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The deep water of the Central Indian Basin 

by Bruce A. Warren 1 

ABSTRACT 
Two deep CTD sections were occupied by U.S.N.S. Wilkes in the Central Indian Basin 

during April 1979, one across the basin along Lat. 12S, and the other from Lat. 12S to lN 
along Longs. 88-89E. These observations, in combination with other (mostly recent) data, 
demonstrate a two-layer structure in the deep water of the basin. The upper deep water 
(2000-3800 m) is supplied from a mid-depth western-boundary current flowing directly north-
ward from the Antarctic along the eastern flank of the Central Indian Ridge. The water in 
this current is relatively high in dissolved-oxygen concentration, and low in salinity and the 
concentrations of dissolved silica, phosphate, and nitrate. These features, diminishing in 
strength away from the western boundary, may be traced across much of the basin, and are 
consistent with a poleward interior flow fed by the boundary current. The volume transport of 
the upper deep water in the western-boundary current at Lat. 12S is estimated geostrophically 
as about 3 x 1 O'm"s-1• 

In contrast, the lower deep water (depth > 3800 m) derives from the deep western-boundary 
current in the West Australian Basin by overflow across the Ninetyeast Ridge, principally at 
Lat. !OS, and perhaps also at Lat. 5S. The overflow water is characterized most prominently· 
by low temperature and high oxygen concentration. These anomalies demonstrate that, in a 
dynamically consistent fashion, the overflow leaves the Ninetyeast Ridge in a zonal "jet" flow-
ing across the basin to supply a western-boundary current on the other side; during the 
course of its westward passage, the "jet" discharges water to the south and appears also to 
absorb water from the north. The volume transport of the overflow near the deep sill on the 
Ninetyeast Ridge at Lat. 10S is estimated geostrophically as about 0.4 X lO"m's-1 ; there may 
be an additional inflow of about 0.1 X 10°m's-1 across the deep saddle at Lat. 5S. Water-
property comparisons suggest that this transport is enhanced perhaps threefold by entrainment 
during the descent of the Ninetyeast Ridge. 

1. Introduction 

A transindian hydrographic section along Lat. 18S exhibited a two-layer struc-
ture in the deep water of the Central Indian Basin (Warren, 1981; see Fig. 1 for 
identification of geographical names). The upper deep water, at depths of roughly 
2000-3500 m, say, was characterized in vertical distributions by high values of 
dissolved-oxygen concentration and low values of dissolved-silica concentration. 
These anomalies were most markedly developed near the western side of the 

1. Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543, U.S.A. 
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basin, where an oxygen maximum was found at a potential temperature (0) of 
about 1.4 °C, and a weak silica minimum was detected in the range 0 = l .6-
2.00C. Such features are characteristic of water from the Antarctic, and they in-
dicated that the upper deep water was supplied by direct northward flow from 
the Antarctic in a mid-depth western-boundary current along the eastern flank of 
the Central Indian Ridge, consistent with simple dynamics (Stommel and Arons, 
1960). 

In contrast, the characteristics of the lower deep water, deeper than 3500 m, 
say, were most "Antarctic-like" in the eastern part of the basin: lowest temperature 
and salinity, highest oxygen concentration. It was surprising to find the water with 
the most extreme source characteristics there, because, according to deep-circula-
tion theory (Stommel and Arons, 1960), the deep interior flow in oceanic basins 
should be directed poleward, and equatorward flow should occur only along western 
boundaries. Since, moreover, the Central Indian Basin is probably (though not 
cei:t!1inly) closed off to the south at depths greater than 3500 µ1 or so, it was inferred 
tpat the lower deep water must derive not from direct northward flow from the 
Antarctic, but rather from the deep western-boundary current in the West Austral~ 
ian .Basin (Warren, 1981), by overflow across the deep saddles on the Ninetyeast 
Ridge, in Lats. 2-lOS. With a low latitude, eastern source for the lower deep water, 
it would then be consistent that the water in the eastern part of the· basin at Lat. 
i8S should both niove southward and have the most extreme source-water charac-
teristi~. 
· · High-quality data are very few in the Central Indian Basin [see, for example, 
Worthington's (1981) Fig. 2.1], however, and additional observations were needed 
both to amplify the evidence obtained at Lat. 18S for a mid-depth western-
boundary current, and to verify directly the hypothesized overflow across the 
Ninetyeast Ridge. Therefore, during Cruise 343907 (Port Victoria, Seychelles, to 
Colombo, Sri Lanka; 3-28 April 1979) of the U.S.N.S. Wilkes (operated by the 
Military Sealift Command and the U.S. Naval Oceanographic Office), 40 CTD 
stations were taken along two sections in the Central Indian Basin (see Fig. 1 for 
station positions). One of these sections (Stas. 3-26) was made along Lat. 12S, 
partly to provide more data in the relatively untrafficked southern portion of the 
basin, and partly to detect boundary-current flow along the Central Indian Ridge 
at a latitude well removed from 18S. 

The other section (Stas. 26-42) was made along the western flank of the Ninety-
east Ridge, roughly along Longs. 88-89E, in an attempt to observe directly any 
inflow of deep water from the West Australian Basin. There are, in fact, several 
deep sills where such water could be overflowing the ridge. Sclater and Fisher 
(1974) show two saddles of sill depth 3500-4000 m, one at Lat. IOS, the other 
near Lat. 3°15'S; with a possibility of a third near Lat. 2°30'S. Moreover, the 
contouring by Kanaev et al. (1977) ilnplies two additional saddles of such depth, 
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Figure 1. Index map identifying geographical features mentioned in text, and showing position~ 
of Stas. 3-42 (circles) occupied during U.S.N.S. Wilkes Cruise 343907, and of other recent 
hydtographic stations in the Central Indian Basin: Atlantis II Stas. 2286-2306 (26 July - ·6 
August 1976; crosses), and GEOSECS Stas. 444, 445, 447-453 (24 March - 18 April 1978; 
triangles). Also included is the 4 km isobath after Kanaev et al. (1977). 

at Lats. 5S and 8S. Wyrtki's (1971) map of dissolved-oxygen concentration at 
400 m, based on station data collected during the late 195O's and early 1960's, 
shows high values suggestive of overflow at the 2-3S sills, but those data are of 
uneven quality, and no firm conclusion could be drawn from their distribution. 
Thus all the potential sites for overflow needed to be examined, and a detailed 
section just inside the Central Indian Basin, with stations positioned "in front" of 
each of the deep saddles, would demonstrate. at which (if any) of them cold, high-
oxygen water was flowing in from the Ninetyeast Ridge current in the West 
Australian Basin. 

. ' 
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All stations were made to the bottom, and the CTD units were furnished with 
dissolved-oxygen sensors, as well as temperature and conductivity probes. The 
CTD units were also equipped with 24-bottle rosettes, from which samples 
were drawn on every station for analysis of salinity and the concentrations of dis-
solved oxygen, silica, phosphate, and nitrate. Inasmuch as the Niskin bottles on the 
rosette were tripped during the ascent of the instrument, it was possible, by inspec-
tion of the descent-traces for salinity and oxygen, to collect water samples fairly 
effectively in the intricate property extrema at thermocline levels. 

The purpose of this paper is to describe the water-property structure and circula-
tion of deep water in the Central Indian Basin as indicated by the Wilkes data and 
other appropriate observations. In the next section the measurement techniques 
used on the Wilkes cruise and the quality of the data collected are discussed. In 
Section 3 the distribution of water properties is described, mainly as illustrated by 
the Wilkes sections. Finally, the horizontal circulation of the upper and lower deep 
water is sketched in Section 4, and estimates of critical volume transports are made. 

2. Methods and quality of measurements 

Stations were made with one or the other of two WHOI/Brown CTD units 
(Brown and Morrison, 1978) manufactured by Neil Brown Instrument Systems, 
each equipped with a Beckman polarographic dissolved-oxygen sensor and a Gen-
eral Oceanics rosette sampler carrying 24 1.2-liter Niskin bottles. Some difficulty 
was experienced in keeping the Niskin bottles watertight, and occasional analyses 
had to be rejected because of evident contamination of the water samples. The 
raw data from the temperature, conductivity, and oxygen sensors were processed 
by the standard techniques of the W.H.O.I. CTD Group (Millard, 1982). 

The temperature sensors were calibrated before and after the cruise at W.H.O.I. 
No discrepancy was found at sea between CTD temperature values and reversing-
thermometer readings, within the error of the reversing thermometers, and it is 
believed that the CTD temperatures reported here are accurate ± 0.003 °C. 

Salinity calibration data were obtained from the water samples as analyzed 
aboard ship on a Guildline Model 8400 Autosal salinometer. These indicated 
slow drifts in the CTD sensors of up to 0.01%0. With these drifts removed, the 
resulting CTD salinities reported here appear, on the basis of calibrations and 
comparisons among stations, to have a precision of ± 0.002%o, although their 
absolute accuracy depends, of course, on the accuracy of the salinity of the 
Standard Sea-water (Mantyla, 1980) used in the water-sample analysis. (On Sta.25 
the conductivity sensor malfunctioned below 3000 m, and the values reported are 
interpolated from the smoothed water-sample data.) 

In order to calibrate the oxygen sensor, water samples were titrated for dissolved-
oxygen concentration by the modified Winkler method (Carpenter, 1965), and. 
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standardizations were performed every other day with a laboratory-prepared potas-
situn-iodate solution. Occasional erratic results were obtained, probably because of 
large uncontrollable temperature variations in the ship's laboratory, but even after 
the obviously bad values were discarded, there appeared to remain a standardiza-
tion error, because the sea-surface values were consistently above the saturation 
values, by 4-5 % on average, and the deep values exceeded reliable historical data 
by the same amount. Re-examination of the standard and the procedures after the 
cruise at W.H.0.1. failed to explain this discrepancy; but, since the titration results 
seemed clearly to be systematically in error, they were all multiplied by 0.956, a 
factor which reduced the average percent of saturation at the sea surface to 100. 

After oxygen-concentration values were obtained from the sensor records (those 
taken during descent) with the best estimates for the constants governing the 
physical behavior of the sensor, differences between the sensor values and the 
edited, adjusted titration values were plotted against titration values for that part 
of each station between the major oxygen minimum (at about 800 m) and the 
bottom. These differences were only about 0.1-0.2 ml /- 1

, and they generally 
formed rather tight linear relations with the titration values, though a different 
relation for each station. These linear fits were then used to make final adjustments 
of the sensor values. The resulting CTD oxygen concentrations reported here 
appear accurate to ± 0.05 ml 1-1

, subject to the correctness of the initial reduc-
tion of the titration values, except in the upper few tens of meters, where the data 
are often erroneously high, probably because of the slow response of the oxygen-
sensor temperature in adjusting from conditions on deck to those in the water. 
(On the profiles presented in Section 3, titration values were used where the near-
surface CTD values appeared wrong.) 

Dissolved-nutrient concentrations were analyzed at sea with a Technicon Auto-
Analyzer II: silica by the method of Koroleff (1976), phosphate by the method of 
Murphy and Riley (1962), and nitrate by the method of Wood et al. (1967) with 
an ammonium-chloride buffer in the cadmium-copper reducing columns2 • All 
refractive index, turbidity, and chemical salt corrections were applied where ap-
propriate. The water samples were generally processed in batches of two or three 
stations each, with standardizations made at the beginning of each run and drift 
corrections determined for the course of each run. The standardizations were a 
little uneven, and if the standardization for a particular run gave results that 
seemed systematically in error according to plots of nutrients against potential 
temperature for groups of stations, then the values were recalculated on the basis 
of the standardization for a neighboring run, or the average standardization for a 
group of runs, as appropriate. The final values for silica and phosphate concentra-
tions are believed accurate to within 1-2 % . 

2. The "nitrate" values reported are actually concentrations of nitrate plus nitrite; but the nitrite 
concentrations would be non-zero only in the upper few hundred meters, and even there they can 
be expected to be insignificant in comparison with the nitrate concentrations. 
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The initial nitrate determinations showed a systematic trend toward higher values 
during the course of each run. Since no such trend was evident in the silica and 
phosphate analyses, it is inferred that the efficiency of the reducing columns must 
have been improving during each run. This was an unexpected occurrence, arid on 
only a single run was a standardization performed at the end as well as at the 
beginning; a difference was obtained consistent with the hindsight explanation. 
Therefore an additional "drift" correction was applied to all the nitrate runs, based 
on this single measured difference between initial and final standardizations> The 
adjusted nitrate concentrations are thought accurate to within a few percent. 

3. Distributions of water properties 

The general distribution of properties in the upper water of the South Indian 
Ocean has been reviewed recently (Warren, 1981); no revision of that discussion is 
required by the Wilkes observations, nor would any recapitulation be useful. In 
this paper attention will therefore be directed entirely to the deep water, which 
was the object of the Wilkes investigation. The deep-water properties at Lat. 18S 
were also described recently (Warren, 1981), and the features seen on the two 
Wilkes sections both corroborate features and inferences drawn from them at Lat 
18S, and demonstrate informative differences pertaining to the deep circulation. 
These two sections will therefore be discussed from those perspectives. 

a. The Wilkes Section along Lat. 12S. In the lower deep water, minimum tempera-
tures< l.3°C occur near the eastern edge of the basin, at Stas. 24 and 26 (Fig. 2); 
these are more extreme than those at Lat. 18S, where no water colder than 1.3 °C 
\Vas found (Warren, 1981). Moreover, along 18S the thickness of the layer of 
temperature < 1.4 °C attenuated markedly westward, while along 12S it changes 
little from east to west. Across the full breadth of the basin at 12S the salinity 
below 4000 m is < 34.72%0 (Fig. 3), whereas at 18S such fresh, deep water was 
found only east of about Long. 80E. Water of oxygen concentration > 4.25 ml 1- 1 

is seen near the bottom over most of the basin at 12S, and as shallow as 
4100 m east of Long. SOE (Fig. 4); at 18S no water of such high concentration 
occurred west of Long. 81E. This more widespread occurrence of cold, fresh, high-
oxygen, lower deep water at Lat. 12S than at 18S points to an "Antarctic" source 
for such water farther north yet, as surmised in Section l. Moreover, the tendency 
for more pronounced temperature and oxygen extrema in the eastern part of the 
basin, as well as the low nitrate concentrations ( < 34 µM 1- 1) observed below 
4000 m at Stas. 25 and 26 (Fig. 7) and the low phosphate concentrations in the 
same general area (Fig. 6), suggest an eastern-boundary location for this sour~e 
i.e., overflow across the Ninetyeast Ridge, as also surmised in Section 1·. : ' 

In the profile of dissolved-silica concentration (Fig. 5) the isopleth of 130 · M 
1-1 occurs at about 3000 m, distinctly shallower than at 18S, where it was fo:nd 
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at an average depth of about 3500 m. Moreover, a few values around 140 µ,M 1- 1 

were obtained at Stas. 16 and 17, higher than any concentrations at 18S. These 
differences are consistent with the well-known northward increase in deep silica 
concentration in the Indian Ocean, attributed to flux from the siliceous sediments 
accumulated along the northern margin of the ocean (Edmond et al., 1979), with 
subsequent southward flow and diffusion. 

In the upper deep water, at depths of 2-3 km between Stas. 8 and 10, the 
isotherms (and isopycnals) slope sharply downward to the east (Fig. 2), indicating 
a concentrated flow whose northward component increases with depth. In the same 
depth interval, the water west of Sta. 10 is fresher (Fig. 3), higher in oxygen 
concentration (Fig. 4), and lower in silica (Fig. 5) and nitrate (Fig. 7) concentra-
tions than that farther east. The phosphate concentration (Fig. 6) is also lower than 
that immediately to the east, but because of the unevenness of the phosphate 
determinations across the basin it is not clear from Figure 6 that the phosphate 
concentration is lower than that generally found east of Sta. 10 (see below). These 
characteristics of the water in the concentrated flow between Stas. 8 and 10 confirm 
the similar distributions observed at Lat. 18S near the· western side of the basin 
(Warren, 1981), although the zone of sharply sloping isotherms is only about half 
as wide at 12S as at 18S. As inferred from those earlier observations, these 
features demonstrate that this water has come more recently from the Antarctic 
than that to the east, and that it is therefore moving northward in a mid-depth 
western-boundary current, which supplies the upper deep water of the Central 
Indian Basin. 

The extension of these "Antarctic" characteristics westward into the trough 
between the Mascarene Ridge (in Lats. 10-15S located near Long. 61E) and the 
Central Indian Ridge (Stas. 3-7)3 suggests that the deep water in the trough may 
also be supplied from this western-boundary current, by flow through the several 
low-latitude fractures in the Central Indian Ridge (e.g., Kanaev et al., 1977). 

The weak salinity maximum at depths of 1200-2000 m (Fig. 3) derives from 
the high-salinity deep water. of the North Indian Ocean, especially the Arabian 
Sea. Although this is essentially the "north Indian deep water" described by Clowes 
and Deacon (1935), it is not "Red Sea water" per se, ·because that has a potential 
(o-e) of about 27.0-27.3 in the Arabian Sea, whereas the density of the salinity-
maximum water i_n Figure 3 is 27.5-27.7. Undoubtedly the Red Sea outflow is 
the principal cause, through vertical mixing, of the relatively high salinities at 
greater depths and higher densities in the Arabian Sea, but the strict Red Sea 

3. One of the purposes in making Sta. 4 was to re-occupy Chain Sta. 970, made in July 1970 at 
the same location. Salinities that were anomalously high (exceeding 34.76%.) in comparison with 
those at neighboring stations had been measured in deep water there, and all possible causes o_f 
erroneous values seemed to have been ruled out for good reason (Warren, 1974). Nevertheless, 
neither at Wilkes Sta. 4 nor at any other station in the trough were similarly high salinities recorded, 
and it therefore seems probable to me that those values at Chain Sta. 970 were in error, despite the 
absence of a likely explanation for the error. · · 
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Figure 2. CTD profile of temperature ( °C) across the Central Indian Basin along Lat. 12S; 
Wilkes Stas. 3-26, 6 - 18 April 1979. Depth in meters, station positions indicated along top, 
and longitude scale along bottom. Central Indian Ridge near Long. 67E, Ninetyeast Ridge 
at eastern end. Vertical distortion 500:1. See Figure 1 for station positions. 

maximum is generally obliterated in the South Indian Ocean by the low-salinity 
Antarctic Intermediate Water (Taft, 1963). It is faintly visible, however, near the 
800 m level at Stas. 8 and 9 (Fig. 3). The deeper, widespread salinity maximum 
is also found at Lat. 18S, though weaker and some 400 m deeper. 

It is difficult to judge to what extent the salinity maximum is due to mean 
southward flow or simply to horizontal mixing. The increase in maximum salinity 
toward the western side of the Central Indian Basin should probably not be 
attributed to a concentration of southward flow near the western boundary, how-



:1982] 

Om 

·:•,·. •' 

Warren: Central Indian Basin deep water 

,o 
34.7 20 

., _ 
34.7~ 

~il 

35.3 

34.7·-----

83·1 

26 
Om 

------+- /000 

---·----
}4 .74 ··.\: _.' :'. ·. 34.75 . 

············· 34:74 ) 2000.l-::.::.::.::__~.:..:.,...__;.,..s,..c--±,...C:...-- --------;--t--"-~------ -t-ZOOO 
34.73-'· .... ) 

34.7.~. 

.---·· 
34.72 

500(} 

1o·t eo• 

Figure 3. CTD profile of salinity (%0)" across the Central Indian Basin along Lat. 12S, Wil kes 
Stas. 3-26. See caption to Figure 2. Isopleth interval is 0.01%. for salinity range 34:70 • 
34.75% •. 

ever, because one would expect such a flow to carry water with other extreme 
"North Indian" characteristics, too, such· as low oxygen and high nutrient con-
centrations-but no zonal gradation is observed in these properties (Figs. 4-7). 
Perhaps the greater maximum salinity of the western water is due merely to its 
closer proximity to the Arabian Sea, where the greater salini ties occur; in contrast, 
the oxygen and nutrient concentrations are almost zonally uniform at these depths 
near the equator (Wyrtki, 1971). 

To summarize these features of the· deep water in the Central Indian Basin, 
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Figure 4. CTD profile of dissolved-oxygen concentration (ml 1 1
) across the Central Indian 

Basin along Lat. 12S; Wilkes Stas. 3-26. See caption to Figure 2. 

plots of the water properties against potential temperature (0) are illustrated in 
Figure 8 for three representative stations: Sta. 9 in the mid-depth western-boundary 
current, Sta. 19 in the middle of the basin, and Sta. 25 near its eastern boundary. 
In the western-boundary current (Sta. 9) the salinity is relatively low (but only 
by 0.008%0 at most) at 0 = l.5-2.5°C. In a larger temperature interval, e = 
l.l-2 .5°C, the dissolved-oxygen concentration is higher than at the other two 
stations, and it has a maximum at 0 = 1.4 °C, reflecting the direct Antarctic source 
of the water. At Sta. 19 there is still a kink in the oxygen curve near 0 = I.6°C, 
and even close to the eastern side of the basin (Sta. 25) there remains a "knee" 
in the oxygen curve, which is clearly due to the Antarctic water introduced to the 
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Figure 5. Profile of dissolved-silica concentration (µM 1 1 ) across the Central Indian Basin 
along Lat. 12S; Wilkes Stas. 3-26. Dots indicate locations of water samples. See caption to 
Figure 2. 

basin by the boundary current on the other side. Although no silica minimum 
occµrs at Sta. 9, the concentrations there are markedly lower than at the other . 
two-by as much as 20 µ,ML- 1-from 0 = 1.1 °C to about 3.0°C. This "Antarctic" 
signal does not carry across the basin so con&picuously as the high oxygen con-
centration, but the concavity of the silica curves for Stas. 19 and 25 al 0 = I .4-
2.00C is probably due to the low-silica water supplied by the western-boundary 
current. Although the phosphate and nitrate distributions are less smooth, the . 
phosphate values at Sta. 9 mirror rather well the oxygen values, in that they are 
lower than at the other two stations for 0 = 1.l-2.5°C, and the phosphate 
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Figure 6. Profile of dissolved-phosphate concentration (µM 1 1 ) across the Central Indian 
Basin along Lat. 12S; Wilkes Stas. 3-26. Dots indicate locations of water samples. See cap-
tion to Figure 2. 

concentration has a minimum at about 0 = 1.4 °C. This plot thus demonstrates, as 
Figure 6 did not, that the boundary-current water is indeed lower in phosphate 
than that across the rest of the basin. The nitrate concentration also shows a mini-
mum near 0 = 1.4 °C at Sta. 9, but other cross-basin variations for 0 > l. 1 °C are 
obscured by measurement error. [It should be recalled, however, that the nitrate 
minimum is a much more prominent feature on stations farther west, e.g., Sta. 7 
(Fig. 7).] 

Of the three stations illustrated, water colder than 0.99°C occurs only at Sta. 
25, the one nearest to the eastern-boundary source for the lower deep water (see 
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Figure 7. Profile of dissolved-nitrate concentration (µM 1 1
) across the Central Indian Basin 

along Lat. 12S; Wilkes Stas. 3-26. Dots indicate locations of observations. See captioa to 
Figure 2. 

Section 3.2). Below 0 = l.0°C at this station, the oxygen concentration increases 
noticeably, and the nutrient concentrations decrease sharply, all demonstrating a· 
relatively recent Antarctic origin for that water. The silica maximum near 0 = 
1.1 °Cat Sta. 25 is characteristic of Stas. 23-26 at about 3500 m, and is due to the 
southward spreading noted above of high-silica deep water from farther north 
overriding the "new" overflow water. 

b. The Wilkes Section along the Ninetyeast Ridge. As stated in Section 1, the 
purpose of these stations was to search for the overflow across the Ninetyeast 
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Figure 8. Plots of water properties against potential temperature (below 4°C) for Wilkes 
· Stas. 9, 19, and 25. See text. 

lli.dge from the deep western-boundary current of the West Australian Basin that 
h~d-been hypothesized to supply the lower deep water of the Central Indian Basin. 
Accordingly, Stas. 26-42 (see Fig. 1 for positions) were made near each of the 
five supposed deep saddles on the ridge, as well as elsewhere along the ridge. 
Although nearly all of the following discussion will concern the deep overflow, it · 
seemed useful to present the complete profiles of the property distributions (Figs. 
9-14), on account of the paucity of modern-quality deep stations in the Central 
llldi,an Basin. 

_The general trend in the deep water (below 2000 m, say) is for temperature,. 
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Figure 9. CTD profile of temperature ( °C) along the western flank of the Ninetyeast Ridge 
in Longs. 88-89E from Lat. 12S to IN; Wilkes Stas. 26-42, 18-24 April 1979. Depth in 
meters, station positions indicated along top, and latitude scale along bottom. Vertical 
distortion 500: I. See Figure I for station positions. 
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Figure JO. CTD profile of • salinity (%.) along the western flank of the Ninetyeast Ridge in 
Longs. 88-89£ from Lat. 12S to IN; Wilkes Stas. 26-42. See caption to Figure 9. Isopleth 
interval is 0.01%. for salinity range 34.70 - 34.75% •. 
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Figure 11. CT D profile of dissolved-oxygen concentration (ml 1 1 ) along the western fl !Ulk . 
_of .the Ninetyeast Ridge in Longs. 88-89E from Lat. 12S to IN; Wilkes Stas. 26-42. See 
caption to Figure 9. 
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salinity, and nutrient concentrations to increase northward at given depths (Figs. 
9, 10, and 12-14), and for dissolved-oxygen concentration to decrease northward 
(Fig. 11). This is as to be expected both from the large-scale distributions (Wyrtki, 
1971) and from the overall "aging" of the deep water northward from its Antarctic 
sources. 

Near the bottom, clear tracer-property evidence for the anticipated overflow was 
found at the I0S saddle, but only at that saddle, and essentially at one location, 
Sta. 28. In the bottommost 300 m at that station the water is 0.1-0.2 °C colder 
than that to the north or south (Fig. 9); the minimum in situ temperature, 1.17 °C, 
occurred at the bottom (4300 m) there, with a corresponding potential temperature 
of 0.82°C, the lowest value yet reported in the Central Indian Basin. In the same 
depth interval, the dissolved-oxygen concentration is 0.1-0.4 ml 1- 1 higher at Sta. 
28 than immediately to the north or south (Fig. 11), and it reaches a maximum of 
4.53 ml 1-1 at the bottom. The salinity difference is too slight to be registered in 
Figure 10: only 0.003%0 lower in the bottom 100 m at Sta. 28 than at the same 
depths at Stas. 29 and 30. The silica difference is more substantial in comparison 
with measurement error, however, amounting to roughly 5 µM z-1 in the lowest 
300 m, and the silica concentration at Sta. 28 falls just below 130 µM 1-1 at the 
bottom (Fig. 12). There are also low values of phosphate and nitrate concentration 
near the bottom at Sta. 28 (Figs. 13 and 14) but similar minima are indicated 
elsewhere near the bottom on the section, and it is therefore uncertain whether the 
extrema at Sta. 28 reflect overflow water or measurement error. 

Plots of temperature, dissolved-oxygen concentration, and specific-volume anom-
aly illustrate in detail the differences in those properties at Sta. 28 from those at 
neighboring stations to the north and south (Fig. 15). The anomalous overflow 
water at Sta. 28 (below about 4000 m) has a distinct two-layer character, but why 
this should be is not evident. 

The sill depth of the l0S saddle appears to be 3500-4000 m (Sclater and Fisher, 
1974). At those depths on Lat. 18S water in the boundary current flowing north-
ward on the eastern side of the Ninetyeast Ridge is colder, higher in oxygen, lower 
in silica, and slightly fresher than the water on the western side of the ridge (War-
ren, 1981). Thus the water-property anomalies demonstrated at Sta. 28 are just 
those to be expected in an overflow from the West Australian Basin into the 
Central Indian Basin. 

Sta. 28 was actually positioned about 35 km south of the putative center of the 
IOS saddle (Sclater and Fisher, 1974). Consequently, it was supposed aboard ship 
that an even clearer signal of overflow would be obtained at Sta. 29, which was to 
be located directly in front of the putative center. No signal at all was found there, 
however, and therefore the ship backtracked to a point about 20 km south of Sta. 
28 to seek supporting evidence for the overflow. Sta. 30 was evidently at the 
southern edge of the overflow, because, in the deepest few hundred meters, only 
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Figure 12. Profile of dissolved-silica concentration (µ,M 1- 1
) along the western flank of the 

Ninetyeast Ridge in Longs. 88-89E from Lat. 12S to IN ; Wilkes Stas. 26-42. Dots indicate 
locations of water samples. See caption to Figure 9. 
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,Figure 13. Profile of dissolved-phosphate concentration (µM 1 1 ) along the western flank .of 
-the Ninetyeast Ridge in Longs. 88-89E from Lat. 12S to IN; Wilkes Stas . . 26-42. Dots 
indicate locations of water samples. See caption to Figure 9. 
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Figure 14. Profil.e of dissolved-nitrate concentration (µM 1 1 ) along the western flank of the 
Ninetyeast Ridge in Longs. 88-89E from Lat. 12S to IN; Wilkes Stas. 26-42. Dots indicate 
locations of water samples. See caption to Figure 9. 
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Figure 15. Plots of temperature (left), dissolved-oxygen concentration (center), and specific-
volume anomaly (right) against depth below 3500 m at Wilkes Stas. 26, 28, and 29, 
illustrating properties of the overflow water at Lat. 10S on the Ninetycast Ridge. 

at the bottom was a temperature observed as much as 0.02°C less than at Sta. 27, 
the next one to the south. Hence at the 4300 m isobath on the Ninetyeast Ridge 
the overflow is certainly not more than 60 km wide and is perhaps a good deal 
narrower. (See Section 4b for an estimate of the volume transport of the overflow.) 

The map by Kanaev et al. (1977) shows the IOS saddle to be not only deeper 
(4000-4500 m) than indicated by Sclater and Fisher (1974) but also located 
somewhat farther south, near Lat. 10°20'S,-directly facing Sta. 28. Thus the 
former map may provide a more accurate picture of this passage (perhaps including 
its depth as well) than does the latter one, but since Kanaev et al. ( 1977) do not 
show any sounding lines to define the feature, it is difficult to assess the quality of 
their representation. 

It would have been valuable after completing Sta. 30 to make several additional 
CTD stations to delineate more clearly the dimensions, structure, and course of the 
1 OS overflow. The time the Wilkes could stay at sea was limited, however, and a 
useful survey of this overflow could have been achieved only by abandoning much 
of the planned examination of the other deep saddles. The original objective for this 
part of the cruise-reconnaissance of all likely overflow sites-still seemed the proper 
one at this stage in the exploration, and detailed surveys of individual overflows 
were regretfully left to future cruises. 

The reconnaissance was therefore completed, but at none of the stations north 
of Lat. 1 OS were there any tracer-property anomalies indicative of inflow from the 



1982] Warren: Central Indian Basin deep water 845 

West Australian Basin. In particular, stations were made especially close together 
in the region near the saddles at Lats. 2-3S (Stas. 36-39), because Wyrtki's (1971) 
map of dissolved-oxygen concentration at 4000 m had suggested an inflow there; 
but no evidence for it whatsoever was found. 

From Sta. 33 to Sta. 34, below 4300 m, however, the temperature at a given 
level increases rather abruptly by about 0.05°C (Fig. 9), and the oxygen con-
centration decreases from slightly more than 4.2 ml 1-1 to just over 4.0 ml l - 1 

(this difference not shown in Fig. 11 because of the spacing of isopleths). These 
changes are somewhat like those seen between Stas. 27 and 29, which span the lOS 
overflow, and they raise the possibility of an additional overflow, between Stas. 33 
and 34, across the 5S saddle shown by Kanaev et al. (1977). As discussed further 
in Section 4b, there is also a small horizontal density difference at great depth be-
tween these two stations, suggestive of westward geostrophic flow close to the 
bottom. Without tracer-property anomalies, however, the interpretation of the 
existing data near the supposed saddle at 5S is uncertain. 

Nevertheless, these direct observations establish that overflow across the Ninety-
east Ridge is the source of the lower deep water in the Central Indian Basin, as 
hypothesized, and that the principal overflow occurs at the lOS saddles, with perhaps 
some additional contribution at Lat. 5S. Inasmuch as the deep western-boundary 
current flowing northward in the West Australian Basin first encounters a deep 
passage across the Ninetyeast Ridge at Lat. 1 OS, it is not surprising that the prin-
cipal overflow should occur there. If there is indeed a deep saddle at Lat. 5S, 
perhaps it has a sill depth sufficiently greater than the one at lOS for some small 
additional overflow to occur there too. 

4. Circulation of the deep water 

The oxygen and silica plots for Lat. 12S in Figure 8 and for Lat. 18S in 
Warren's (1981) Figure 4, demonstrate that the tracer anomalies characteristic of 
the upper deep water extend down to a potential temperature of about 1.1 °C, 
which is found at a depth of roughly 3800 m in the Central Indian Basin. This 
temperature and depth also mark the top of the abrupt decrease in nutrient con-
centrations at Sta. 25 indicative of the lower deep water (Fig. 9). Furthermore, 
while the property anomalies characteristic of the Ninetyeast Ridge overflow are 
clearly evident only below about 3950 m, the density difference between Stas. 26 
and 29 that supports the overflow appears to extend upward (above measurement 
error) to about 3800 m (Fig. 15). Therefore, the 1.1 °C potential isotherm or 
3800 m level will be considered to separate the "upper" from the "lower" deep 
water. No "water mass" taxonomy is intended by these terms, however, because 
the Antarctic is the common source of all the deep water in the Central Basin. but 
because the water-property variations are affected by the two different ro'odes 
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through which deep water enters it, some nomenclature is useful to distinguish the 
two layers with the different immediate sources . 
. Four maps of property distributions on level surfaces have been prepared to 

illustrate the horizontal circulation of the upper and lower deep water. For potential 
temperature at 4300 m (Fig. 19) it was possible to use, in addition to the Wilkes 
data, nearly all stations available from the National Oceanographic Data Center 
that reached to that depth: neighboring stations from different cruises had con-
sistent values, and the data field was smoothly contourable. The only stations 
excluded were the six from Diamantina Cruise 1965/1, whose values seemed 
higher by 0.03-0.04 °C than those at neighboring stations-hardly a large discrep-
ancy in itself, but a noticeable anomaly in comparison with the very small · 
horizontal temperature range at great depth. A total of 73 stations remained. 

For distributions of dissolved-oxygen concentration at 3000 m and 4300 m 
(Figs. 16 and 20), however, only the recent stations identified in Figure 1 were 
used (65 at 3000 m, 45 at 4300 m), because values from the older stations, made 
during the late 1950's · and early 1960's, were generally 0.1-0.2 ml z-1 lower 
tl,an from the recent ones. It is conceivable that the deep water of the Central 
Indian Basin might have increased its oxygen concentration during two decades, · 
but it seems much more likely that one body of data is simply less accurate than 
the other. It is difficult to be sure which is the better set, but one suspects-and 
would like to think-that sampling techniques and analytical methods have im- . 
proved over the years. Whatever the reason for the difference, the two data sets 
are not compatible, and the older data have not been used in constructing Figures 
16 and 20-unfortunately reducing greatly the amount of observational. material. . 
For much the same reason it was thought best to use only the recent data (65 sta-
tions) in preparing a map of dissolved-silica concentration at 3000 m (Fig. 17). 

fl . Upper deep water. At both Lats. 12 and 18S the clearest tracers of the mid-' 
depth western-boundary current along the Central Indian Ridge are the high oxygen 
and low silica concentrations. The largest oxygen anomaly occurs near 3000 m at 
both latitudes; the maximum silica anomaly occurs somewhat shallower, nearer 
2500 m, but is still quite pronounced near 3000 m. Therefore, to display elements 
of the general pattern of horizontal circulation of the upper deep water, maps of 
these two properties have been prepared at the 3000 m level (Figs. 16 and 17)4 • 

The sparsity of recent data north of Lat. 1 OS and the complete absence of any 
south of Lat. 24S are much to be regretted, but some features are defined nonethe-
less. 

4. It should be evident from Figure 8, from Figures 11 and 12, from proftles along Lat. 18S (War-
ren, 1981), and from a proftle along Long. SOE (Edmond et al., 1979) that the qualitative features 
in• the "horizontal" distributions of oxygen and silica concentrations near 3000 m are the same 
whether these. pro~erties are plotted on a level surface, an isobaric surface, an isothermal surface, 
or an appropnate 1sopycnal surface. None of these latter four properties is conserved in the flow and 
I have used the 3000 m level as the base both .for simplicity of construction and interpretatio~ arid 
fo r ease of comparison with Wyrtki's (1971) corresponding maps. 
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The discrepancy cited above between the older and the more recent measure-
ments of oxygen concentration may be seen at once by comparing Figure 16 with 
Wyrtki's (1971) map for the same level. At comparable latitudes values on the 
former run some 0.1-0.2 ml 1- 1 higher than on the latter. The general level of 
silica concentration (Fig. 17) is not drastically different from that shown on 
Wyrtki's (1971) corresponding map, but the patterns of the distributions differ 
markedly, except in the southernmost reaches of the basin. The consistency among 
the Wilkes, Atlantis II, and GEOSECS data is illustrated by the close coincidence 
of oxygen and silica values at tws groups of stations: Wilkes 41-42 and GEOSECS 
444; and Wilkes 18-20, Atlantis II 2299-2301, and GEOSECS 450-452 (see Fig. 
1 for station positions). 

Apart from the general meridional gradient in concentrations, the most pro-
nounced feature on b~th maps is the band of high oxygen and low silica concentra-
tiomradjacent to the Central Indian Ridge in Lats. 10-25S. Both property extrema 
weaken northward, and the band obviously marks the mid-depth we&_tern-boundary 
current carrying water northward from the Antarctic. Farther to , the east, the 
distributions are consistent with the dynamically predicted· southeastward interior 
flow (Stommel and Arons, 1960), but they hardly demonstrate it unambiguously. 

Clearly at 3000 m the western boundary of the basin is a highly permeable one 
in these latitudes, although the flow at 3000 m and at shallower levels must be 
guided to some extent by the deeper, unbroken isobaths. Nevertheless, both 
Figures 16 and 17 indicate some diversion of the boundary-current flow out of the 
Central Indian Basin near_ Lat. 1 OS, as suggested in Section 3a, into the trough 
between the Maldive Ridge and Central Indian Ridge, and into the additional 
trough between the Central Indian Ridge and Mascarene Ridge farther to the west. 
Wyrtki's (1971) maps of salinity at 3000 m and dissolved-oxygen concentration at 
2500 m suggest northwestward flow along the eastern side of the Mascarene Ridge 
in Lats. 0-l0S, probably emanating from the Central Indian Basin near Lat. 10S. 

North of Lat. 10S the data in the Central Indian Basin are very few, and the 
NW-SE orientation of the isopleths in Figures 16 and 17 is defined entirely by 
the line of GEOSECS stations along Long. SOE and the line of Wilkes stations 
along Longs. 88-89E. This is the pattern to be expected in fields of non-conserva-
tive properties, however, with poleward interior flow and northward western-
boundary flow, if advection and lateral diffusion have comparable effects on the 
distributions (Kuo and Veronis, 1973). 

The pattern of horizontal temperature variation along Lat. 12S (Fig. 2) indicates 
some sort of deep boundary-current structure eastward from Sta. 7 to Sta. 14 or 15. 
Farther eastward yet, details of the large-scale circulation seem obscured by meso-
scale noise. In this station interval a surface of zero horizontal velocity is suggested 
by the lower 34.73%0 isohaline (Fig. 3), as lying below the salinity maximum due 
to influence from the north, but just above the oxygen and silica anomalies due to 
inflow from the south. This choice gives a consistent northward (N) geostrophic 
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Figure 16. Distribution of dissolved-oxygen concentration (ml 1 1
) at 3000 m in the Central 

Indian Basin according to observations at stations identified in Figure 1; 3000 m isobath 
after Kanaev et al. (1977). See text. 

flow below the zero-surface, and a consistent southward (S) fl.ow above it to depths 
of 1200-1500 m, between Stas. 7 and 11, but reversals in isopycnal slopes farther 
eastward lead to fl.ow reversals there. Nevertheless, as listed in Table 1, the net 
volume transport of the full boundary current as specified above (below the zero-
surface) is estimated at about 3 x 10°m3s-1 northward, and the maximum speed, 
6 cm F 1 (northward), was found at the bottom between Stas. 8 and 9. Because the 
net transport of the lower deep water (deeper than 3800 db) in the boundary 
current is indeterminably small here (Table 1), the net transport of upper deep 
water is also estimated as about 3 x 10°m3s-1 northward. 
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Figure 17. Distribution of dissolved-silica concentration (µM 1 1
) at 3000 m in the Central 

Indian Basin according to observations at stations identified in Figure 1; 3000 m isobath 
after Kanaev et al. ( 1977). See text. 

Table 1. 

Zero-surface 
Station group Depth (db) 

7-8 1800 

8-9 2000 

9 • 11 2800 

11 - 12 2800 

12- 14 2800 

14.:- 15 2800 

Geostrophic 
transport below 

zero-surface ( x 1 0'm•s-1 ) 

0.6N 
1.8 N 
2.1 N 
1.5S 
1.2 N 
0.8 S 

3.4N 

Geostrophic 
transport below 

3 800 db ( X 1 o•m•s-1 ) 

0.7N 
0.7 S 
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With a simi)arly constructed zero-velocity surface for the boundary current at 
Lat. 18S (Warren, 1981), the geostrophic volume transport between the zero-surface 
and the 3800-db surface works out to be about 6 x l06m3s-1 northward.5 The 
difference in magnitudes is consistent both with the expected efflux from the 
boundary current into the interior of the Central Indian Basin, and with the ap-
parent westward leakage through the Central Indian Ridge in Lats. 12-18S, as 
inferred above from the property distributions. 

b. Lower deep water. The circulation of the lower deep water in the Central Indian 
Basin is probably unique in the deep world ocean in that its source is located in a 
low latitude near the middle of the eastern boundary of the basin. Before examining 
the horizontal property distributions, it is helpful to consider what sort of flow field 
might be anticipated in this unusual situation. In Figure 18 is sketched, in a 
rectangular-basin, /3-plane analogue, a circulation pattern predicted by the Stommel-
Arons (1960) dynamics. Inflow of volume .transport S occurs at a point-source on 
the eastern boundary, and sustains an upwelling uniform over the basin at the "top" 
of the layer. A geostrophic interior flow directed eastward and poleward is forced 
solely by the upwelling velocity, and the interior flow at· the northern and southern 
margins is absorbed by westward-flowing boundary currents that supply equator-
ward-directed currents aloQg the western boundary; these in tum feed the interior 
flow. In these respects the location of the source is immaterial to the circulation 
pattern. 

The course of the direct flow from the source is also specified by the vorticity 
and continuity equations for the interior flow. Let (x,y,t.) be the eastward, north-
ward, and upward directions, let (U,V) be the vertically integrated eastward and 
northward components of the interior velocity, and let wT be the vertical velocity 
at the top of the layer. By the geostrophic vorticity relation (Jlv = f wz), V = y WT 

for f = py, if w = 0 at the bottom of the layer; and therefore, by the continuity 
relation, U., = - 2 WT if WT is horizontally uniform. Consider the complete interior 
flow to be composed of (1) a flow independent of source location (U,,Vi) that is 
determined by the upwelling according to the relations above and the condition 
U, = 0 at the eastern boundary; and (2) a direct flow from the source (U8,V8) in 
which the integral of Us across the latitude zone of the source is S at the e~stern 
boundary, and otherwise Us = 0 there. Because the non-zero values of (V,U.,) 
have been absorbed by the upwelling-forced flow (U i , Vi), V 8 = 0 and U 8., = 0; 
and thus from the eastern-boundary condition U 8 itself must also be zero every-
where except within the latitudes of the source. 

Hence the source water must enter the basin in a zonal jet flowing westward 

5. The upper-deep-water transport of 5 X I0"rn's-1 cited by Warren (1981) for Lai. 18S was 
calculated with 3600 db as the "bottom" of the upper deep water, but, as discussed above the added 
Wilkes data, with continuqus sampling in the vertical, indicate 3800 m (or 3800 db) 'as a more 
appropriate demarkation between upper and lower deep water. 
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Figure 18. Schematic pattern of horizontal circulation in a rectangular basin driven by up-
welling at the top of the layer, as forced by a source S on the eastern boundary. Light 
lines with arrowheads denote streamlines of the interior flow. Heavy lines indicate the 
northerns, southern-, and western-boundary currents, and adjacent arrows show direction of 
flow. Zonal jct flowing westward from source represented by bundle of streamlines. Varia-
tion with latitude in volume transport of westcm-boundary current (positive, northward), 
measured in units of source-strength S, shown at left. See text. 

at a constant volume transport specified by the rate of inflow. At the western 
boundary the jet augments the boundary current there, which then completes the 
very circuitous route by which some of the source water is supplied to the interior 
flow. Although the volume transport of the jet does not change across the basin, 
its composition does, because the jet must absorb water from the interior fl.ow to 
the north, while discharging source water at the same rate into the interior fl.ow 
to the south. Thus, as sketched in Figure 18, the northeastern half of the part of 
the basin south of the jet is supplied directly from the jet, while only the south-
western half is fed directly by the western-boundary current; and the characteristics 
of the water in the jet should become less "source-like" and more " interior-like" 
to the west. 

Furthermore, the direction of the western-boundary current can reverse south 
of the equator depending on the latitude of the source, because the strength of the 
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Figure 19. Distribution of potential temperature (°C) at 4300 m in the Central Indian Basin 
according to nearly all observations on file at National Oceanographic Data Center; 4000 m 
isobath after Kanaev et al. (1977). See text. 

current at the southwestern comer is determined by the net interior flow into the 
southern boundary, and its volume transport decreases northward, at a rate specified 

· by the vertical velocity, to zero at the middle southern latitude. If the source is 
located south of this latitude, the zonal jet enhances the northward-flowing bound-
ary current before it is exhausted, but if the source is north of this latitude, as in 
Figure 18, then the boundary-current flow must be southward between this latitude 
and that of the source and zonal jet. 

A zonal jet flowing westward from an eastern-boundary source has been realized 
in a laboratory experiment, together with some suggestion of discharge on the 
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poleward side of the jet and absorption of interior flow on the equatorward side 
(Stammel et al., 1958). In a real ocean basin, of course, the orientation of the jet 
and the character of the western-boundary flow would be affected by the shape of 
the basin, the slope of its bottom, and spatial variation of the vertical velocity. 

Nevertheless, the distribution of potential temperature at 4300 m in the Central 
Indian Basin (Fig. 19) supports several of the features predicted by these simple 
arguments. That level was chosen as just deep enough to show the extreme charac-
teristics of the overflow water at Wilkes Sta. 28, although unfortunately it ex-
cluded three Wilkes stations on the Ninetyeast Ridge line that were occupied in 
shallower water. The most striking feature on this map is the region of cold water 
around the 1 OS saddle on the Ninetyeast Ridge: thus confirmation of the overflow 
does not rest solely on Wilkes Sta. 28, although the lowest potential temperature 
was observed there. Outside the l .00°C isotherm the range in potential temperature 
is very small, only 0.08 °C, and there isn't the least hint at 4300 m of cold overflow 
water near any of the other deep saddles on the Ninetyeast Ridge. 

The cold tongue pointing westward near Lat. 1 OS implies a relatively narrow 
flow westward from the source, strikingly like the zonal jet sketched in Figure 18. 
Moreover, the southward protrusion of the l .00°C isotherm at the eastern end of 
the tongue is suggestive of southward discharge from the jet in the eastern part of 
the basin, again as required in Figure 18. Also, one can easily interpret the NW-SE 
orientation of the 1.03 °C isotherms in the western part of the basin as due to 
northward flow in the western-boundary current. There is no indication in Figure 
19 of a reversal in boundary-current flow south of the equator, such as is shown in 
Figure 18, but the data may not be suitable to define one, and none may exist 
anyway, because, as remarked above, the conditions for a reversal must be affected 
by the real geometry of the basin. There is no suggestion in Figure 19 of the 
southward boundary-current flow in the northwestern comer of the basin shown 
in Figure 18 either, but the data north of the equator are hardly adequate for 
defining the flow pattern there. 

In the distribution of dissolved-oxygen concentration at 4300 m (Fig. 20) high 
values generally correspond to low temperatures, and the greatest concentration, 
4.53 ml 1- 1, occurs with the lowest temperature at the lOS saddle on the Ninetyeast 
Ridge. A tongue of concentration greater than 4.2 ml z-1 extends westward from 
the saddle, analogous to the tongue of potential temperature less than l .00°C, and 
indicative of direct westward flow from the source. The relatively high concentra-
tions in the southeastern part of the basin are again suggestive of the southward 
discharge from the zonal jet shown in Figure 18. A curious feature is the southward 
displacement of the high-oxygen tongue from the low-temperature tongue. To the 
extent that this is a real feature in the ocean rather than an artifact of observational 
error and the different station distributions, it may be due to the different character 
of the two tracers. Temperature, as a conservative quantity, does not show an 
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Figure 20. Distribution of dissolved-oxygen concentration (ml 1-1
) at 4300 m in the Central 

Indian Basin according to observations at stations identified in Figure l; 4000 m isobath 
after Kanaev et al. (1977). See text. 

overall trend from south to north, even though water in the northern part of the 
basin is "older" than that in the southern part. Dissolved oxygen, on the other 
hand, is consumed in situ, and concentrations are distinctly lower in the north than 
in the south. Consequently the interior flow that is absorbed by the jet along its 
northern side should introduce water of relatively low oxygen concentration to the 
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northern part of the jet, and should thus displace the oxygen maximum south of 
the temperature minimum and jet axis. The displacement observed may thus in 
part be further evidence for the poleward interior flow. 

The deep oxygen concentrations at Wilkes Stas. 16-18 (see Fig. 1 for positions) 
are higher than those on the same levels at Atlantis II Stas. 2297-2299 up to 
depths of about 3800-3900 m, above which the pattern of horizontal variation in 
Figure 16 prevails. This fact demonstrates that the top of the overflow tongue lies 
at about the same depth in the western part of the basin as on the Ninetyeast 
Ridge (Fig. 15), and is consistent with dividing "upper deep water" from " lower 
deep water" at roughly 3800 m. 

As in Figure 19, there is no hint in Figure 20 of overflow from the West 
Australian Basin at any of the other saddles on the Ninetyeast Ridge. Indeed, the 
oxygen concentrations just in front of the 2-3S sill are slightly lower than those 
to the north or south. The values around the 2-3S sill are actually close to those 
shown there by Wyrtki (1971) in his map of dissolved-oxygen concentration at 
4000 m, but elsewhere in the northern part of the basin the older material used 
by Wyrtki (1971) indicated concentrations substantially lower than those shown 
from the recent data in Figure 20, and thus generated an apparently spurious 
oxygen maximum, misleadingly suggestive of overflow, near the 2-3S sill. 
· Some estimate of the strength of the Ninetyeast Ridge overflow can be made 
from the density distribution along the flank of the ridge. The distribution . of 
specific volume anomaly at 4100 m and 4300 m on the Wilkes section Stas. 26-42 
(Fig. 21) shows a pronounced minimum at Sta. 28, as to be expected from the 
anomalously cold water overflowing the ridge, but also a net increase northward 
across the overflow (Stas. 26-29, say) at both levels of about 0.8 X 1Q-5cm3g-1, 

consistent geostrophically with a net westward flow increasing in strength with 
depth. North of Sta. 29 the specific volume anomaly at 4100 m is constant within 
observational error (± 0.2 x 1Q-5cm3g-1 according to the error estimates cited in 
Section 2 for temperature and salinity), consistent with the absence of tracer-
property evidence for additional overflows. But at 4300 m ~he specific volume 
anomaly declines gradually northward by 0.4 X 1Q-5cm8g-1 to Sta. 33, then 
increases abruptly by 0.7 x 1Q-5cm3g-1 to Sta. 34; farther north it remains 
constant well within observational error. If the decline between Stas. 29 and 33 is 
real, and not a consequence of undetected observational error, it is insignificant in 
terms of geostrophic volume transport because it is of very limited vertical extent, 
not being observed, for example at 4200 or 4400 m. The increase between Stas. 
33 and 34 is significant, however, because it persists from 4300 to 4500 m, ·as 
implied by the horizontal temperature gradient shown at those depths in Figure 9; 
and it thus supports the possibility of some small overflow across the 5S saddle on 
the Ninetyeast Ridge, as speculated in Section 3b. (The lack of evidence for such 
overflow in Figures 19 and 20-another zonal jet-could be due not only to the 
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Figure 21. Specific-volume anomaly observed at 4100 and 4300 m on Wilkes Stas. 26-42 along 
the western flank of the Ninetyeast Ridge, indicating sites of overflow. Station positions 
indicated along top, and latitude scale along bottom. 

sheer lack of stations north of 1 OS, but also to the overflow probably being gen-
erally too deep to be registered at 4300 m.) 

Figure 15 provides guidance for choosing a zero-velocity surface with which to 
estimate the geostrophic volume transport of the lOS overflow. At Sta. 28 the 
sharp break in the temperature and oxygen distributions, marking the presence of 
the overflow water below, occurs at 3900-4000 m, and the increase in specific-
volume-anomaly difference over observational uncertainty between Stas. 26 and 29 
begins at slightly shallower depths. These facts suggest that the overflow is confined 
to the deeper levels, and that a likely zero-velocity surface is 3800 db (3750 m). 
On that basis, the net westward transport below 3800 db between Stas. 26 and 29 
is 0.4 x 106 m3 s-1 ; the maximum velocity, at the bottom between Stas. 28 and 
29, is 6 cm s-1 westward. 

The specific-volume-anomaly difference between Stas. 33 and 34 rises above 
observational uncertainty at great depths only below 4300 db. With zero velocity 
at that surface the geostrophic volume transport below 4300 db is 0.1 x 106 ms s-1 

westward. The uncertainty in these two estimates due to error in specific-volume 
anomaly is about ±25 % ; the uncertainty due to error in depth of zero-velocity 
surfaces is impossible to guess. 
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Table 2. 

Wilkes 28 GEOSECS 450 Wilkes 24 a 

POT. TEMP. (°C) 0.82 0.99 0.93 0.65 

OXYGEN (ml/I) 4.53 4.20 4.33 0.61 

SILICA (µ.M/1) 130 136 134 0.67 

Thus the net strength of the Ninetyeast Ridge overflow appears to be about 
0.5 X 10° ms s-1

• This figure is smaller by an order of magnitude than the 
transports of the boundary currents that carry deep water northward into the 
Indian Ocean from the Antarctic (Warren, 1981), but it is similar to that for the 
Red Sea outflow (about 0.4 x 106 ms s-1

), as indicated by data reported by 
Siedler (1968). As with the Red Sea outflow, this figure probably pertains to the 
overflow near the sill(s), rather than to the flow enhanced by entrainment during 
the complete descent of the Ninetyeast Ridge. 

How large that entrainment might be cannot be well estimated from available 
data, but a rough guess can be attempted by considering Wilkes Sta. 24 to repre-
sent the overflow as it leaves the Ninetyeast Ridge, and GEOSECS Sta. 450 to 
represent the local interior water which the overflow entrains (see Fig. 1 for posi- . 
tions). The extreme values of potential temperature and oxygen and silica con-
centrations in the overflow on the ridge are found below 4300 m at Wilkes Sta. 28. 
These are listed in Table 2, together with the mean values at Sta. 24 between 
4300 m and 4800 m (the bottom there), and the mean values at Sta. 450 for that 
same depth intervaL Also listed for each property is the fraction a of Sta. 450 . 
water that must be mixed into the Sta. 28 water to achieve the characteristics of 
Sta. 24 water. These. fractions are in satisfactorily close agreement, and they. 
suggest that the overflow is enhanced about threefold as it descends the ridge. 

The questionable aspects of this estimate are obvious, but the result is roughly 
what would be expected from three-dimensional turbulent plume theory. Killworth's 
(1977) expansion of flow properties to first order in entrainment and stratification 
parameters yields, after re-dimensionalization, 

Q-Qo _ Eq 
--Qo- - li;" 

where Q0 and b0 are the initial volume transport and thickness of the plume, Q is 
the volume transport at some distance q down the slope in the direction of flow , 
and Eis an entrainment parameter, for which Smith (1975) estimated a value of 
6.5 x lQ- 4 for the Denmark Strait overflow and a value of 1.0 x 10-3 for the 
Mediterranean outflow. (Stratification makes no contribution at this order.) Prob-. 
ably the Ninetyeast Ridge overflow travels some 300 km downslope in reaching 
the floor of the Central Indian Basin; the thickness of the distinct overflow water 
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at Wilkes Sta. 28 is about 300 m (Fig. 15), although the spatially averaged thick-
ness qf the overflow at that depth on the ridge might. be only half as great. This 
range in possible thicknesses, combined with Smith's (197 5) range in estimates of 
E, gives a range of values for (Q-Q0) at the floor of the basin of 0.6-2.0, which 
just includes the value of 2 suggested by the water-property differences. Perhaps · 
then the volume transport of all the overflow as it leaves the Ninetyeast Ridge is 
about 1.5 X 106m3s-1• 

On the other hand, the transport of the western boundary current in . the lower 
deep water ought to be somewhat less than the source strength (Fig. i 8). At Lat. 
12S the boundary-current transport is indeterminably small (Table 1), consistent 
with proximity to the latitude where the boundary current should reverse direction. 
At Lat. 18S, however, with the current and zero-velocity surface as specified by 
Warren (1981), the boundary-current transport below 3800 db works out to be-
2.0 X 10°m3s-1

• The concordance with source strength is not good, and the reason 
for the discrepancy is not clear. 

Detailed observations of the 10S overflow are clearly needed: to measure ac-
curately the sill depth, to determine the properties of the specific water in the deep 
boundary current of the West Australian Basin that supplies the overflow, to define 
the dimensions and course of the overflow as it descends the Ninetyeast Ridge into 
the Central Indian Basin, and thereby to estimate the amount of entrainment into 
it. At least as tantalizing is the evidence from the density field for a second 
overflow, perhaps one-fourth as strong, across the ridge near Lat. 5S. Neither the 
location nor sill depth of this saddle are accurately known, and, while there are no 
indications of the overflow in existing tracer-property data, the observations are 
rather sparse (cf. Fig. 19) and perhaps insufficient to disclose an overflow. For 
example, the tracer properties at Stas. 29 and 30, which bracket the 10S overflow, 
give no such dramatic evidence for overflow as was found at Sta. 28 between them, 
and those two stations are closer together than Stas. 33 and 34, which appear to 
bracket the 5S overflow. Closely spaced observations in this small region too could 
be very rewarding. 
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