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On the origins of deep and bottom waters of the Indian Ocean 
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Marine Life Research Group, Scripps Institution of Oceanography, La Jolla, California 

Abstract. The characteristics of the deep and bottom waters of the Indian Ocean, when 
illustrated on potential-density anomaly surfaces, indicate that the waters enter from both the 
Atlantic and Pacific Oceans. The paths of spreading are constrained by the complex topography, 
and characteristics are seen to be altered by exchange with the overlying and underlying water and 
with the sediments, especially in the northern Indian Ocean. The Weddell Sea contributes to the 
densest waters found in the western basins and the Ross Sea and Adelie coast to the densest 
waters found in the eastern basins. Both dense water varieties are altered by and incorporated 
in the less dense water above; initially, water carried by the circumpolar current, then water 
from the north Atlantic, and finally by deep water whose characteristics are derived in the northern 
Indian Ocean. Contact with the sediments increases the silica content of the bottom water in the 
Southern Ocean. In the northern Indian Ocean the sediments alter the silica of the water at the 
bottom and, together with enhanced salinity from diffusion of saline overflows from the marginal 
seas above, imprint unique markers to the deep water that flows back to the south. At middepths 
the series of ridges between Madagascar and Australia confine the flow to a series of gyres that 
carry characteristics from the circumpolar current equatorward and the northern Indian Ocean 
characteristics southward. Within the circumpolar current, low-oxygen deep water from the 
Pacific is carried across the Atlantic and into the Indian Ocean south of Africa. Part flows around 
the cyclonic Weddell Sea Gyre, and part extends across the Southern Ocean. Water from another 
Pacific source can be seen near 2000 m extending westward from the Tasman Sea, south of Aus- 
tralia and across the Indian Ocean, and perhaps to the Aghulas Current region southeast of Africa. 

Introduction 

In this study we show some maps of deep and bottom 
water characteristics of the Indian Ocean, which may be 
used in a qualitative sense to infer pathways of spreading 
of water below a depth of about 2000 m. The Indian 
Ocean has numerous ridges and basins (Figure 1) that 
severely restrict possible pathways of deep and bottom wa- 
ter flow. In the following we will begin by looking at char- 
acteristics at the bottom of the ocean to reveal the path- 
ways of spreading of the densest bottom waters from basin 
to basin. Then a series of six potential-density anomaly 
surfaces at progressively shallower depths from about 4000 
m up to about 2000 m will be shown to see what character- 
istics influence the deep waters and how pathways of flow 
are constrained by the bathymetry of the Indian Ocean. 
The choice of the specific density levels (Table 1) was 
based primarily on various property extrema shown by the 
18øS Atlantis II Cruise 93 colored sections that accompany 
Warren's [1981] detailed discussion of the major features 
of the central Indian Ocean between Madagascar and Aus- 
tralia. The sections, approximately midway between 
Antarctica and the northern Indian Ocean boundaries, are 
well positioned to show features originating from both the 
north and the south, as well as some brought into the Indi- 
an Ocean by the Antarctic Circumpolar Current. The full- 
ocean area isopycnal maps provide essential evidence on 
the origins and fates of features seen in the sections and, 
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for the most part, confirm Warren's conjectures on the 
deeper features. 

The general pathways of bottom water spreading in the 
Indian Ocean have been understood for some time, with 
progressive refinement in detail as more observations be- 
come available [Wrist, 1939; Warren, 1974, 1978, 1982; 
Kolla et al., 1976; Jacobs and Georgi, 1977; Rodman and 
Gordon, 1982; Mantyla and Reid, 1983; Johnson et al., 
199 la, b]. With the availability of newer data from recent 
decades for the present study it was possible to clarify and 
add detail to the previous maps of bottom characteristics 
shown by Mantyla and Reid [ 1983]. Nearly half of the sta- 
tions used were taken during the 1960s' International Indi- 
an Ocean Expeditions (IIOE) or earlier. This early data set, 
while useful, suffers from some deficiencies in comparison 
to the later data sets. For example, not all of the stations 
reached close to the bottom, and some only attempted to 
sample the upper half of the water column. Many salinities 
were either titration salinities or run on early salinometers 
that occasionally had large systematic errors. No attempt 
has been made here to normalize the salinities to a modern 

cruise standard, such as was done with an Atlantic Ocean 
deep data set [Mantyla, 1994]. The IIOE oxygen analyses 
were done before Carpenter's [1965] improvements to the 
Winkler titration method were published, and they suffer 
from inaccuracies common to the older techniques. The 
nutrient data, analyzed manually, show cruise-to-cruise bi- 
ases and were usually noisy. Wyrtki [1971] tabulates cruis- 
es that had large nutrient anomalies. Some could be used 
by making allowances for offsets in contouring the data, as 
was done in the atlas of Wyrtki [1971, Tables c-g]; others 
were omitted. Some later cruises suffer by focusing on just 
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Figure 1. Bathymetric features and place names of the Indian Ocean (B is basin; P, plateau; and R, rise). 
The 3000 m depth contour is shown. 

conductivity-temperature-depth (CTD) observations and 
neglecting water sample analyses for oxygen and nutrients. 
It is to be hoped the World Ocean Circulation Experiment 
(WOCE) cruises planned for the next few years will result 

Table 1. Specifications of the Potential Density Anomaly 
Surfaces 

> 3500 m 2500-3500 m 1500-2500 m 500-1500 m 0-500 m 

(46.120) 41.711 

(45.960) 41.584 

(45.890) 41.526 

(41.495) 

37.198 

37.104 32.521 27.824 

37.063 32.493 27.806 

37.039 32.475 27.794 

(37.000) 32.446 27.773 

(36.920) 32.375 27.712 

The potential density is expressed as a0 from 0-500 dbar, 
as a• from 500-1500 dbar, as a2 from 1500-2500 dbar, as 
a3 from 2500-3500 dbar, and as a4 from 3500 dbar 
to the bottom. The numbers in parentheses are those used 
in the text and figures to identify each isopycnal. 

in filling in the gaps with high-quality complete observa- 
tions; the nonconservative chemicals are particularly useful 
for indicating origins of water masses and relative degree 
of isolation from formation regions. 

The contouring of these maps was highly subjective be- 
cause of the variability of the data quality. The Geochemi- 
cal Ocean Sections Study (GEOSECS) stations, while few 
in number, sampled all of the important basins and were 
used as a guide to decide which data sets to accept and 
which to ignore in contouring the fields. The GEOSECS 
data were assumed to be a consistent data set, as the analyt- 
ical work was performed by a single group of personnel 
[Weiss et al., 1983]. 

The Bottom Waters 

In the Pacific and Atlantic Oceans, dense abyssal waters 
from Antarctica spread far northward, primarily on the 
western sides of those oceans, while in the Indian Ocean, 
abyssal waters spread northward both in the west and in the 
east. The western and eastem sides of the Indian Ocean 
have different initial sources of bottom water at their initial 
entry points through the discordance zones in the Southeast 



MANTYLA AND REID: ORIGINS OF INDIAN OCEAN DEEP AND BOTTOM WATERS 2419 

Indian Ridge at about 50øS, 125øE [Rodman and Gordon, 
1982] and in the Southwest Indian Ridge at about 30øS, 
60øE [Warren, 1978], as can be seen in Figures 2a-2e. The 
bottom flow into the western Indian Ocean basins enters 
from the Weddell-Enderby Basin, and the bottom flow into 
the eastern Indian Ocean basins enters from the Australian- 
Antarctic Basin. Both basins have primary and secondary 
sources to their dense bottom waters. The characteristics 

of the Weddell-Enderby Basin are derived primarily from 
the Weddell Sea and are altered by mixing with deep cir- 
cumpolar water above as the dense water flows away from 
the western Weddell shelf [Foster and Carmack, 1976]. A 
small input from Enderby Land coast just west of the 
Amery Ice shelf (70øE) can be seen in the bottom charac- 
teristics, especially in dissolved oxygen [Jacobs and Geor- 
gi, 1977]. The bottom waters of the Australian-Antarctic 
Basin are derived primarily from the Ross Sea, as indicated 
by the higher salinity there and, secondarily, from the 
Adelie coast (140øE), seen best by the dissolved oxygen 
data [Gordon and Tchernia, 1972] in Figure 2d. Alter- 
ations of the bottom water in the Australian-Antarctic 

Basin also take place by mixing with the deep circumpolar 
water above. Dissolved silica levels in both basins are 

made high by dissolution of opaline silica deposits on the 
bottom [Edmond et al., 1979]. 

The densest waters that flow into each basin enter the 

basins over sills that are typically of the order of a kilome- 
ter shallower than the deepest part of the basin. They are 
confined to those basins by topography until they have 
been altered to a lower density. This occurs primarily by 
mixing with less dense water above and, to a lesser extent, 
by geothermal heat flow from the bottom. The lower- 
density water rises above denser, infiowing, freshet bottom 
water and escapes through deep sills and fracture zones to 
other deep basins. This alteration is thought to occur dur- 
ing a spiral flow within the basin, as evidenced by the silica 
maximum above the bottom in the western Weddell Sea 

[Carmack, 1977]. The abyssal waters escape from the 
Weddell Basin in the following three major locations: (1) 
in the west through the South Sandwich Trench to begin 
the long pathway northward in the western Atlantic (not 
seen on present maps, see Mantyla and Reid [1983]; (2) 
through a gap in the Southwest Indian Ridge at about 50øS, 
30øE to fill the dead-end Agulhas, Cape, Natal, and 
Mozambique Basins (Figures. 2a-2e); and (3) through the 
discordance zone in the Southwest Indian Ridge at about 
30øS, 60øE by way of the relatively unobstructed Crozet 
Basin. The abyssal water from the third passage flows 
northward in the western Indian Ocean to the Madagascar 
Basin, into the shallower Mascerene Basin, through the 
Amirante Trench to the Somali Basin, and through the 
Owen Fracture Zone to the Arabian Basin. The abyssal 
waters become less dense in each downstream basin until 
the water at the bottom of the Arabian Basin has reached a 

density that is about the same as the deepwater density 2 
km above the bottom of the Crozet Basin, where the west- 
em Indian Ocean abyssal flow began. Along this western 
abyssal spreading path, potential-density anomaly decreas- 
es from tr 4 = 46.18 in the Weddell-Enderby Basin to tr 4 = 
45.85 in the Arabian Basin; potential temperature increases 
from-0.8 ø to 1.5ø; salinity increases from 34.66 to 34.75; 
and dissolved oxygen decreases from more than 5.8 to less 
than 3.0 mLL -•. These are all changes toward the values 

of the overlying water column and are a result of vertical 
mixing. Silica does not change monotonically from south 
to north. It is high in the Enderby-Crozet Basins and in the 
Arabian Basin, with a relative minimum in the Mascerene 
Basin at 10 ø to 20 ø south, but this pattern may also be a 
consequence of mixing with water above. Vertical sections 
along the western basins are shown by Mantyla and Reid 
[1983, Figure 5] and in the GEOSECS Indian Ocean Atlas 
[Spencer et al., 1982, Plates 3-21]. From the vertical sec- 
tion of Mantyla and Reid [1983, Figures 5a and 5b] one 
can see the middepth signature of water from the north At- 
lantic by a salinity maximum and low silica that extend 
northward from the circumpolar current until the silica 
minimum intersects the bottom near 20øS. Up to this 
point, the abyssal waters from the Antarctic have been 
mixing with deep but less dense circumpolar water and wa- 
ter originating primarily from the Atlantic. To the north of 
this point the mixture of circumpolar deep waters and bot- 
tom waters mix with deep waters whose characteristics 
have been obtained in the Arabian Sea. Interaction of deep 
water with bottom sediments there increases the silica and 

decreases the oxygen [Edmond et al., 1979]. Although ex- 
tremely saline overflows from the Red Sea and Persian 
Gulf do not directly penetrate to great depths, the high 
salinities at intermediate depths cause an increase in the 
salinity of deeper waters below by vertical mixing, analo- 
gous to the high-salinity influence of the Mediterranean 
outflow on deep waters of the eastern Atlantic below the 
actual depth of the overflow [Reid, 1994]. Vertical mixing 
also causes an additional reduction in deepwater oxygen 
concentrations. Spencer et al. [1982, Plate 5] show two 
high-salinity deep sources >34.74 south of about 30øS 
brought in by the circumpolar current and >34.74 salinities 
north of about 10øS, increasing into the Arabian Sea, with 
slightly lower deepwater salinities in between from 10øS to 
30øS. 

The primary inflow of dense bottom water from the Aus- 
tralian-Antarctic Basin can be seen in Figures 2a-2e at 
about 50øS, 125øE through the Australian-Antarctic Dis- 
cordance Zone. A smaller passage exists east of 150øE, as 
shown by Rodman and Gordon [ 1982], though most of the 
water there enters the Tasman Sea. Although initially the 
bottom salinity in the Australian-Antarctic Basin is higher 
than the Weddell-Enderby Basin, the differences become 
less as the bottom waters spread northward in the eastern 
Indian Ocean basins, reflecting the fact that the major com- 
ponent of abyssal waters to the north of the near-Antarctic 
basins is a mixture of water from the deep circumpolar cur- 
rent [Mantyla and Reid, 1983]. However, the abyssal wa- 
ters to the north near the equator are as cold as they are be- 
cause they include bottom water from the Australian- 
Antarctic Basin. At this latitude the eastern basin is colder 
and denser than the western basin at the bottom. The 

spreading of abyssal waters in the eastern Indian Ocean is 
by way of the South Australia Basin through a gap near 
33øS, 105øE between the Broken and Naturaliste Plateaus 
into the Perth Basin, then to the deeper West Australian, 
North Australian, and Cocos Basins, and finally to the Cen- 
tral Indian Basin through a gap in the Ninetyeast Ridge at 
about 10øS [Warren, 1982]. Minor passages into the south- 
ern end of the Central Indian Basin can be seen by the the 
45.92 tr4 contours, revealing a deep gap in the Ninetyeast 
Ridge at about 28øS, 87øE [Toole and Warren, 1993] and 
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Figure 2a. Bottom potential-density anomaly or4 referred to 4000 dbar in the Indian Ocean. Shaded 
area is less than 3500 m. 
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Figure 2b. Bottom potential temperature in the Indian Ocean. 
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Figure 2c. Bottom salinity in the Indian Ocean. 
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Figure 2d. Bottom dissolved oxygen (mL L -1) in the Indian Ocean. 
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Figure 2e. Bottom silicate (/•mol L -1) in the Indian Ocean. 

another gap between the Broken Plateau and the Southeast 
Indian Ridge near 34øS, 83øE. 

The bottom water characteristics north of the Central 

Basin in the Bay of Bengal are similar to those seen in the 
Arabian Sea, temperature greater than 1.5øC, relatively 
saline, low in oxygen, and high in silica. Edmond et al. 
[1979] noted a distinction between the northern Indian 
Ocean high bottom silica source and the Southern Ocean 
high silica source. In the latter region the bottom sedi- 
ments show no effect on the near-bottom oxygen or nutri- 
ents (excluding silica), while in the northern Indian Ocean 
both deep embayments show strong effects on the bottom 
water oxygen, phosphate, and nitrate. They took that to 
mean considerable organic material reaches the ocean bot- 
tom through high primary productivity in the surface wa- 
ters above. The Southern Ocean also has high productivi- 
ty, yet little organic material appears to reach the bottom. 
Productivity appears to be several times greater in the 
northern Indian Ocean compared with the Southern Ocean 
[Koblentz-Mishke et al., 1970], and an additional source of 
organic material may be from river discharges in the north, 
analogous to possible effects of the Zaire River Plume and 
deep-sea fan illustrated by van Bennekom and Berger 
[1984] and by Warren and Speer [1991] on the deep nutri- 
ent patterns in the Angola Basin. An excess of silica, ni- 
trate, and phosphate and a deficiency in oxygen can be 
seen spreading out at about a depth of 4000 m away from 
the base of the continental slope and the Zaire deep-sea 
fan. Suspended river material (including organic material) 
is believed to be transported down the Zaire canyon to the 

bottom in turbulent nepheloid layers, which may locally 
enhance sediment-water interface chemical changes. The 
Indus and Ganges Rivers form very large deep-sea fans or 
cones in the Arabian Sea and Bay of Bengal, respectively, 
and are possible candidates to explain some of the effects 
seen on the chemistry of the bottom waters in both north- 
em regions. A more thorough sampling of stations near 
the submarine canyons and deep-sea fans of both rivers is 
needed to document possible effects of the river plumes on 
enhanced surface productivity and on effects from the sedi- 
ments at the base of the continental slopes. 

The bottom water spreading illustrated in Figures 2a-2e 
appears to be purely thermohaline, with the densest water 
seeking the deepest passages and basins. Less dense water 
floats above the bottom water and accounts for the gradi- 
ents at the edges of the basins where the bottom slopes up- 
ward. As the bottom water spreads northward, it is altered 
by interaction with the bottom and by the characteristics of 
the deep water above it, altering the deep water itself as 
well, until at the northern end of the western and eastern 
pathways the bottom water has been lowered in density 
and changed in characteristics until it has the same proper- 
ties as deep water in the north. The oxygen and nutrient 
signatures imprinted on the deep and abyssal waters in the 
northern Indian Ocean can be seen as advective cores that 

extend southward above the generally northward flowing 
bottom waters [Edmond et al., 1979, Figures 21 and 22; 
Spencer et al., 1982, Plates 11-21 and 31-41]. Since the 
forcing of deep and bottom waters is primarily from the 
bottom up, the next series of maps will be examined from 
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Figure 3a. Depth (hectometers) of the 46.12-tr 4 potential-density anomaly surface. Area is shaded 
where the bottom is shallower than this isopycnal depth. 

the densest (deepest) isopycnal to the shallowest isopycnal 
illustrated. 

The 46.12-a4 Surface 

This isopycnal surface (Figure 3) lies well below the 
Antarctic Circumpolar Current (ACC) salinity maximum 
and is continuous through the passage between the Kergue- 
len Plateau and Antarctica (Princess Elizabeth Trough). It 
does not extend northward beyond mid-ocean ridges. It is 
generally deeper than 3000 m, intersecting the bottom 
along the northern edge of the Weddell-End•rby Basin and 
the Australian-Antarctic Basin. A large eddy centered at 
about 57øS, 10øE is indicated by the doming of the isopyc- 
hal to depths of less than 2300 m. This is part of the east- 
em end of the cyclonic Weddell Sea Gyre. There is some 
question as to whether the Weddell Gyre is composed of a 
single, elongated gyre or of two or more separate gyres, as 
suggested by Mosby [1934] and Deacon [1937]. The re- 
cent geostrophic shear maps by Orsi et al. [1993] suggest 
the near-surface flow consists of a single gyre, while the 
deeper levels consist of two or more gyres. The isolated 
gyre in Figure 3a is similar to Orsi et al.'s [1993] map of 
the geopotential height anomaly at 1500 dbar with respect 
to 4000 dbar. 

The two deep basins are distinctly different in salinity, 
with the Australian-Antarctic Basin being about 0.02 high- 
er than the Weddell-Enderby Basin. There is some indica- 
tion of contribution from shelves near Prydz Bay (75øE) 
and along the Adelie coast near 138øE, but elsewhere, the 

shelf salinities appear to be too low to contribute water of 
this density. The majority of water on this surface is from 
either the west end (Weddell Sea) or the east end (Ross 
Sea). The limited data quality and the small range of varia- 
tion may lead to some uncertainty in detail, but the general 
trend and patterns should be all right. The two basins are 
similar in oxygen and silicate (not shown) concentrations, 
with no discernible pattern. Oxygen is mostly between 5.4 
and 5.7 mL L -• and silicate 100 to 150 gmol L -• . 

The 45.96-a4 Surface 

This isopycnal (Figure 4) is also below the ACC salinity 
maximum; it reaches the bottom in the northem Mascarene 
Basin and northern West Australia Basin. It is not present 
in the Central Indian, Somali, or Arabian Basins. The 
isopycnal is at its shallowest point in the eastern Weddell 
Sea Gyre, less than 200 m near 60øS, 10øE. Along the 
Antarctic shelf the isopycnal is typically found at depths of 
600 m to 1000 m, except along the Adelie coast, where it 
occurs somewhat shallower. 

Taking the variations in depth of the isopycnals as quali- 
tatively indicative of the vertical shear and assuming a 
shallower reference pressure, northward western boundary 
currents and offshore return flows are seen east of Mada- 

gascar and east of the Ninetyeast Ridge. Weaker anticy- 
clonic shear is seen in the Cape Basin and perhaps in the 
South Australian Basin. In the Cape Basin the deeper flow 
has been shown to be cyclonic [Tucholke and Embley, 
1984; Reid, 1989]; the deeper, strong flow makes the actual 
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Figure 3b. Salinity on the 46.12-rr4 surface. 
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Figure 4a. Depth (hectometers) of the 45.96-a4 potential-density anomaly surface. Area is shaded 
where the bottom is shallower than this isopycnal depth. 
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Figure 4b. Salinity on the 45.96-tr4 potential-density anomaly surface. 
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Figure 4c. Oxygen (mL L -•) on the 45.96-o'4 potential-density anomaly surface. 
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Figure 4d. Silicate (#mol L -1) on the 45.96-o'4 potential-density anomaly surface. 
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circulation cyclonic (a deep, strong northward flow along 
the western boundary of the Cape Basin returning in the 
eas0. This may be the case in other basins as well. Farther 
south, the shear is strongly zonal where the isopycnal 
slopes by more than 2 km in depth generally south of 45øS, 
an indication of the Antarctic Circumpolar Current. 

Highest salinities are seen in the Cape Basin, exceeding 
34.75. Lowest salinities occur where the isopycnal is shal- 
lowest (and coldes0 in the Weddell Sea Gym and along the 
Antarctic shelf. That will be the case for all of the less 

dense isopycnals examined in the following sections. 
There is little salinity variation east of 70øE; most values 
are within 0.01 of 34.71. 

North of the Antarctic Circumpolar Current, dissolved 
oxygen generally decreases monotonically from values ex- 
ceeding 5.1 mL L -1 in the Cape Basin to less than 4.4 mL 
L -1 in the northern West Australia Basin. Oxygen values 
exceed 5 mL L -• along the Antarctic continental shelf, but 
surprisingly, oxygen levels are low in the shallow, near- 
surface center of the Weddell Sea Gym eddy near 60øS, 
10øE, similar to those seen on the deeper isopycnals in the 
South Atlantic [Reid, 1989]. Oxygen levels are higher 
both shallower and deeper than this level at this location. 
Examination of the Ajax Expedition vertical sections at the 
Greenwich Meridian shown by Whirworth and Nowlin 
[ 1987, Figure 2] and other Indian Ocean sections shown by 
Wyrtki [1971], show the oxygen minimum is also a vertical 
temperature maximum, thus the feature is part of the "Cir- 

cumpolar Deep Water" described by Gordon [1967], that 
has been raised to its shallowest location in the center of a 

strong cyclonic gym. Whitworth and Nowlin [1987] exam- 
ined the feature in detail and pointed out that with its high 
density it was too deep to play a part in the Weddell shelf- 
slope processes of bottom water formation and was left to 
spiral around in the Weddell Gyre, losing oxygen from in 
situ consumption. A low-salinity surface layer provides a 
low-density cap above the feature and minimizes gas ex- 
change from above. An even lower shallow oxygen mini- 
mum is seen on the Eltanin Cruise 41 section at 132øE 

south of Australia [Callahan, 1972, Figure 2], but it is at a 
different density and does not appear on this map. 

Silica is uniformly high, ranging from about 100 to 135 
$tmol L -• on this density surface. The small range and 
variable quality of the data makes the contours somewhat 
speculative. 

The 45.89-a4 Surface 

The water at the bottom of the northern Indian Ocean 
can be thought of as both the end of the northward bottom 
water spreading and as the start of the compensating south- 
ward deepwater return flow. High silica originates in the 
north and is seen nearly everywhere on the 45.89-tr 4 sur- 
face (Figure 5) except for the part entering from the At- 
lantic southwest of Africa. The highest silicas, > 1503tmol 
L -1, are in the Arabian Sea and Bay of Bengal. They are 
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Figure 5a. Depth (hectometers) of the 45.89-tr4 potential-density anomaly surface. Area is shaded 
where the bottom is shallower than this isopycnal depth. 
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Figure $b. Salinity on the 45.89-a4 potential-density anomaly surface. 
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Figure 5c. Oxygen (mL L -1) on the 45.89-a 4 potential-density anomaly surface. 
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Figure 5d. Silicate (/•mol L -•) on the 45.89-a4 potential-density anomaly surface. 

clearly the origin of the vertical silica maxima seen on the 
silica sections shown by Edmond et al. [1979], on War- 
ren's [1981] section along 18øS, in the GEOSECS Indian 
Ocean Atlas [Spencer et al., 1982], and by Mantyla and 
Reid [1983]. 

The dominant feature of the depth of the isopycnal is the 
steep rise south of about 45øS associated with the ACC 
high-speed core. Flow is particularly strong north of Ker- 
guelen Island at about 72øE, where the isopycnal rises by 
about 1100 m over a lateral distance of 2 ø latitude. The 

part of the ACC flow between Kerguelen Plateau and 
Antarctica appears to be weaker, but the station spacing 
(from various cruises) makes this uncertain. The isopycnal 
rises by more than 1000 m there also. The eastern edge of 
the cyclonic Weddell Sea Gyre is evident south of Africa at 
55ø-70øS and to about 30øE. Aside from some shelf sta- 

tions, this is the shallowest depth of this isopycnal. The 
isopycnal does not appear to outcrop anywhere in this pre- 
dominately nonwinter data set. Suggestions of the Agulhas 
Current and its return flow are seen just south of Africa. 
Anticyclonic shear patterns are inferred in the Cape, 
Mozambique, and South Australia Basins, though in the 
Cape Basin the deeper flow has been shown to be cyclonic. 
A northward shear is seen just east of Madagascar but not 
off the Central Indian Ridge or Ninetyeast Ridge at this 
depth. The isopycnal reaches the bottom near 13øN and 
shows little variation in depth north of about 20øS. 

The majority of the Indian Ocean north of about 40øS 
and east of Madagascar has a potential temperature range 
from 1.15 ø to 1.3 ø and a salinity range of 34.72 to 34.75 
(but much less north of 20øS) on this density surface. 

Saline (and warm) water, originating from the deep At- 
lantic, can be seen entering the Indian Ocean south of 
Africa and leaving south of Australia. A warm, saline 
branch can be seen turning back westward around the Wed- 
dell Sea Gyre near 65øS, 10øE. The freshest, coldest water 
on this density surface is found on the Antarctic shelves 
and along the axis of the Weddell Sea Gyre. Both regions 
are shallow and subject to either surface cooling or mixing 
with cold, low-salinity surface winter water. These charac- 
teristics are found above the warm deepwater core of the 
ACC and are different from the characteristics found on 
this density surface north of the ACC in the Indian Ocean; 
the ACC is an effective barrier between these waters that 
are of the same density but have little contact with each 
other. 

The lowest oxygens, <4 mL L -•, are found in the Arabi- 
an Sea and Bay of Bengal; the highest are in the near- 
surface waters and those entering from the Atlantic just 
southwest of Africa. The low at about 45øS to 55øS can be 
traced back all across the South Atlantic to the Drake Pas- 

sage [Reid, 1989]. The total oxygen range on this density 
surface is about one half the range on the bottom maps 
(Figure 2d) or shallower density surfaces. 

The 41.495-tr3 Surface 

This isopycnal surface (Figure 6) lies mostly between 
3000 m and 3400 m north of the circumpolar current and 
shows influences from the Arabian Sea, from the Atlantic, 
and from the Pacific. The majority of the Indian Ocean 
north of 30øS and east of Madagascar has a potential tern- 
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Figure 6a. Depth (laectometers) of the 41.495-tr 3 potential-density anomaly surface. Area is shaded 
where the bottom is shallower than this isopycnal depth. 
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Figure 6b. Salinity on the 41.495-tr3 potential-density anomaly surface. 
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Figure 6c. Oxygen (mL L -1) on the 41.495-a3 potential-density anomaly surface. 
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Figure 6d. Silicate (/•mol L -1) on the 41.495-a3 potential-density anomaly surface. 
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perature range of 1.4 ø to 1.6 ø O and a salinity range of 
34.73 to 34.76 on this isopycnal surface. Warm and saline 
North Atlantic Deep Water (NADW) enters the Indian 
Ocean just south of Africa. The salinity extrema of this 
warm deep layer lie just above this density surface, but the 
North Atlantic signal can be clearly seen extending to 
north of Madagascar in the western boundary and across 
the entire southern Indian Ocean along the Antarctic Cir- 
cumpolar Current. Most of the temperature and salinity 
changes take place before reaching 50øE. Another region 
of high salinity can be seen in the Arabian Sea. As dis- 
cussed earlier in the bottom water section, the high-salinity 
influences from the saline marginal seas are detected to 
great depths in the northern Arabian Sea. Between the 
high-salinity sources from the north and the south lies a 
weak lateral salinity minimum (<0.005) at about 10øS to 
20øS. Since this density level is below the vertical salinity 
maximum layers, the lower salinity must be a result of 
mixing with lower-salinity water from below. 

The NADW signal also appears as a relative high in 
oxygen that can be seen beyond the Kerguelen Plateau. 
The oxygen on the 41.495 a3 surface varies monotonically 
from high NADW values near South Africa to low values 
in the Arabian Sea and the Bay of Bengal. The near- 
surface (-• 200 m) high at 60øS, 10øE originates from the 
surface layer of the Weddell Sea along the axis of the cy- 
clonic gyre. Although high in oxygen, it is below 100% 
saturation, indicating some deeper water inclusion. The 
low between 45 ø and 55øS, 0 ø and 20øE, can be traced 
back across the entire South Atlantic Ocean to the Drake 

Passage [Reid, 1989]. Its origin is the deep southeast Pa- 
cific [Callahan, 1972]. The lateral oxygen minimum 
wraps around the Weddell Sea Gyre, along with the rela- 
tive warm and saline jet, and part of it also extends east- 
ward to the gap south of the Kerguelen Plateau. 

High-oxygen tongues can be seen projecting northward 
along Madagascar and along the Central Indian Ridge, in- 
dicating that the oxygen maximum seen on Warren's 
[1981] 18øS section originates from the south, as he pro- 
posed. Toole and Warren [1993] also point out that this 
water must be carried in by the circumpolar current, how- 
ever, Figures 6a-6e reveal that the water takes a much more 
direct route to the Central Indian Ridge than their postulat- 
ed pathway originming from the Australian-Antarctic Dis- 
cordance at 120-125øE. Interestingly, the oxygen on this 
isopycnal is higher along the Central Indian Ridge than it is 
off either Madagascar or the Ninetyeast Ridge, although 
the NADW potential temperature/salinity (E} / S) signal is 
stronger east of Madagascar. The oxygen is less than 2.2 
mL L -• in the northernmost Arabian Sea and less than 3.2 

mL L -• in the Bay of Bengal. Low oxygen levels can be 
seen extending southeastward from the Mascerene into the 
Crozet Basin. The pattern on this density surface is similar 
to the 3000-m oxygen distribution shown by Park et al. 
[ 1993]. They took the low-oxygen feature as an indication 
of North Indian Deep Water extending into the area north- 
east of Kerguelen Island. 

The lowest silica is associated with the NADW signal 
south of Africa but is quickly modified by the time it 
reaches the Crozet Plateau, as are all of the NADW charac- 
teristics. The silica minimum can be traced south of Ker- 

guelen and perhaps across the rest of the southern Indian 
Ocean. The patterns of both silica and oxygen differ from 
the NADW temperature and salinity maximum core that 

stays north of Kerguelen. It appears that the rapid modifi- 
cation of NADW as it enters the Indian Ocean is accom- 

plished by mixing with water from the northern Indian 
Ocean, with its high silica and low oxygen, but not very 
different temperature and salinity. Thus the NADW low 
silica and high oxygen are eroded on the northern edge of 
the Antarctic Circumpolar Current, while temperature and 
salinity are not changed so much. 

The axis of the Weddell Sea Gyre is surprisingly high in 
silica, considering the closeness to the surface. Apparent- 
ly, it is deeper water doming up in the middle of the cy- 
clonic gyre but is freshened in oxygen by its proximity to 
the surface layer. 

The channel between Madagascar and Mauritius Island 
is dominated by high silica from the north, although it is 
slightly lower in the western boundary current next to 
Madagascar. Somewhat lower silicas are seen along the 
Central Indian Ridge, as noted by Warren [1981]. As with 
the high oxygen, this is evidently from the south, with a 
tincture of NADW added. Very high silicas are found in 
the Arabian Sea and in the Bay of Bengal. This isopycnal 
surface is close to the bottom there, where a high silica 
source is found [Edmond et al., 1979]. Southeastward ex- 
tensions of high silica are seen in the same locations as 
with the low-oxygen extensions. 

Consistent with the tracer patterns, equatorward western 
boundary currents are suggested by the isopycnal slope 
east of Madagascar and east of the Central Indian Ridge, 
but are not as clearly seen east of the Ninetyeast Ridge at 
this depth. The bathymetry from 10øS to 40øS and from 
Madagascar to Australia appears to confine the flow into a 
series of gyres between the north-south trending ridges, 
one branch of each gyre carrying southern properties north- 
ward and the other limb of the gyre carrying northern char- 
acteristics southward. In the Arabian Sea there appears to 
be an anticyclonic shear between 5øN and 20øN, just east 
of the Gulf of Aden, and a cyclonic pattern along the west 
India continental slope. Over the West Australian Basin, 
northern Central Indian Basin, and the Bay of Bengal the 
depth variation of the 41.495-•3 surface is too small to re- 
solve the shear with any confidence. 

The 37.00-•: Surface 

This isopycnal level (Figure 7) is close to the density of 
the NADW salinity maximum core just south of Africa. It 
is numerically the same as that used by Reid [1981] in his 
global middepth circulation study, however, the newer 
equation of state (EOS80) used here finds this value about 
300 m deeper. 

The strong slope in the depth of the isopycnal south of 
about 45øS reflects the path of the ACC. Water of this den- 
sity breaks into three streams as it approaches Kerguelen 
Plateau, the deeper part passing north of Kerguelen Island, 
the intermediate depths passing through a gap in the Ker- 
guelen Plateau (the Fawn Trough 56øS, 77øE) south of 
Heard Island, and the shallowest portions passing through 
the Princess Elizabeth Trough south of the Kerguelen 
Plateau. The isopycnal is less than 200 m deep in the Wed- 
dell Sea Gyre and on parts of the Antarctic shelf. An indi- 
cation of the Agulhas Current and return flow is apparent 
south and southeast of Africa, and anticyclonic shear is 
seen in the South Australia Basin. 

The northward shear along the Central Indian Ridge 
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Figure 7a. Depth (hectometers) of the 37.00-ty: potential-density anomaly surface. Area is shaded 
where the bottom is shallower than this isopycnal depth. 
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Figure 7b. Salinity on the 37.00-•r2 potential-density anomaly surface. 
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Figure 7c. Oxygen (mL L -1) on the 37.00-a2 potential-density anomaly surface. 
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Figure 7d. Silicate (/tmol L -1) on the 37.00-a: potential-density anomaly surface. 
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seen in the 41.495-a3 depth map has shifted slightly north- 
westward to the eastern edge of the Mascarene Plateau, as 
the deeper ridges of the Central Indian Ridge become less 
of an obstacle to shear flow at the depth of the 37.00-a9. 
surface. Much of the shear in the northeast part of the map 
is quite weak, as the depth of the surface is mostly within 
100 m of 2600 m. There seems to be some southward 

shear along the west coast of India. A large, anticyclonic 
shear pattern extends over most of the Crozet, Madagascar, 
and Mascerene Basins and possibly eastward to include the 
gyre in the South Australia Basin. There is a cyclonic pat- 
tern over the Central Indian Ridge and its extension to the 
Southeast Indian Ridge. 

The high-salinity signal of the NADW can be seen 
wrapping around southern Africa close to the continent. 
Salinity greater than 34.90 reaches the Walvis Ridge from 
the North Atlantic and is reduced to 34.80 by the time it 
reaches the Madagascar and Southwest Indian Ridge. The 
salinity maximum extends across the entire south Indian 
Ocean, taking the deeper path north of Kerguelen. The 
salinity decreases northward to about 15øS, presumably 
from the effect of the lower-salinity water above and be- 
low, and then increases northward, reaching values greater 
than 34.80 in the northern Arabian Sea, due to the presence 
of high-salinity waters above which originate in the 
marginal seas there. 

The northern Atlantic source is relatively high in oxy- 
gen, but like the salinity, it decreases substantially between 
the Walvis Ridge and Madagascar Ridge, from 5.5 to 4.8 
mLL -1, then remains greater than 4.6 mL L -• across the 
entire Indian Ocean deepwater path. South of these high 
values, a lateral oxygen minimum can be seen entering the 
Indian Ocean sector just south of 50øS. This is continuous 
across the Atlantic along about 55øS from the Pacific 
through the Drake Passage. It tums southward near 35øE 
and westward along 65øS around the lateral maximum 
found along the axis of the Weddell Sea Gyre. Part of the 
minimum oxygen also extends across the Indian Ocean, 
mostly along the middepth path. Highest oxygen levels are 
found on the Antarctic shelves and in the center of the 

Weddell Gyre where the isopycnal is shallow enough to 
outcrop in the winter or to be influenced by high, mixed- 
layer oxygen levels. Relatively high oxygen can be seen 
extending northward from the circumpolar current between 
the Central Indian Ridge and the Mascarene Plateau. Rela- 
tively low oxygen can be seen extending southeastward in 
the Crozet Basin, but these slightly reduced oxygen levels 
are not directly connected to the very low levels found in 
the Arabian Sea. The oxygen patterns are consistent with 
the anticyclonic and cyclonic gyres suggested by the 
37.00-•r 2 depth maps discussed above and with Wyrtki's 
[ 1971] map of 2500/3500 dbar geopotential topography 
maps. 

The silica pattern has many similarities with the oxygen 
patterns, although the gradients are weaker. The NADW 
silica levels south of Africa are only about a third of those 
seen in the Arabian Sea. The lack of connection through 

The 36.92-a: Surface 

This isopycnal surface (Figure 8) was selected to repre- 
sent the deep layer of high salinity that extends southward 
from the Arabian Sea to at least 15øS. It is a separate fea- 
ture from the salinity maximum to the south, which is from 
the Atlantic. The high-salinity source seen in the circum- 
polar current south of 40øS is separated from the Arabian 
Sea high salinity by a broad band of lower-salinity water 
between 20 ø and 40øS. The two highest (by about 0.02) 
salinity maxima seen on Warren's [1981] 18øS section ap- 
pear as isolated contours at 80 ø and 86øE of salinifies 
greater than 34.75, values that exceed any other observa- 
tions within 10 ø of latitude on this isopycnal. If the data 
are correct, they may represent "meddylike" features that 
originated in marginal sea overflows to the Arabian Sea, 
analogous to isolated salinity lenses found in the Atlantic 
Ocean originating from the Mediterranean Sea [Armi and 
Zenk, 1984]. Red Sea water salt lenses have also been doc- 
umented in several locations north of the equator by 
Shapiro and Meschanov [1991]. 

The depth of the 36.92-a2 surface is close to 2000 m ev- 
erywhere north of about 20øS, with less vertical relief than 
was seen in the deeper density surfaces. That indicates that 
the shear is weaker than at the other depths. The depth 
gradient within the circumpolar current is equivalent to the 
deeper density surfaces, about 1 km within 2 ø latitude just 
northeast of Kerguelen Island. This 36.92-a2 depth map, 
however, differs markedly from the deeper ones in show- 
ing a westward shear near 30øS-40øS all the way from Tas- 
mania to Madagascar and on to the Agulhas Current south- 
east of Africa. It represents a potential pathway for ex- 
change of deep water from the Pacific to the Indian Ocean. 
The feature was first noticed on the maps of geostrophic 
transport relative to 3000 dbars prepared by Sverdrup et al. 
[1942, Figure 163]; extending from the Tasman Sea to 
100øE. It can also be seen in the middepth geostrophic 
shear maps of Wyrtki [ 1971] and Reid [ 1981]. 

At this density level the deep salinity maximum from the 
Atlantic extends mostly eastward south of the zone of 
westward shear and does not extend northward as clearly 
as on the deeper surfaces, except perhaps near the Mada- 
gascar Ridge. The highest salinity seen on this density sur- 
face, greater than 34.86, appears in the Arabian Sea and in 
the Gulf of Aden. 

The Mozambique channel (between Madagascar and 
Africa) is no longer blocked at this density level as it is at 
greater depths. Influences from the north can be seen ex- 
tending southward in the oxygen and (less clearly) the sili- 
ca patterns. The southward penetration of northern Indian 
Ocean deep water through the Mozambique Channel was 
noted by Clowes and Deacon [1935] with early Discovery 
Expedition data and has also been illustrated by Taft 
[1963], Wyrtki [1971], and Callahan [1972], among others. 
The oxygen and silica patterns seem to suggest a north- 
ward flow along Atica and a southward flow along the 
west coast of Madagascar. 

North of the circumpolar current, the dissolved oxygen 
the Madagascar Channel at the depth of this isopycnal is decreases monotonically from values greater than 4.6 mL 
evident by the 50-/•mol L -• silica concentration difference L -• for waters entering from the Atlantic, to less than 2.0 
north and south of the sill between Madagascar and Africa. mL L -• in the Arabian Sea and nearly as low in the Bay of 
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Bengal. A lateral minimum in oxygen of about 4.2 mL L -1 
appears just south of the circumpolar current jet, extending 
to the Kerguelen Plateau. 

A band of relatively low silica, reflecting deep Atlantic 
influence, extends across the entire southern Indian Ocean, 
essentially coincident with the lateral, high temperature, 
salinity, and oxygen maximums. Slightly higher values 
are carried by the circumpolar current throughflow at about 
50øS to 60øS. Farther south, the shallowest observations 

are in the range of 60 to 90/•mol L -1, the variation due in 
part to cruise to cruise biases and perhaps due parfly to sea- 
sonal variations. Silicas exceed 140/•mol L -1 in the Arabi- 
an Sea and are nearly as high in the Bay of Bengal. 

The patterns of characteristics and shear flow at this 
isopycnal depth are not as strongly affected by the various 
mid-ocean ridges as they were on the deeper surfaces. 

water from the circumpolar current. Instead, the deep anti- 
cyclonic gyre, with its northern limb along about 
30øS-40øS, seems to carry lower-salinity water from the 
Pacific. The isopycnal lies between the high-salinity 
NADW layer below and the low-salinity Antarctic Inter- 
mediate Water (AAIW) above. The freshest water in the 
gyre that appears at 70øE may be a result of progressive 
mixing along the flow path with the low-salinity AAIW 
above. 

This isopycnal may be the shallowest one that can be ex- 
amined with a nonseasonal data set. The Indian Ocean has 
strong reversals in currents that change seasonally in re- 
sponse to the monsoonal variation and vary from year to 
year. Those seasonal effects may extend to depths as deep 
as 2000 m in the Somali Basin [Warren and Johnson, 
1992], so a seasonal data set selection may be needed to 
look at shallow to intermediate depth features. 

Discussion 

The deep and bottom waters of the Indian Ocean are in- 
fluenced by characteristics derived from many sources, in- 
cluding some fairly remote from the Indian Ocean. Most, 
but not all, enter the Indian Ocean from the west with the 
circumpolar current. Some come in from the east, and 
some ,•e derivoa Inc'ally in 
The Antarctic sectors of the Indian Ocean do not contribute 

much to the abyssal waters of the ocean, aside from slight 
ventilation of waters that originate in the Ross and Weddell 
Seas. 

The southeast Pacific Ocean is the principal source of 
low oxygen for the circumpolar current, as can be seen in 
the oxygen patterns on Callahan's [1972] 30 cL t -• and 50 
cL t -• isanosteric surfaces. The low-oxygen water passes 
through the Drake Passage and across the South Atlantic to 
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Figure 8a. Depth (hectometers) of the 36.92-a2 potential-density anomaly surface. Area is shaded 
where the bottom is shallower than this isopycnal depth. 
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Figure 8b. Salinity on the 36.92-a2 potential-density anomaly surface. 
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Figure 8c. Oxygen (mL L -1) on the 36.92-a2 potential-density anomaly surface. 
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Figure 8d. Silicate (/•mol L -1) on the 36.92-0'2 potential-density anomaly surface. 

the southwest Indian Ocean, where it has risen to depths 
shallower than 1000 m. As can be seen in Figures 4c, 5c, 
6c, 7c, and 8c, part of the low-oxygen water continues 
across the Indian Ocean south of the Kerguelen Plateau, 
and part goes around the Weddell Sea Gyre. On the deep 
isopycnal surface 45.96 a4 (or 27.82 a0) the oxygen is at a 
minimum both vertically and laterally in the center of the 
gyre as well. 

The Atlantic puts its imprint on the deep and bottom wa- 
ters of the Indian Ocean from two major sources. The 
Weddell Sea provides dense, low-salinity bottom water to 
the Enderby, Mozambique, and Crozet Basins. This bot- 
tom water mixes with dense water from the circumpolar 
current and spreads northward into the western basins of 
the Indian Ocean. The signatures from deep North Atlantic 
are seen on most of the deep density surfaces by relatively 
high salinity and oxygen and low silicate entering the Indi- 
an Ocean immediately south of Africa. Part of this water 
joins the circumpolar current and crosses the southern Indi- 
an Ocean to the Pacific Ocean, part extends northward to 
contribute to the deep layers in the interior of the Indian 
Ocean, some interacts with deep water from the northern 
Indian Ocean, and some mixes with waters above and be- 
low. The effect of NADW on the bottom water below is 

best seen in the map of bottom silica that shows silica de- 
creased in midlatitudes by admixtures of low-silica water 
from the north Atlantic. 

The Pacific provides two other sources of deep or bot- 
tom water to the Indian Ocean from the east, in addition to 
that previously mentioned from the west through the Drake 
Passage. A shallower Pacific source, the Indonesian 

throughflow [Wyrtki, 1961], occurs in the upper thermo- 
cline and is too shallow to be considered here. The Ross 

Sea and Adelie coast provide bottom water to the Aus- 
tralian-Antarctic Basin that is higher in salinity, although 
not as cold as that found in the Weddell-Enderby Basin. 
This bottom water, mixed with dense water from the cir- 
cumpolar current, spreads northward into the eastern and 
central basins of the Indian Ocean. The other Pacific influ- 

ence can be seen at about 2100 m, where the depth of the 
36.92-0'2 surface suggests flow from at least as far east as 
the Tasman Sea. It carries low-salinity water westward 
across the Indian Ocean to the Aghulas Current southeast 
of Africa. 

Although none of the water in the northern Indian Ocean 
below about 2000 m is directly derived from the marginal 
seas there, some of the deepwater characteristics do origi- 
nate there. Silica is clearly added from the sediments to 
the deep waters there. The influence of the organic-rich 
sediments at the bottom of the Bay of Bengal and the Ara- 
bian Sea may increase the nutrients and decrease the oxy- 
gen of the abyssal waters of the northern Indian Ocean 
[Edmond et al., 1979; Broecker et al., 1980]. However, 
vertical mixing with high-nutrient and low-oxygen water 
above could also explain the pattern observed in the pre- 
sent, limited data set. Also, the deep waters of the northern 
Indian Ocean are too saline to have been derived entirely 
from the south. The very saline overflows from the Red 
Sea and Persian Gulf, although initially denser than any at 
the bottom of the Indian Ocean, only sink directly to a 
depth of 300 m to 600 m [Wyrtki, 1971], due to the small 
outflow and mixing with the much less dense water at the 
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sills of the overflows. Nonetheless, the very high salinity 
from the marginal seas clearly diffuses to much deeper 
depths and results in higher deepwater salinities than 
would be expected from a purely southern source. 

Influences from the deeper portions of the water carried 
by the circumpolar current have been seen to alter the bot- 
tom waters as they spread northward beneath the ACC. 
The circumpolar current also appears to provide a relative- 
ly high oxygen imprint to the east of Kerguelen and ex- 
tending northward close to the Central Indian Ridge at 
depths of 2500 m to 3000 m. Although the source of this 
deep water is probably originally from the north Atlantic, it 
has been highly altered by the time it has been carried by 
the ACC to the longitude east of Kerguelen. 

The complex topography of the Indian Ocean, with its 
shallow plateaus and ridges and numerous basins, imposes 
serious constraints on the deep circulation. Reid and 
Arthur [1975] noted in their study on the deep circulation 
of the Pacific Ocean that the wind-driven surface circula- 

tion was reflected in deeper geopotential anomaly maps 
down to at least 3000 m. The westward flowing limb of 
the subtropical anticyclonic gyres were seen to shift pole- 
ward in the deeper maps. In the Indian Ocean the anticy- 
clonic subtropical gyre is seen to only about 2000 m, as 
shown in the geostrophic shear maps of Wyrtki [ 1971] and 
in the depth of the 36.92-o'2 isopycnal (Figure 8a) by the 
trough starting at about 35øS just southeast of Africa ex- 
tending to about 45øS south of Australia. Thus the west- 
ward shear from Tasmania to the Agulhas represents the 
northern limb of an elongated, deep subtropical gym. At 
greater depths the bathymetry breaks up the gyre into iso- 
lated circulation cells, as can be seen in the 2500 dbar rela- 
tive to 3000 dbar geopotenfial topography of Wyrtki [ 1971] 
and by the 37.00-o'2 depth (Figure 7a) and 41.495-tr3 depth 
(Figure 6a) maps at depths of about 2500 rn to 3500 m. 
These middepth subgyres show interesting effects on the 
characteristics, with clear north-south exchanges between 
high- and low-latitude sources. It is within these subgyres 
that the deep water from the northern Indian Ocean, with 
its lower oxygen and higher nutrients, can be seen to join 
the ACC to exit the Indian Ocean to the east. 

The present Indian Ocean data set is seen to be adequate 
to illustrate the main pathways of the bottom water spread- 
ing and some of the stronger features of the deepwater pat- 
terns. The variable quality of the data made the contouring 
of the maps highly subjective; phosphate and nitrate could 
not be contoured at all. A more derailed full water column 

array of high-quality stations will be needed to portray the 
more subtle features that could not be resolved with the 

present data set. Single transects of stations usefully illus- 
trate intensified flow features along boundaries, but a good 
array of stations will be needed to resolve the mulfigyral 
nature of the deep flow fields. The U.S. WOCE Indian 
Ocean planning documents [World Ocean Circulafin Ex- 
periment (WOCE), 1993] provided a good overview of In- 
dian Ocean circulation issues to be addressed by the 
planned WOCE cruises; we hope that the enclosed maps 
have shed some light on the fate of the deep and bottom 
waters of the Indian Ocean and will be helpful in interpret- 
ing newer observations. 
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