sandwich Trench at 56° and 59°S (cf. Table 1) yielded
extraordinarily high transport values of up to 15 Sv net
meridional flow and transport rates of 18 Sv in the
WBC. In the model, comparable values could only be
archieved assuming a LCDW formation rate of at least
12 Sv, but this generates WBC and net meridional
transports in the western basin incompatible with ob-
servations (Fig. 4). However, if the excess LCDW is
allowed to flow into the Indian Ocean, higher formation
rates are possible without affecting the transport rates
in the Atlantic Basins. In an additional model run (IN-
DIAN), the formation rate was increased to 13 Sv and
the surplus of 5 Sv was absorbed by a sink smeered out
over the latitude range between 60° and 56°S along the
eastern boundary, where the LCDW outflow seems to
occur according to Reid (1989, his Fig. 30). The re-
sulting WBC structure (Fig. 9) north of 56°S is the
same as in the previous model run, but south of that
latitude the transport has increased to nearly 20 Sv at
66°S. Hence, it is in principal possible to say Georgi’s
(1981) large transports are caused by a significant
LCDW outflow into the Indian Ocean, the magnitude
of which, however, is not known from measurements.
It should be noted that from Georgi’s (1981) measure-
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Sv escapes to the Indian Ocean.

ments even higher transport values are possible if a
warmer reference level would have been chosen (cf.
the sign of the vertical shear in his Figs. 6-8).

The probable most crucial assumption in the model
is the uniform upwelling of LCDW over the entire At-
lantic. According to (1) and (2), w determines the
structure of the interior flow, the divergence of which
affects the strength of the WBC. In order to find out to
what degree a nonuniform upwelling affects the model
results, four further model runs driven by different up-
welling patterns have been accomplished. In each of
these runs the upwelling was increased by 50% in a
selected area in comparison with the uniform upwelling
case. The upward flux over the rest of the model do-
main was then reduced to a value closing the volume
flux budget. In model run NORTH, the upwelling was
increased in the North Atlantic, and in SOUTH, WEST,
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and EAST accordingly in the south, west, and east At-
lantic. If in each of these runs the LCDW formation
rate was kept at 8 Sv, this would lead to net meridional
transport rates in the western basin very different from
the observed values. Therefore, the LCDW formation
rate in every run was adjusted to match approximately
the transport value of STDRD at 30°S, which was 5.64
Sv. This latitude was chosen because it is probably one
of the best observed sites of net LCDW flow in the
Atlantic. The formation rate, the vertical speed w for
the uniform upwelling case, and the enhanced (high-
lighted in Fig. 10) and reduced vertical speeds (gray
shaded), wy and w,, respectively, are summarized for
these four runs in Table 2 together with the respective
values of STDRD. In order to visualize the effect of
different upwelling patterns, the western basin net
transports are displayed in Fig. 10. The surprising result
is that in NORTH, EAST, and WEST the transports are
very close to those in STDRD (dotted); the maximum
difference of about 0.8 Sv occurs in NORTH between
the equator and about 10°N. Larger differences of up
to 1.4 Sv can be found in SOUTH in the same latitude
range. Comparing all four graphs among each other
reveals that the cross equatorial flow and the flow
through the Romanche Fracture Zone are the quantities
that respond most sensitively to modifications of the
upwelling pattern. In SOUTH the cross equatorial flow
is only about 1 Sv, whereas in NORTH it is more than
3 Sv. The Romanche Fracture Zone throughflow (i.e.,
the width of the step in the graphs at about 2°S), how-
ever, exhibits a minimum value of 1.3 Sv in WEST and
a maximum between 2.5 and 3 Sv in SOUTH and
EAST. A comparison with the observations reveals that
in NORTH and WEST nearly all transports on the
Northern Hemisphere are too large, whereas in SOUTH
the Northern Hemisphere transports are too low. On
the other hand, the Southern Hemisphere transports in
EAST seem to be too strong. Hence, it is rather spec-
ulative as to which upwelling pattern matches best the
observed transports, it is probably a combination of
several ones. However, the above results have shown
that the STDRD transport pattern is rather robust with
respect to different assumptions regarding the large-
scale distribution of upwelling.

6. Conclusions

The above model study has shown that applying the
linearized vorticity equation to a uniform thickness
layer yields reasonable results for the spreading of
Lower Circumpolar Deep Water (LCDW) in the At-
lantic Ocean. In contrast to Stommel (1958), who cal-
culated the deep circulation as an integral over the deep
and bottom water masses assuming two sources in the
northern North Atlantic and in the Weddell Sea, only
the LCDW containing layer is considered here. The
formation of Atlantic LCDW is simulated by a single
source located in the Weddell Sea representing the gain
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FiG. 10. Upper panel: in model runs NORTH, SOUTH, EAST, and WEST the upwelling was increased by 50% in the highlighted areas
in comparison to the uniform upwelling case. In the gray shaded areas the upwelling was reduced accordingly to balance the LCDW production
rate. Lower panel: the corresponding net meridional transports in the western basin. The dotted curve is the net transport for the STDRD
run, and the dashed line represents the linear regression fitted to the observed net transports (dots, cf. Figs. 3, 4).

from the Circumpolar Current and production in the
Weddell Sea. Another feature of this study is that the
net meridional flow in the western Atlantic Basin is
calibrated against a linear fit of observed transport
rates. This allows one to put a lower bound on the
LCDW gain of the Atlantic Ocean, the value of which
lies between 6.9 an 10.1 Sv depending on the selected
upwelling pattern compensating for the LCDW pro-

duction. The gross production of LCDW in the Atlantic
sector of the Southern Ocean, that is, the inflow through
Drake Passage plus the total production in the Weddell
Sea, must be higher, however, because an unknown
fraction is lost to the Indian Ocean.

Regardless of the choice of the upwelling distribu-
tion, the net meridional Atlantic LCDW transport pat-
tern consists of interior transports and a system of west-

TaBLE 2. Comparison of forcing parameters in model runs STDRD, NORTH, SOUTH, EAST, and WEST. The symbols have the following
meaning: w upwelling speed for the uniform upwelling case, w;, enhanced upwelling speed in highlighted areas in Fig. 10, w, reduced vertical

speed in gray shaded areas in Fig. 10.

Production rate w

Wy wy
Run (Sv) (107" ms™") (107" ms™") (107"ms™")
STDRD 8.0 1.7 — —
NORTH 6.9 1.5 23 1.0
SOUTH 10.2 22 33 0.6
EAST 7.6 1.7 25 1.0
WEST 7.8 1.7 2.6 0.9
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ern boundary currents. As their relative contributions
to the net transport vary from place to place, the model
offers a primitive tool to calculate either of these quan-
tities if the other is known from observations. In ad-
dition, the model results provide estimate values to test
the consistency of transport measurements at different
locations.
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