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Abstract. The hydrographic properties and circula- 
tion along sections at 80øE and 32øS in March, 1995, in 
the Indian Ocean are described very briefly. A halocline 
was well-developed in the tropics. A westward coastal 
jet of fresh Bay of Bengal water was present at the sea 
surface at Sri Lanka with eastward flow of saline Ara- 

bian Sea water below. The Equatorial Undercurrent 
was well developed as were the deep equatorial jets. 
The Indonesian throughflow jet presented a large dy- 
namic signature at 10 to 14øS coinciding with a strong 
front in all properties to great depth. Its mid-depth 
salinity minimum is separated from that of the Antarc- 
tic Intermediate Water. The Subantarctic Mode Water 

of the southeastern Indian Ocean imparts its high oxy- 
gen ventilation signature to the whole of the transects, 
including the tropical portion. The deepest water in 
the Central Indian Basin is pooled in the center of the 
basin, and its principal source appears to be the sill at 
11øS through the Ninetyeast Ridge. Northward deep 
water transports across the 32øS section were similar to 
those observed in 1987 but the deep water was lower in 
oxygen and freshet than in 1987. Upper ocean waters 
at 32øS were more saline and warmer in 1995. 

1. Introduction 

Hydrographic work was carried out along WOCE sec- 
tions I8N along 80øE and I5E along 32øS from March 
10, 1995 to April 15, 1995 (Fig. 1 in the overview, 
Ffield, 1997). The meridional section I8N crossed the 
Central Indian Basin. The zonal section I5E partially 
repeated the 1987 crossing of the northward deep wa- 
ter flow west of Australia (Toole and Warren, 1993). 
A small source of Central Indian Basin deep water at 
a gap in the Ninetyeast Ridge near 28øS was surveyed 
and is described by McCarthy et al. (1997) . 

All stations were to within 10 meters of the bottom 

and included a 36-bottle rosette/CTD cast with a low- 
ered acoustic doppler current profiler (ADCP). A ship- 
mounted ADCP was operated throughout. Basic sta- 
tion spacing was 30 nm, and was reduced at the equator, 
Sri Lankan and Australian coasts and crossings of the 
NinetyEast and Broken Ridges. The CTD data stream 
consisted of elapsed time, pressure, two temperature 
channels, conductivity, oxygen, altimeter and transmis- 
someter signals. Salinty, oxygen, and nutrients were 
measured at all stations and bottles. Samples for other 
chemical tracers were collected on numerous selected 
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stations. Comparisons with preliminary data from the 
other WOCE legs and with earlier data show that the 
WOCE data are of uniform accuracy. Significant dif- 
ferences from Geosecs salinity and phosphate are at- 
tributable to improved measurement accuracy in the 
WOCE data. 

Potential temperature and salinity (Fig.l) are a good 
basis for describing the basic features. A more com- 
plete description including oxygen, nutrients and ADCP 
velocity measurements is not possible in this limited 
space. Velocity estimates are based on geostrophy 
except as noted, and are preliminary as no attempt 
has been made to balance mass. Unless otherwise 

stated, a reference level of zero velocity at the bottom 
is used. This reference level yields reasonable velocities 
and transports for a first cut. Transports are reported 
in Sverdrups (1 Sv = 1x106m3/sec). 

2. Tropical halocline, Sri Lankan coastal 
jet and equatorial currents 

The meridional section crossed the tropical Indian 
Ocean squarely in the middle, at its narrowest north- 
ern hemisphere location, separating the Bay of Bengal 
to the east from the Arabian Sea to the west. Surface 

water in the Bay of Bengal is relatively fresh due to 
large river runoff. In the Arabian Sea it is saline due to 
large evaporation. A front between the two waters lies 
near southern India/Sri Lanka, with large seasonal de- 
pendence in its location. On our March section south of 
Sri Lanka, the surface water was from the Bay of Bengal 
(salinity < 33.3), overlying saline water from the Ara- 
bian Sea (salinity > 35.3). An intense halocline centered 
at 60 m separated the two waters with approximately a 
1.1 salinity change over 10 m. The halocline was deep- 
est off the Sri Lankan coast, associated with a narrow 
westward coastal jet in the surface layer (> 40 cm/sec, 
•,•uatrophic) and a narrow eastward jet in the saline 
layer below. The seasonal westward surface flow is re- 
ferred to variously as the Northeast Monsoon Current 
(Schott et al., 1994) or the North Equatorial Current 
(Tomczak and Godfrey, 1994). Westward transport in 
the surface jet relative to zero velocity at the bottom is 
6 Sv. This estimate is lower than the 10-13 Sv estimated 

by Schott et al. (1994) from direct velocity observations 
during the winter months when the current is more in- 
tense. The intense portion of the eastward undercur- 
rent, with velocities in excess of 10 cm/sec, extended 
down to 450 m and coincided with the high salinity core 
of Arabian Sea origin. The overall subsurface eastward 
flow between 200 and 2200 meters carried a transport of 
26 Sv relative to the bottom. Concurrent LADCP pro- 

2789 



2790 TALLEY AND BARINGER: HYDROGRAPHIC SECTIONS AT 80øE AND 32øS 

0 1000 2000 3000 4000kin 0 1000 

STA NO. 

/75385 355 34.8 335 32S 3t$ 30S 298 285 0387597 407 
12 

Io 

2000 3000kin 

• 417 427. 43 5 
I$ 

12 

o_ 

_ • 8,. 

1.6 1.6 

3000 3000 1..2 
,.--1- 

1,2 

"',i J 4ooo 

4ooo• • • ,:. o., 

0 1000 2000 3000 4000km 0 1000 2000 30001Gn 
ILr , ! .... ! .... • .... ' .... ! .... ! .... ! ,,! .... I .... 

25ø$ 20" 15" 10':' 6 ø 0 •' 8'•N 90øE 96 ø 100 • 105 ̀0 110' 

375 385 355 346 33• 325 318 305 295 285 

0•.0. ß . ,4 • .3 

346 1 .... ._ n. ., f •,. 

0 10• 20• 3• 4•km 
.... , 

25'S 20 

387 397 407 417 427 437 

,. •, 35.4 

l 34• 

1000 2000 3000kin 
,,! .... ! .... I .... I .... ! 

90OE 95 ø 100 ø 105 ø 110 ø 

Figure 1. (a) Dynamic height at the sea surface rela- 
tive to 3000 dbar (dyn m) along I8N at 80øE (left) and 
I5E at 32øS (right). (b) Potential temperature along 
I8N at 80øE (left) and I5E at 32øS (right). (c) Salinity 
along I8N at 80øE (left) and I5E at 32øS (right). Sta- 
tion positions are shown in the map of the Indian Ocean 
WOCE expedition contained in this issue (Ffield, 1997). 

matology (Knox and Anderson, 1985). The equato- 
rial currents were confined between fronts at 4øN and 

4øS. The freshest surface water lay just outside this 
equatorial band and the halocline was most intense 
within the equatorial band. These may be consistent 
with upwelling of saline water. Brunt-Vaisala frequency 
and LADCP profiles (neither shown) have short verti- 
cal scales to the ocean bottom within 3 degrees of the 
equator as in the Pacific and Atlantic Oceans, indicat- 
ing the presence of the stacked equatorial jets (Luyten 
and Swallow, 1976). Just south of the equator was an 
eastward equatorial countercurrent, with surface veloc- 
ities > 70 cm/sec based on both ADCP and geostrophic 
shear. This current extended to about 1100 m; its east- 
ward transport was about 55 Sv, with 18 Sv in the upper 
100 m. 

3. The 10øS front and the Indonesian 

throughflow 
A front at about 10øS separates the tropical waters 

from the Indonesian throughflow jet. The through- 
flow jet lies between 10 and 14øS, extending zonally 
westward from Java, carrying a surface-to-intermediate 
layer of relatively fresh water (Gordon et al., 1997). 
Oxygen and nutrients in the jet are similar to those of 
the tropical Indian Ocean. On the southern side of the 
jet is a major front in oxygen and nutrients, with oxy- 
gen increasing towards the south from 2.5 ml/1 to 4.5 
ml/1 at 400 m across i degree latitude. The low salin- 
ity extends down to about 1200 m and is clearly sepa- 
rated from the Antarctic Intermediate Water (AAIW) 
core whose salinity minimum is well-developed south of 
18øS. We identify the 10-14øS core as being of through- 
flow rather than AAIW origin because of its low oxygen 
and higher density and large-scale property maps (not 
shown). Fieux et al. (1994) observed properties similar 
to the jet core near Java and concluded that it was a 
mixture of low oxygen North Indian Deep Water and 
Banda Sea Intermediate Water. The throughflow jet 
has the largest surface dynamic height signature for the 
whole cruise (Fig. l a), with a 50 cm change and west- 
ward surface geostrophic velocities > 30 cm/sec; the 
ADCP suggests 70 cm/sec (not shown). Geostrophic 
transport is 21 Sv westward in the .top 1500 m, with 6 
Sv in the upper 100 m relative to the ocean bottom. 

files suggest that the eastward flow might not be this 
deep so the transport might be overestimated. 

The tropical mixed layer temperature sometimes ex- 
ceeded 31øC in the daytime. Thus the section was 
within the Pacific/Indian warm pool. Except for a 
marked diurnal surface heating which affected the upper 
10 meters, the surface layer was relatively well mixed 
to the top of the halocline. Winds were light in this 
region. On some occasions, when the diurnal heating 
had produced a thin, warm layer at the top, it was 
also relatively salty, suggesting that evaporation might 
contribute to maintaining the vertical uniformity of the 
mixed layer. 

At the equator, surface current velocities were about 
70 cm/sec westward. Temperature/salinity/density in- 
dicate an eastward undercurrent centered at about 80 

m on this March section, in accord with seasonal cli- 

4. Subtropical gyre 
South of 14øS lies the oxygen-rich subtropical gyre. 

An oxygen maximum is apparent to the south along the 
I8N and I5E sections (Fig. 2) centered at 26.8 or0; this 
is the northward extension of the Subantarctic Mode 
Water (SAMW) which is ventilated in the southeastern 
Indian Ocean (McCartney, 1982). A weak oxygen max- 
imum at the same density extends well north of 14øS. 
This is the densest water which ventilates the subtrop- 
ical gyre in the Indian Ocean. Along the I5E section 
the SAMW is also marked by a potential vorticity min- 
imum, reflecting its origin as a deep convective layer 
north of the Subantarctic Front (Fig. 2). 

The upper subtropical gyre contains the saline Sub- 
tropical Underwater extending equatorward from the 
subtropical evaporation cell. South of a front at 24øS, 
the highest salinity is at the surface, and rises to greater 
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Figure 2. Salinity along the 199,5 ISE section with 
c0 as the vertical coordinate. Dots represent the oxy- 
gen maximum, marking more recently ventilated wa- 
ters. Planetary potential vorticity with values less than 
60x10-14(cms) -1 is shaded. The low potential vorticity 
centered at 26.8 c0, containing an oxygen maximum, is 
the Subantarctic Mode Water. 

than 36.1 psu east of 100øE. Properties are nearly uni- 
form along the isopycnals which lie between 100m depth 
(26.5 c0) and the AAIW salinity minimum at 27.2 
where there is slightly lower salinity between 90øE and 
110øE (Fig. 2). 

The intermediate depths are dominated by AAIW, 
which extends northward to about 24øS before trunca- 

tion north of 18øS by the throughflow jet and by the 
saline Indian Ocean Deep Water extending southward 
from its origin in the north (Red/Arabian Sea). 

5. Central Indian Basin deep water 
The bottommost water of the Central Indian Basin 

is fed from the West Australia Basin through gaps in 
the Ninety-East Ridge (Warren, 1981, 1982). Warren 
(1982) showed the importance of a sill at 11øS, com- 
pared with a smaller sill at 5øS. Toole and Warren 
(1993) showed a small leakage around 28øS which we 
sampled in detail (McCarthy et al., 1997). At 80øE 

the largest bottom puddle of water at 80øE with tem- 
perature less than iøC is centered at 9øS, accompa- 
nied by large deep isopycnal slopes, suggesting an 11øS 
source (Fig. lb). A secondary bottom pool of cold wa- 
ter lies at 18øS; this is likely a southwa.rd extension of 
the 11øS bottom water (Warren, 1982). The mound- 
ing of the Central Indian Basin's deep waters in the 
middle is characteristic of bottom waters in almost all 

deep basins of the world ocean except in the presence of 
strong boundary currents or the ACC. The geostrophic 
shear is cyclonic within the deep basin (anticyclonic flow 
around the ridges) relative to the bottom. 

The deep water in the layer above the bottommost 
water enters the Central Indian Basin directly from the 
south across a broad saddle at about 35øS. The 1987 

section (Toole and Warren, 1993) shows the high salin- 
ity and high oxygen of this northward-moving Circum- 
polar Water layer, centered at 3000-3500 m. This layer 
was evident on our meridional section (salinity maxi- 
mum at 3000 m south of 21øS in Fig. lc). 

6. Comparison with the 1987 32øS 
section 

East of Broken Ridge, the zonal 32øS section (I5E) 
crossed the major source of deep water for the eastern 
Indian Ocean. It crisscrossed the zonal 1987 section 

(Toole and Warren, 1993; Robbins and Toole, 1997). 
Property distributions on both the 1987 and 1995 sec- 
tions show the most saline and highest oxygen deep wa- 
ters banked to the west against Broken Plateau with 
freshet and lower oxygen waters to the east (Fig. lc for 
1995). This suggests that the newer water to the west 
and northward flow there. Salinity, oxygen and nutri- 
ents from the 1995 section show the northward 2000- 
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Figure 3. Cumulative geostrophic transport into the 
Perth Basin integrated from west to east (positive val- 
ues are northward): (a) above 2000 dbar and (b) be- 
low 2000 dbar for the 1995 32øS section (heavy) and 
the 1987 32øS section (light). Reference levels chosen 
are described in this text and follow Toole and Warren 

(1993). 
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4000 dbar flow confined west of the narrow Dirck Har- 

tog Ridge (DHR) at 106øE. 
Preliminary transport calculations (Fig. 3) follow 

Toole and Warren's (1993) velocity referencing, and 
rely on water mass identification using silica (not shown 
here). Between Broken Plateau and the DHR, a shal- 
low zero velocity level above the relatively high salinity 
near the top of Broken Plateau in the 2000-3000 m range 
(Fig. ld) results in northward flow of the deep water. 
Just west of the DHR, where salinity drops below 34.73, 
lower salinity and higher silica suggest northern water 
and the reference is moved deeper to 3000 and 4000 m. 
Immediately east of the DHR, a reference near 2500 m 
resulted in small southward transport. Farther east of 
the DHR, deep isopycnals slope downward into the Aus- 
tralian coast (see the deepest isotherms in Fig. lb), as 
also in 1987. To produce deep southward flow in this re- 
gion, a reference level of 4000 m was chosen except near 
the Australian coast where the deep isopycnals abruptly 
rise into the coast (also in 1987) where a 3000m refer- 
ence level was chosen. The net northward flow is 5.2 
Sv below 2000 dbar (6.6 Sv northward in the western 
boundary current at Broken Plateau; 1.4 Sv southward 
in the interior) (Fig. 3). Toole and Warren (1993) and 
Warren (1981) both obtained a net northward flow of 
6 Sv (7 Sv boundary current; 1 Sv southward return 
flow). The general location and magnitude of the deep 
flows are remarkably similar. One small difference is 
that the northward flow just east of the DHR was right 
at the ridge in 1987 but away from ridge in 1995. 

Upper ocean transports, above 2000 m, differ strik- 
ingly from those in 1987. Toole and Warren (1993) 
found a net northward flow of surface waters closing the 
subtropical circulation (> 10 Sv above 2000 m). How- 
ever the 1995 section shows a net southward flow of sur- 
face laters (> 8.5 Sv above 2000m)east of 109øE. The 
1987 section showed a net eastward rise of intermediate 
isopycnals not seen in the 1995 section; in 1987 the 26.8 
and 27.26 or0 isopycnals rose from 540 to 380 dbar and 
1025 to 850 dbar respectively between 100 and 115øE. 
This large 1987-1995 difference may reflect seasonality 
in the Leeuwin current, which has maximum southward 
flow during March-April (Smith et al. 1991). We found 
5.8 Sv of southward near surface flow above 150 dbar, 
similar to the 6.2-6.8 Sv found during March-June 1987 
by Smith et al. (1991), while Toole and Warren report 
only 0.7 Sv southward during the opposite season. 

Isopycnal salinities and potential temperatures in and 
above the SAMW (26.6-26.8 ors) were higher by about 
0.05 psu and 0.3øC in 1995 compared with 1987. Silica 
was about 0.5 umol/kg higher and oxygen was about 
the same. At higher densities, from the core of the 
AAIW down to above the high salinity Circumpolar 
Water, salinity and potential temperature in 1995 were 
about 0.01 psu and 0.1øC higher than in 1987. Silica 
was about 5 umol/kg higher and oxygen 0.1 to 0.2 ml/1 
lower in 1995 compared with 1987. 

The core of the saline Circumpolar Water (high salin- 
ity at 2500-3500 m in Fig. l c) and the waters below to 
the bottom were fresher by about 0.003 to 0.005 psu, 

silica was 5 umol/kg higher, and oxygen was 0.1 ml/1 
lower in 1995 compared with 1987. If these two sets 
of measurements are comparable in accuracy, and it is 
expected that they are, then it appears the waters mea- 
sured in 1995 were older than in 1987 from the AAIW 
down to the bottom. 
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