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On the transport and modification of Antarctic 
Bottom Water in the Verna Channel 

by Nelson Hogg1, Pierre Biscaye2, Wilford Gardner 2 and 
William J. Schmitz, Jr. 1 

ABSTRACT 
The Verna Channel is a deep passage across the Rio Grande Rise in the South Atlantic 

through which Antarctic Bottom _Water (AABW) must flow · on its way northward from the 
Argentine Basin to the Brazil Basin and eventuafly into the North Atlantic. Both dynamic 
computation and direct current measurement based on recently acquired data indicate that the 
volume transport of AABW is about 4 X 10° m0/sec northward with a standard deviation of 
about 1.2 X 10° m3/sec. There are no known_·exits for AABW below 1 •c out of the Brazil 
Basin and it is estimated by heat flux balance that if AABW leaves this basin across isopycnals, 
a diffusion rate of 3-4 cm2/sec so directed is required. 

There is a sharp water mass transition between the two basins across the Rio Grande Rise 
with J\ABW in . the Argentine Basin being distinctively fresher and_ colder in the potential 
temperature range from 0.2 •c to 2.0°C at the. same density. Cold tongues of fresh. water · 
iidvected into the Verna Channel may be thoroughly ·mixed by lateral eddy diffusion at a rate 
estimated to be 4 X 10° cm2/sec. This process demands a supply of Brazil Basin AABW. from 
the north consistent with an observed weak southward flow to the east of the much more 
intense northward jet. 

Isopycnals show a reversal in slope with·depth within the channel (but not outside) such that 
the coldest water is in the west at shallow AABW depths but in the. east near the bottom. East 
of the channel axis there are thick bottom boundary layers which are nearly homogeneous in 
the vertical but horizontally stratified. We suggest a dynamical, nonmixing, mechanism for 
producing these features. 

Dissolved silicate measurements reveal a filament of low concentration, presumably North 
Atlantic Deep Water, which is located over the channel axis at 2500 m depth. This is some 
1000 m above the Rio Grande Rise and 2000 m above the Channel floor. 

1. Introduction 
Antarctic Bottom Water (AABW) is the name given by Wiist (1933) to the 

relatively cold and fresh water found just above the bottom in the deepest part of 
the Atlantic Ocean. The Antarctic origins for this water were made clear in his 
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Figure 1. Bathymetry of the South Atlantic north of 55S showing the location of the Verna 
Channel in the Rio Grande Rise. Adapted from Uchupi (1971). 

maps of bottom potential temperature and salinity. Reid et al. (1977) have made a 
further distinction based on the distributions of dissolved nutrients and oxygen and 
the hypothesis that vertical stability maxima separate water masses. They suggest 
that the AABW can be decomposed into three distinguishable water types: Lower 
Circumpolar Water, Weddell Sea Deep Water and Weddell Sea Bottom Water. The 
fir st is the only one found north of the Rio Grande Rise (30S, Fig. 1) and is be
lieved to have its origins in the Circumpolar region while the last is the only true 
" bottom water" being formed on the Antarctic shelf but disappearing north of 60S. 
We shall not concern ourselves with this distinction but, instead, use Wiist's (1933) 
collective term "Antarctic Bottom Water" for that below about 2.0°C and 34.9%o. 

After leaving the Antarctic, AABW is believed to spread northward in broad 
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western boundary currents feeding interior gyres which in tum, through vertical 
advection, help maintain the mid-latitude thermocline and return the water to high 
latitudes (Stommel and Arons, 1960). Along the western boundary there are two 
components of flow, one associated with a net northward flux and the other with the 
recirculating gyre which feeds the vertical, thermocline circulation. On its journey 
AABW must travel round several deep ocean basins (e.g., the Argentine and Brazil 
Basins in the South Atlantic) and navigate passages in the various ridge systems. A 
logical place to measure the net northward fluxes is within the passages although 
these quantities will be a function of latitude if partially lost to the interior. 

The coldest temperatures in the AABW gradually increase northward partly 
through the blocking effect of ridges btit also through cross-isotherm mixing. Ac
curate knowledge of the flow in and out of the deep basins may permit. calculation 
of the heat and mass balances and, therefore, the downward diffusive heat flux. 
Passages confine and accelerate the flow if their widths are much smaller than the 
500 km usually associated with the deep boundary currents. This confinement 
makes the transport measurement more practical and may lead to interesting and 
potentially important effects. Whitehead et al. (1974) and Gill (1977) show that 
such a constriction is analogous to a weir in a river and can control the volume flux. 
Stommel et al. (1973) have shown that acceleration-induced pressure changes can 
suck deep water out of an upstream basin from below sill depth. Finally, the in
creased flow rates may lead to higher stirring rates and change the properties of 
the water in transit. 

In order to address some of these questions an observational study was under
taken in 1979 and 1980 of the region around the Verna Channel, a deep north-south 
passage through the Rio Grande Rise-a ridge which separates the western South 
Atlantic into the Brazil and Argentine Basins (see Fig. 1). The Verna Channel is 
approximately 400 km long with a sill depth of 4550 m occurring approximately 
half way along its length where it splits into a shallow western branch (sill depth 
~ 4200 m) and a much deeper eastern one (axial depth increasing to 4800 m). 
From the channel axis the bottom slopes gently upward to the west to the top of 
the Rio Grande Rise at about 3700 m while on the east the bottom rises sharply to 
a plateau at 4200 m and then more gradually to depths less than 3500 m. As most 
of the volume transport of AABW occurs below 3500 m there is very little lost over 
the top of the Rise. However, some may be missed in the Hunter Channel-a poorly 
surveyed break further to the east near the Mid-Atlantic Ridge whose sill depth 
appears to be nearer 4000 m. 

The observational program began with cruise Atlantis II-107-leg 2 in October 
1979, during which five current meter moorings were set and thirty CTD stations 
taken on four cross-sections of the Channel (Fig. 2a). There was a follow-up hydro
graphic cruise in May 1980, (Atlantis II-107-leg 8) on which a further sixty-seven 
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Figure 2. Bathymetry of the Verna Channel, mooring positions (diamonds 1 to 5) and CTD 
station locations (dots) occupied during (a) Atlantis ll-107-leg 2 and (b) leg 8. Large bold 
numbers signify cross-channel sections referred to in the text. Bathymetry is from Johnson 
et al. (1976) modified slightly by soundings made during this experiment. 

CTD stations were made (Fig. 2b). On this cruise, silicate, light scattering, partic
ulate matter concentration, and dissolved radon gas measurements were also made 
and bottom camera pictures and gravity cores were taken in order to study the 
interaction of the current with the bottom. This paper is mainly concerned with the 
hydrographic and current meter measurements. 
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The current meter array consisted of five moorings deployed at the locations 
shown in Figure 2. The instrument configuration depicted in Figure 3 was designed 
to measure the transport through the Channel and to explore the characteristics of 
the time-dependent motions at depth and within the main thermocline. Instrument 
performance figures and other information are given in Table 1. Shortly after de
ployment it was discovered that the release batteries were potentially defective. A 
rescue mission was quickly carried out on the Brazilian research ship, the R/V 
Be:mard, in March 1980, during which all the moorings were recovered and reset 
after changing batteries and recording tapes. These instruments were recovered one 
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Figure 3. Verna Channel mooring configuration. Circled numbers refer to locations on Figure 
2. Depths for the second setting are slightly different than those shown-see Table 1. 

year later in March 1981. Instrument performance was disappointing with 60% to 
70% data recovery from each setting. However, instruments that failed on the first 
setting worked on the second with the result that we have records from almost all 
positions. (A notable exception is the main thermocline instrument which failed on 
both settings.) In summary, we have up to fifteen months of current and tempera
ture measurements at a variety of depths and locations in the Channel and ninety
seven CTD stations in the region. 

The CTD measurements presented some salinity calibration problems that baffled 
us at first. About half the problem disappeared when the practical salinity scale was 
used-the old one being in error at low temperatures (Lewis and Perkins, 1981). 
The rest of the problem was solved by using a cubic fit to the calibration of the 
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pressure sensor and taking into account its hysteresis (samples are collected on 
the way up). The final standard deviation between CTD and sample bottle salinities 
was approximately .003%0-the expected measurement error (Millard, 1982). Sili
cate analyses were made on samples collected by the CTD rosette using the Oregon 
State University Technicon Autoanalyzer. By repeated analysis of duplicate samples 
and a laboratory standard we estimate an accuracy of better than 1 µ, gram atom/ 
liter. 

The distribution of water properties is presented in section 2. Potential density 
surfaces slope steeply downward from west to east giving rise to pressure gradients 
(relative to a shallower level) which support the northward fl.owing AABW except 
in the deepest part of the channel itself where a reverse slope is found. In the middle 
range of densities appropriate to AABW the Argentine Basin Water is distinctly 
colder and fresher than the Brazil Basin while water above and below is more 
uniform along isopycnals. 

Volume flux calculations from both hydrography and moorings are presented in 
section 3. These are reasonably consistent and indicate a northward flux of about 
4 x 106 m3/ sec. The fate of this water and its associated heat in the Brazil Basin is 
discussed in section 4 and estimates of cross-isotherm diffusion rates are made. The 
effects of lateral mixing are the subject of section 5. In section 6 we discuss some 
dynamical effects of the Channel that are suggested by the observations and, finally, 
give our conclusions in section 7. 

2. Water mass properties 

We shall describe the properties of the deep water in the Verna Channel region 
by averaging them between the isopycnals ( a-4 surfaces or density referenced to 
4000 dbar) which are listed in Table 2 and plotted in Figure 4 for various cross
Channel sections. The shallowest layer (45.80 < a-4 < 45.87) is chosen to be almost 
entirely within North Atlantic Deep Water (NADW) and its bounding isopycnals 
are relatively fl.at. The second layer (45.87 < a-4 < 45.95) spans the temperature 
range 1.6°C to 2.3°C and is centered around the transition region between NADW 
and AABW usually placed near 2.0°C (Wright, 1969; Whitehead and Worthington, 
1982). The deeper isopycnal (a-4 = 45.95) slopes downward from the. west to east 
ending up some 100 m deeper, consistent with northward transport increasing at the 
bottom of the layer. This slope is more pronounced for the next isopycnal (<T4 = 
46.03) which deepens over 500 m on some cross-sections. The deeper two isopycnals 
continue this west-to-east slope on those sections taken at the two extremities of the 
channel. For virtually all those sections within the channel, this slope reverses wit~ 
depth leaving the densest water hugging the eastern wall (the data from section 5, 
leg 8 appears to be an exception). This is a curious phenomenon upon which we 
will comment further in section 6. 



Table 1. Verna Channel mooring information for the two settings of the five mooring array. N 
w 

Depth (m) Depth (m) 00 

First setting Date start Position Bottom Second setting Date start Position Bottom 
Record no. No. cycles Lat./Long. depth Comments Record no. No. cycles Lat./Long. depth Comments 

6841 1/ 12/79 30° 57.3 S 490 VACM compass 6921 26/3/80 30° 56.1 S 509 850, no data, 
113 39° 54.1 W failure, no 0 39° 53.6 W flooded 

directions 
6842 2990 VACM 6922 26/3/80 2991 850, no rotor 

354 May 10-Sept. 15 
6843 3490 850 6923 3490 V ACM, compass .... 

failure (direction C) 
I:: 

guessed) 
6844 3911 850 6924 3912 VACM a 

4009 4018 

6831 1/12/79 30° 54.6 S 3946 850 6911 25/8/80 30° 53.5 S 3934 850, no rotor after 
112 39° 42.7 W 355 39° 41.7 W 8 days s· 

(\ 

6832 4295 850, 2 least sig. 6912 4288 850, no rotor after 
bits = 0, rotor 9 days 
stop for 1/2 record 

4395 4384 

6811 30/ 11/79 30° 47.3 S 3925 VACM 6891 24/3/80 30° 47.1 S 3909 VACM 
112 39° 32.2 W 356 39° 32.0W 

6813 4275 850 6893 4260 850 
6814 4515 850, no data 6894 4560 850 ,...., 

4670 4656 9 
Cll 

6821 1/12/79 30° 45.2 S 4001 850, no data 6901 25/3/80 30° 45.2 S 4000 850 C: 
"O 

0 39° 27.2 W 4101 356 39° 27.6 W 4076 "O -s 6851 2/12/79 30° 39.9 S 3971 VACM 6881 23/3/80 30° 39.9 S 3933 VACM . g 
109 39° 42.0 W 358 39• 42.0 W -



6852 4326 850, bit problems 6882 4288 850 
probably corrected -\0 

6853 4627 850, compass failure 6883 4589 850, temperature 00 

4675 last ten days problem but may 
be useful 

4637 

Table 2. Volume fluxes for each layer from geostrophic calculations with the integrated velocity in layer 2 set to zero. Columns 1 to 4 define 
the layers. Columns 5 to 8 are transports from Atlantis Il-107-leg 2 while 9 to 14 are from leg 8. Column 15 gives the average layer trans-
port and 16 the standard deviation (leg 2 not included). The total AABW flux is given in the bottom row where leg 2 information is excluded 

::i:: from the average and standard deviation because these sections were not as long or detailed. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 11) -Transects during Transects during t) 
:-

Cruise Ail-107-2 Cruise AII-107-8 
Average Average Standard 

Layer A verage pressure 2B 3 4 5 2A 3 4 5 6 transports deviation ti .... 
() 

no. a-, o c•q (dbar) X 10• m3/ sec X 10• m3/sec --. () 

45.80 2.766 2744 t::i:l 
C) 

1 .14 - .32 -.59 -.45 - .29 -.35 .22 .16 -.08 -.09 - .17 .28 --C) 

45.87 2.315 3333 ;i 
2 0 0 0 0 0 0 0 0 0 0 0 0 

45.95 1.583 3670 
3 .37 .66 .48 .91 .32 .40 .60 .57 .40 .61 .48 . 12 .... 

46.03 .753 3986 
4 .80 .92 1.30 1.69 1.64 2.16 1.49 1.14 1.26 2.08 1.63 .42 

46.11 .000 4312 
5 1.11 .64 .84 1.24 1.83 1.21 .95 1.13 .75 1.91 1.30 .47 

46.13 -.143 4503 
6 -.07 .19 .76 .50 .66 .25 .45 .72 .46 1.89 .74 .59 

bottom 
N 

Total AABW 2.21 2.41 3.38 4.34 4.45 4.02 3.49 3.56 2.87 6.49 4.15 1.27 w 
\0 
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Figure 4. Cross-channel sections of isopycnals as defined by constant u, surfaces. Shading indi
cates degree of temperature anomaly averaged between isopycnals and measured with respect 
to the average value from all stations in leg 8. (a) section 1, (b) section 2, (c) section 3, (d) 
section 4, (e) section 5, (f) section 6. 
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The shaded areas on Figure 4 indicate ranges of layer-averaged temperature 
anomaly. This was measured with respect to a "standard" station found by averag
ing all leg 8 stations between the specified <T4 surfaces. The most pronounced feature 
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is a large negative anomaly on the southernmost section (section 6, Fig. 4f) which 
weakens quickly moving northward. It is apparent on both cruises and is most 
prominent at mid-depths in the AABW near the channel axis. In Figures 5 and 6 
we show contour maps of the temperature anomaly, as well as the lower interface 
depth and thickness of two sample layers-the top one (NADW) and the third 
(AABW). These maps are subjectively contoured from information collected during __ 
leg 8 alone. The temperature of the upper layer (Fig. Sa) is very uniform, with 
horizontal changes of at most ± 25 m0 C. The depth of its lower isopycnal (cr4 = 
45.87, Fig. Sb) has some relief with a 50 to 100 dbar trough over the channel axis. · 
The separation between the two bounding isopycnals (Fig. Sc, CT4 = 45.80 to 45.87) 
is largest in mid-channel (order 700 dbar) and smallest at the edges (less than 350 
dbar). These large gradients present strong vorticity constraints to motions across 
the contours. 

The deeper layer, between isopycnals CT4 = 45.95 and 46.03, lies within the 
AABW. In contrast to the upper layer (Fig. Sa) its average temperature (Fig. 6a) 
has substantial variation ranging from a cold anomaly of -193 m °C at the entrance 
to the channel to a warm anomaly of +55 m°C at the exit. Although there is some 
evidence from the current meters (to be given below) that part of this anomaly may 
be temporal, it was seen on both cruises (see Fig. 4) and appears to be a persistent 
feature of the shallower regions of AABW with densities below about cr4 = 46.10. 
The bottom of this layer deepens more than 500 dbar from west to east (Fig. 6b) 
and the layer thickens by more than 400 dbar (Fig. 6c). 

A further illustration of water mass changes over a relatively small distance is 
given by the 0-S diagrams in Figure 7. In the region between approximately 0.2 °C 
and 2°C, the Argentine Basin is up to .05%0 fresher and this freshness appears to 
be removed in transit through the channel. The continuous 0-S traces of the CTD 
show that the anomalous water is mainly contained in filaments stretched out along 
CT4 surfaces although station 138 (Fig. 7c) contains one large bulge from .2°C all 
the way to l.9°C. Water colder than 0.2°C appears to be unaffected even though 
this is the fastest moving water and is most confined by the channel geometry. A 
similar feature is present in the maps of salinity on the CT4 = 46.00 surface for the 
region 60S to 20S given by Reid et al. (1977) who show a .05%0 salinity change in 
about 2000 km across the Argentine Basin and a further .05%0 change in 500 km 
across the Rio Grande Rise. 

Broecker et al. (1976) have presented evidence for a change in slope of property
versus-property curves near 2 °C which they believe originates at the Rio Grande 
Rise and the Verna Channel. This may be a related phenomenon but we find no 
such slope change in our data set (Fig. 7, for example). Their conclusions are based 
on the GEOSECS western Atlantic basin section. The so-called "two-degree dis
continuity" only becomes apparent midway up the Brazil Basin. 
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Figure 5. Contour maps of properties for the layer between u, = 45.80 and u, = 45.87 
(NADW). The average temperature anomaly is shown in (a), the pressure of the lower 
surface, u, = 45.87 in (b) and the thickness of the layer in (c). Shaded regions indicate 
outcropping of the bottom at this level. 



..... 
I:; 

Cl:: 
c:, 

1982] Hogg et al.: Antarctic Bottom Water 

300 r---.-----,--~-~-------

. 
200 

100 

••.· t .~ 200 

100 

..... 
I:; 

0 ;:: 0 
Cl::: 
<:;:, 

· 100 ·100 

· 200 ·200 . . 

~-. 

245 

·300 '-----'--'------'------'---- -'---'-----'- --' · 300 '------'--'----'----'---'---'-----'- ---1 
· 200 · IOO O 100 200 · 200 · .100 0 100 200 

£AST (km} EAST (km} 

..... 
E: 

;:: 
Cl::: 
<:;:, 

300 r---.----,-~-rr--,-'--.,.----,----, 

200 

100 

0 

· 100 

· 200 

SEPARATI ON 45.95 · 46 OJ 

. . . 

•• • <::::) 
. <Y 

"" 

· 300 '-----'-~--'---'----'-- J..__Jc___J 

· 200 · IOO 0 

EAST (km} 

100 200 

·~ 

Figure 6. As in Figure 5 except for the layer between u, = 45.95 and 46.03 (AABW) . 



246 Journal of Marine Research [ 40, Supplement 

3.> A 
AJI • !07-2, 54-57 All-107-2, 

3.0 

z., 

z.o 

,., 

1.0 

'- ., 

"" 0 
II: 

-., 
,__ D 

!GY & CATO SECTIONS .... l .O 
,__ 32"S·24 •s ___, 
§ z., 
C) 
<l 

2.0 

1., 

1.0 

., 

0 

-., 
l4i5 34.75 3 4.65 }4." 

SALINITY (¾./ 

Figure 7. Potential temperature versus salinity diagrams for different cruises and positions in 
the Verna Channel area. Shown in (a), (b) and (c) arc sample diagrams from sections 2B, S 
and 6, respectively, from both Atlantis ll-107 legs. In (d) we show 0-S diagrams from outside 
the channel in the Brazil and Argentine Basins determined by IGY and CATO stations. 

3. Volume transport 

One quantity that we wished to determine was how much water of Antarctic 
origin was flowing northward. We have two means of determining the transport
geostrophic estimates from the hydrographic sections and direct measurements by 
current meters. 

In order to use the geostrophic method a reference level must be chosen. Figure 8 
shows two comparisons between directly measured velocities and current profiles 
calculated geostrophically relative to 2500 m from hydrographic stations straddling 
the mooring site. The directly measured values are averaged over the one day 
spanning the hydrographic stations and agree remarkably well with those calculated 
geostrophically. At mid-channel a reference level near 3500 m depth and 1,8°C is 
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Figure 8. A comparison between directly measured and geostrophically calculated currents 
(relative to 2500 m) at positions on the west slope (left side) and near the channel axis (right 
side). Inset tables give values of temperature and u, at the indicated reference level. The 
directly measured currents are down-channel components averaged over one day at the time 
the hydrographic measurements were made. Vertical lines show shifts of origins for geo-• 
strophic currents needed to match those directly measured. For mass transport calculations; 

, we chose to make the integrated transport between u, = 45.81 and 45.95 vanish. 

indicated while on the western flank the level is somewhat shallower and warmer. 
In general, it will be a function of both space and time. 

A reference level can be determined using the "inverse method" (Wunsch, 1978) 
to force agreement with the current meters and make the transports within indi-

. vidual layers conserve mass (and possibly heat) along the channel. Using this 
approach, however, we found the resulting barotropic components to be unsatisfying; 
calculated streamlines were highly structured and had little tendency to conserve. 
water mass anomalies such as the large temperature minimum in the south. In the 
face of significant temporal changes revealed by the current meters (see below) this 
technique was abandoned in favor of fixing the level of no motion by forcing the' 
vertically integrated transport in the transition layer (45.87 < a-. < 45.95) to van
ish, thus approximating a reference level near 2.0°C or 3500 m. 

Velocity cross-sections, so determined, are presented in Figure 9. The AABW 
enters the channel (section 6, Fig. 9f) as a broad, moderately strong current of order 
5 to 10 cm/sec. This current rapidly accelerates within the channel and develops 
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Figure 9. Geostrophic velocity sections constructed by making the integrated velocity in the 
second layer (45.87 < u, < 45.95) vanish and contouring the depth averaged values for each 
layer. No southward flows exceeded 10 cm/ sec. (a) section 1, (b) section 2, (c) section 3, 
(d) section 4, (e) section 5, (f) section 6. 
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into a narrow jet with maximum speed in excess of 20 cm/ sec often found above 
the bottom (Figs. 9b, 9c and 9d). Upon exiting into the Brazil Basin, speeds drop 
and the current broadens once again (section 6, Fig. 9a). A feature of virtually all 
velocity sections is a region of slow southward flow, within the AABW over the 
eastern flank of the channel usually above the 4200 m plateau. 
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The transport within each layer, the total transport, and averages over all sections 
are given in Table 2. Calculations from the first cruise have not been used in 
averages because they did not fully span the current at shallower depths. The mean 
total transport from the six sections of leg 8 is 4.15 x 10° m3/sec with a standard 
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Figure 10. AABW volume transport (upper curve) determined by multiplying down-channel 
current components by the area from column 6, Table 3 (after smoothing the low-passed 
series with a 10 day running mean) and summing the products. The four lower curves are 
sums over the indicated depth intervals. The vertical lines show the times at which sections 
1 to 6 were occupied on leg 8 adjusted back to the mooring transect at 1 day for 10 km 
distance. Horizontal bars show the geostrophically computed transport at each section. 

deviation of ± 1.27 X 106 m3 /sec. Using six degrees of freedom the error in the 
mean would be ± 1. 0 X 10° m 3 / sec at the 9 5 % confidence level. 

The third layer (45.95 < er, < 46.03) roughly corresponds to the water that 
Whitehead and Worthington (1982) observed flowing over the equatorial sill at 4N 
into the North Atlantic. Depending on the method of measurement they compute 
.67 X 106 m3/sec (current meter) to 1.76 X 106 m3/sec (geostrophic) compared to 
our .48 ± .12 x 10° m3 /sec. 

There is substantial variability between sections in the transports which might be 
interpreted as a real spatial dependence or, perhaps, a reference level difficulty. The 
current meter measurements suggest another possibility. Figure 10 shows a measure 
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of the volume transport from the current meter array found by fitting rectangles or 
triangles around each current meter in Figure 3 and assuming the single instrument 
on mooring 4 represented the whole of the region to the east up to 3500 m depth. 
When an instrument did not function, the time average for the preceeding or suc
ceeding instrument was used. Estimates for these areas were then refined using an 
"inverse method" so as to decrease the differences between the directly measured 
total transport and those found from the geostrophic computations (fable 2, carried 
in time to the mooring transect at 1 day for 10 km distance) while minimizing the 
adjustment of the initial areas. The results of this procedure are shown in Table 3 
and Figure 10. No area changes by more than 32% from the initial guess but all 
decrease, perhaps because our measurements tend to be on the fastest moving sides 
of their representative areas. 

Column 3 of Table 3 gives mean down-channel velocity components and we note 
the southward flow at instrument 6901 which sits at the edge of the eastern plateau 
(Fig. 3) just 8 km east of 6811 whose average speed is 7.4 cm/sec northward. This 
is direct support for the southward flow observed in this region on the hydrographic 
sections and will be found below to be a necessary part of the heat balance. 

As was found for the geostrophic calculations, there is a substantial variability in 
the directly measured transport, even a period of a few days of virtually no transport 
when an eddylike feature passed through the area. Reassuringly, there is also a 

period of large transport coincident with our hydrographic work on section 6. The 
average transport over the 468 days is 4.05 x 106 m3 /sec with a standard deviation 
of 1.24 x 106 m3/sec very close to the 4.15 ± 1.27 x 106 m3/sec found geostroph
ically for the one month cruise period: means and standard deviation agree. Using 
ten days as a typical time scale, the error in the estimate of the mean would be 
± .36 x 106 m3/ sec at a 95% confidence level although this takes no account of 
possible errors in the determination of the areas and possible undersampling. 

4. Mass and heat budgets in the Brazil Basin 

Consider the problem of conserving mass and heat within each of our layers 
entering the Brazil Basin through the Verna Channel. Whitehead and Worthington 
(1982) have shown that the water leaving the Basin over a sill at 4N is in excess of 
1 °C. There may be a small loss of AABW at even warmer temperatures eastward 
through the Romanche Fracture Zone and a loss (or gain) of unknown magnitude 
through the Hunter Channel to the east along the Rio Grande Rise. None of these 
exits appear to be deep enough to affect the budgets of the lowest two layers (o-

4 
> 

46.11) although they may have some impact on the shallower ones. As the 4N sill 
has the best known fluxes we shall include it in our analysis and neglect the others. 

Whitehead _and Worthingt~n ~19~2) state that there is little evidence for long
term changes m water mass d1stnbut1ons based on comparison between Meteor and 



Table 3. Down-channel volume fluxes determined from the current meter measurements. Column 3 gives the mean speed 
found after rotating coordinates 20• to the west. Multiplication by the areas in columns 4 and 7 gives the transports in 
columns 5 and 8. Columns 4 to 6 give results from an initial guess at the areas while columns 7 to 9 give results after areas l have been adjusted to decrease the differences between directly measured total transport and that computed geostrophically 
while minimizing the changes to the initial guess. !\ ... 

1 2 3 4 5 6 7 8 9 .. 
Record no. Record no. Mean Area Standard Area Standard ::i.. 

first second speed (initial guess) Transport deviation (adjusted) Transport deviation :s 

setting setting (cm/ sec) (km') ( X 10• m•/sec) (X 10• m•/sec) (km') ( X 10• m'/ sec) ( X 10' m•/sec) ... 
6843 6923 4.4 10.0 .44 .27 9.1 .40 .25 

t=;· 
b:i 

6844 6924 10.3 7.5 .77 .25 6.5 .66 .22 <:) ... ... 
6831 12.0 8.0 .96 .16 6.7 .80 .13 <:) 

::i 
6811 6891 7.4 8.0 .59 .43 7.0 .51 .38 : 6813 6893 21.2 6.9 1.46 .47 5.2 1.10 .36 

6894 21.5 3.9 .84 .22 3.3 .71 .19 
6901 -1.5 10.0 -.15 .32 9.7 -.14 .31 

TOTAL 4.90 1.45 4.05 1.24 
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more modern data. 3 Assuming that the mass and heat balances are in a steady state 
equilibrium, water that enters the Basin must leave it. Using a three layer box model 
we have attempted to . balance the mass and heat fluxes with the results given in 
Table 4. The layers chosen are bounded by the potential temperature isotherms 
l.6°C (o-4 ~ 45.95), 0.8°C (o-4 ~ 46.03), 0.0°C (o-4 ~ 46.11) and the bottom. 
Potential temperature was chosen in place of o-4 for convenience, because of prob
lems in using salinities in historical data and because Whitehead and Worthington 
(1982) used temperature in determining fluxes at 4N. Our method closely follows 
theirs although we have used a much coarser isotherm separation, 0.8°C versus 
their 0.1 °C. 

Areas for each isotherm (column 9, Table 4) were determined by contouring 
bottom temperatures from the 0, 8S, 16S and 24S IGY sections (Fuglister, 1957; 
Metcalf, 1960) with additional IGY stations at 12S and 20S (Miller, 1960) and an 
oblique section near 27S from the CATO expedition (Reid et al., 1977). Mean 
vertical temperature gradients (column 11) were calculated from averages over all 
suitable stations. 

Conservation of mass within each layer gives estimates of the "vertical" or cross 
isotherm flux shown in column 6 which, when divided by the associated area, yields 
the vertical velocities of the last column. At first glance the deepest value would 
s<;:em excessive-almost 1 m/day. However, the 0° isotherm covers a rather small 
area and has an average slope, relative to the bottom, of about 8_ x 10-• (500 m in 
600 km). An average speed of 2 km/day tangential to the bottom would have a 
"cross-isotherm" component of 584 m/year, close to the 322 m/year calculated. 

Balancing the mass permits us to calculate the advective heat gain by each layer. 
In order that heat is conserved these gains must be balanced by the downward 
diffusive fluxes given in column 8 and again in column 10 on a per area basis 
(geothermal heat flux is insignificant). Finally, the vertical or cross-isotherm diffu
sion coefficient is given in column 12. Values are 3-4 cm2 /sec, somewhat higher 
than the 1 cm2/sec generally accepted but close to the 3.1 cm2/sec found by 
Whitehead and Worthington (1982) for geostrophically calculated fluxes averaged 
between 1 °C and l.6°C. 

5. Lateral mixing and budgets within the Channel 

In the previous section we have seen that cross-isotherm diffusion of heat is nec
essary to maintain the isotherms (isopycnals) in the Brazil Basin in a steady state. 
Lateral or along-isotherm diffusion is normally much more rapid in the ocean and 
this will act to homogenize water properties along isopycnals but not enter the 
budgets of the box model directly. 

3 WUst (1933) show_s ~he 0° isotherm penetrating to ab_out 5S whereas the JGY data show it d.is
appearmg by 25S. Wust s contours are based ~n three stations, one of which is extrapolated some 700 
m to the bottom: the other two appear to be ignored. None actually have bottom values below 0°c. 
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Table 4. Mass and heat budget balance in the Brazil Basin for three layers within the AABW. 
The computation is explained in the text. 

1 2 3 4 5 6 7 

Volume Total heat 
Layer volume Mean 0, Layer volume advected advected 

Mean flux in at out of each flu x out across each into each 
Temp. layer Verna Channel layer at 4N isotherm layer, 
(0), °C 0, °C lO'm'/ sec (at 4N) 10°m3/ sec 10°m3/sec 10°cal/sec 

1.6 2.39 
1.2 .48 1.3 1.76 2600 

0.8 3.67 
.4 1.63 2284 

0.0 2.04 
-.09 2.04 -184 

- .18 

8 9 10 11 12 13 

Downward Diffusion Kv, 
diffusive Area each of heat/unit Mean temp. "vertical" "Vertical" 
heat flux, isotherm area, lQ-<>cal/ gradient mixing velocity, 
lO'cal/sec l0"cm' cm' sec 10-<> • C l em crn'/ sec m/yr 

5068 7100 71 21 3.4 18 

2468 5050 49 15 3.3 23 

184 250 93 23 4.0 322 

However, we have found that anomalously fresh Argentine Basin water is ad
vected into the Verna Channel where it appears to be rapidly dissipated (Figs. 6a 
and 7). This is only true of water at mid-depths in the AABW range and it is 

difficult to see how cross-isopycnal mixing could accomplish this. A more plausible 
explanation is that the currents, being sharpened into the jet by the Channel geom
etry, carry the Argentine Basin AABW into the Channel in a long thin plume where 
it can be eroded by lateral diffusion processes. This, of course, requires a reservoir 
of Brazil Basin AABvV beside the plume which is continually replenished. We again 
note the existence of southward flow over the eastern plateau (Fig. 9 and current 
meter record 6901, Table 3) which generally contains relatively warm (Brazil Basin) 
water (compare Fig. 9 with Fig. 4) and the presence of intrusive features which 
extend along isopycnals on the 0-S plots (Fig. 7). 

In the deepest part of the Channel below the eastern plateau (er, > 46.10) the 
layers are tightly restricted and have velocities practically everywhere toward the 
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north. There is no room here for a resupply of Brazil Basin Water: even though 
lateral diffusion may be equally rapid, there is no way to maintain lateral gradients 
to support a flux. At the top of the AABW we near the reference level where advec
tion vanishes and diffusion, by itself, will act to homogenize water properties: the 
0-S curves in Figure 7 come together near 2.0°C, between 0"4 = 45.87 and 0"4 = 
45.95, a fact that gives indirect support to this choice for the reference level. 

Consider the following steady balance between downstream advection and cross
stream diffusion: 

V aT = K iJ2T 
iJy H iJX2 

where Vis the flow speed in the downstream direction (y) while T is temperature 
and KH is the lateral diffusivity in the cross-stream direction (x). In the integrated 
box model of the previous section the lateral diffusion term has no integrated effect 
(except for a negligible contribution on the lateral boundaries). Here, we are assum
ing it to be much greater than the cross-isopycnal term for the point-wise balance
an assumption that we check after estimating the size of KH. From Figure 6a we 
estimate a cross-stream scale of 25 km which is diffused in a downstream scale of 
150 km (e.g., the 0° contour). With V = IO cm/ sec this balance gives KH = 4 x 
10° cm2/ sec. Scaling arguments would suggest a value KH = -U'T' /(iJT / iJx) ~ U'L' 
with U' being a cross-stream velocity perturbation and L ' a displacement appro
priate to the eddies (L. Armi, personal communication). To the east of the north
ward jet the velocity decreases by 9 cm/ sec over a distance of less than 8 km 
(records 6811 and 6901, Table 3) giving KH ~ 7.2 x 106 cm3/sec assuming eddies 
of this size have well-correlated velocity and temperature. Finally, if we were to 
include cross-isopycnal diffusion in this balance, we would need a value greater than 
103 cm2 / sec over vertical scales larger than 500 m in order for it to compete with 
lateral diffusion. 

It is possible to investigate the internal heat and mass balances within individual 
layers in the Verna Channel by splitting them into regions of predominantly cold 
northward flow on the west and warmer southward flow on the east and then de
termining if mass and heat fluxes balance between sections. However, inspection of 
Table 2 shows that there is considerable variability between sections in a layer's 
mass transport. Heat transport will be even more varied due to inadequate sampling 
of the anomalies. However, in order to show that the lateral diffusion-advective 
balance hypothesis is at least internally consistent we have estimated these budgets 
for the layer of greatest anomaly (45.95 < 0"4 < 46.03). At the north end of the 
channel (sections 1 and 2) we find that the resupply of Brazil Basin water is approx
imately 33 % of the northward transport. This water is almost all entrained between 
sections 2 and 3. The resupply drops to less than 10% on sections 3 and 4. Sections 
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5 and 6 are not possible to rationalize in this way but their transports were also 
found to the most extreme, probably because of temporal variations. 

6. Some dynamical inferences 

The cross-sections (Fig. 4) and contour maps (Figs. 5 and 6) show that the 
Channel has a guiding effect on the whole of AABW. Its influence appears also to 
extend upward into NADW as can be seen by the trough in cr4 = 45.80 slightly 
to the west of the axis on some of the cross-sections (Fig. 4) and the larger thickness 
contours of Figure Sb. A clearer picture is revealed by the silicate distribution 
shown in Figure 11. A silicate minimum associated with NADW hovers over the 
channel, displaced slightly to the west. The channel appears to be influencing the 
deep western boundary currents up to at least 2500 m depth, even though there is 
no nearby lateral topographic constraint above 3500 m. There is a hint of a similar 
feature in the silicate section across the Brazil Basin of Reid et al. (1977) (their Fig. 
3b) who show a detached blob with concentration less than 25 µ,g-at./1 in NADW 
just northeast of the Verna Channel. This vertical influence should not be too much 
of a surprise. The accelerating and guiding influence of the Channel strongly affects 
the topography of the lower layers (including our reference layer). This influence 
should continue upward in a diminishing fashion over a vertical scale determined by 
an appropriate length scale (50 km, say, for the Channel width) times the ratio of 
Coriolis frequency to Brunt-Vaisala frequency (0.1 say), approximately 5 km (Hide, 
1971; Hogg, 1973). 

Johnson et al. (1976) report the existence of thick, near-bottom homogeneous 
layers (potential temperature, suspended matter and excess radon gas) both from 
their own measurements and from GEOSECS station 59 in the channel axis. On all 
cross-sections within the channel we have observed a similar phenomenon. These 
layers are asymmetrical, being practically nonexistent on the western slope, of max
imum thickness (up to 400 m) near the channel axis and vanishing slowly toward 
the east as the bottom rises to their sharp lid at about 4300 db. Figure 12 is a more 
detailed picture of these layers during a YO-YO CTD cast on section 5 coming 
down the eastern wall. Within the spatial resolution available, the layers are ver
tically homogeneous but horizontally stratified so that the bottom temperature 
reaches a minimum part way up the eastern slope at about 4500 db. The interpolated 
isotherm slopes in this region (-.l 76°C or - .l 78°C, for example) are as great as 45°. 

Johnson et al. (1976) suggest that these layers indicate enhanced turbulence and 
frictional effects within the channel. This may be so, but we have been unable to · 
conceive of a way in which frictional effects would lead to such peculiar bottom 
boundary layers. Instead, we offer a dynamical explanation whose physics are out
lined below. 
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Figure 11. Silicate concentration within the NADW at approximately 2500 dbar showing a 
core minimum concentration nearly coincident with the Channel axis. 

Consider the flow of a three layer fluid through a constriction in which the upper 
layer is deep and at rest while the lower two layers, each of different density, are in 
motion (a-4 = 45.95 and 46.10 could be interfaces, for example). This is essentially 
a two layer version (not counting the upper layer) of the work of Whitehead et al. 
(1974) where the fluid comes from an infinitely deep reservoir (zero upstream 
potential vorticity), and extended by Gill (1977) to the case of finite upstream po-
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Figure 12. Detailed isotherm contours from section 4 (A tlantis /l-107-leg 8) constructed from 
a "YO-YO " CTD station (112) and subsequent stations. Horizontal scale is variable but 
aspect ratio is about l: l O for the YO-YO portion. Thick vertical lines show height of the 
bottom boundary layer determined by the temperature warming by 1 m °C from the bottom 
value. Circled crosses are moored instrument locations and numbers show average tempera
tures and standard deviations. 

tential vorticity. The fluid moves through the channel under three constraints: it 
must conserve mass flux, and potential vorticity in each layer and the Bernoulli 
potential for each interface must be conserved along streamlines. 

Consider, first, the conservation of mass. The middle layer, accelerates as the 
channel narrows thereby increasing the tilt of its upper interface. The bottom layer 
also feels the resulting increased pressure gradient, even without an increase in tilt 
of the lower interface. In fact, if the mass flux in the lowest interface layer is less 
than the middle one, this pressure gradient may be too large and the tilt of the lower 
interface decreases or reverses sign in order that the lower layer is not accelerated 
beyond the amount needed to conserve mass. This appears to be the situation in 
the Verna Channel. 

Conservation of potential vorticity implies that a large amount of cyclonic vor
ticity (clockwise in the southern hemisphere) is produced in regions where this 
reverse tilt stretches the lowest layer. For extreme extension, this relative vorticity 
can be large enough to slow or even reverse the downstream flow on the eastern 
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side of the channel (see Fig. 9). The reduced kinetic energy on the east allows the 
interface to rise to conserve the Bernoulli potential along the wall: deep water can 
be "sucked" out of the upstream basin from below its sill depth in a manner sug
gested by Stommel et al. (1973) for withdrawing deep water from the Mediterranean 
through the Straits of Gibraltar. 

Under certain circumstances the thickness of the middle layer can vanish at the 
. ' 

eastern wall and further constriction causes it to move offshore and the reverse tilt 
of the lower interface to become large. A plausible, nonmixing, model of the bottom 
boundary layers in Figure 12 is, therefore, that they represent interfaces which have 
been forced nearly vertical and the very sharp thermocline on top indicates that the 
middle layer has separated from the eastern wall. 

7. Conclusions 
The volume transport of AABW through the Verna Channel is 4.05 ± .42 X 

106 ma;sec (95% confidence) as measured by a cross-channel current meter array 
and consistent with a number of hydrographic sections with a reference level near 
1.8 °C. The standard deviation is 1.24 X 106 ma /sec; the mean strongly dominates 
'the totai kinetic energy although there is a period of a few days when a passing eddy 
momentarily halts the flow. Spatial variations in the transport suggested by the 
different hydrographic sections can be rationalized with time variations observed by 
the current meters. Our transport estimate compares with the 5-6 X 106 m3 /sec 
found by Wright (1970) using the IGY sections at 24S and 32S and a 2°C reference 
level. Wright (1969) had earlier calculated 7 X 106 m3/ sec at 32S from a crude box 
model of the deep circulation. Wiist (1955) used a shallower reference level, near 
2000 m, to approximate the boundary between the Antarctic Intermediate Water 
and NADW and calculated -2 X 106 ma /sec (to the south!) from METEOR data 
at 28S. Finally, Johnson et al. (1976) using a significantly deeper reference level of 
l.2°C have computed 1.4 X 106 ma;sec to the north in the east branch of the 
Verna Channel. 

This water and its associated heat enters the Brazil Basin. The major outflow 
appears to be a sill into the North Atlantic near 4N across which Whitehead and 
Worthington (1982) have measured .67 X 106 to 1.76 x 106 ma/sec flowing north
ward warmer than 1 °C. By attempting to balance mass and heat fluxes on the 
boundaries of three more or less arbitrarily chosen layers within the AABW we find 
that the flux discrepancies can be rationalized with a cross-thermal diffusive flux 
which balances an opposing advective one. We estimate a "vertical" diffusion co
efficient of order 3 cm 2 

/ sec similar to that found by Whitehead and w orthington 
(1982) for the North Atlantic. 

The existence of significant cross-isothermal mass and heat fluxes on the basin 
scale brings into question the results of inversions of large-scale data sets where 
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these fluxes are made to balance laterally, within layers. Fu (1981) has recently 
presented such a study of the South Atlantic using the IGY and METEOR observa-· 
tions. He concludes that there is no net northward transport of AABW at any, 
latitude north of 32S, a result that clearly arises because of the disappearan~e 
(through vertical advection) of most of AABW within the Brazil Basin and his 
requirement of mass conservation within the abyssal layers. We conclude that the 
significant cross-isopycnal fluxes found in this study render this result unrealistic. 

In the temperature range from about 0.2°C to 2.0°C, water entering the Verna 
Channel is significantly fresher than that leaving while that colder (-.18°C to 0.2°C) 
appears unaltered. In the former temperature range isotherms and isopycnals have 
a relatively large extent and include regions of reverse, southward fl.ow which supply 
saltier Brazil Basin water. The fresher Argentine Basin water is carried north in a 
narrow jet and gradually eroded. An along-isopycnal mixing coefficient somewhat 
greater than 106 cm2 / sec is indicated. On the other hand, water below 0.2°C is 
tightly confined to the channel, flows northward almost everywhere and conse
quently has no supply of Brazil Basin AABW to mix with. 

As well as guiding AABW, the channel appears to influence the NADW located· 
well above the Rio Grande Rise. Here we find a ribbon of low silicate water at 
2500 db which lies almost directly above the Channel axis. 

Thick homogeneous boundary layers would seem to imply a vigorous turbulent 
near-bottom mixing regime. However, these layers are horizontally stratified and it 
is difficult to explain their existence if horizontal stirring operates at least as effec
tively as vertical. Instead, we suggest that they are a consequence of the dynamical 
constraints imposed on a stratified, rotating fl.ow moving through a constriction. In 
order to conserve their mass flux in face of large lateral pressure gradients imposed 
from shallower accelerated layers, these deep layers actually have reverse tilt and if 
the stratification is weak enough they become almost vertical. This last problem is 
presently being modeled and will be reported on in the future. A central remaining 
question is to what extent the Verna Channel acts as a hydraulic control. 
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