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Water Characteristics and Current Structure
at 65°E during the Southwest Monsoon*

G. S. SHARMA**

Abstract: Hydrographic data collected aboard R. V. Anton Bruun along 65°E between 18°N
and 42°S from 17 May to 4 July 1964 are used to investigate water characteristics and current
structure in the upper 500 m in the Indian Ocean. The water characteristics indicate the
occurrence of three main water masses, viz., warm, saltier, low-oxyty and nutrient-rich
Arabian Sea Surface Water, relatively fresh and high-oxyty Equatorial Indian Ocean Water,
and more saline, high-oxyty and nutrient-poor Tropical Water of the South Indian Ocean.
The recently discovered South Equatorial Countercurrent and Subtropical Countercurrent
(renamed Tropical Countercurrent, at the suggestion of Dr. R. B. MONTGOMERY) are observed
in the current structure at 13°S and 22°-26°S respectively, and these could also be identified
on the vertical sections of temperature, thermosteric anomaly and salinity. Contrary to the
existing concept, the North Equatorial Current continues to be present even after the onset

of the southwest monsoon. The Equatorial Undercurrent could not be traced in the Indian

Ocean during this period.

1. Introduction

Unlike that over the Pacific and the Atlantic,
the atmospheric circulation over the North
Indian Ocean reverses semiannually, whereas,
in the South Indian Ocean no such reversal
occurs. The monsoon wind reversal creates
seasonal currents, which, in turn, affect the
entire oceanic circulation and water character-
istics, During the southwest monsoon, the
sea surface slopes up towards the east with
a magnitude of the slope comparable to that
of the sea surface in the Pacific and the Atlantic,

but it is of opposite sign (TAFT and KNAUSS,
1967). The conditions in the North Indian
Ocean differ much from the other oceans during
the southwest monsoon. The Equatorial Under-
current, which is present all through the year
in the Pacific and the Atlantic, is present only
during the northeast monsoon in the Indian
Ocean (TAFT, 1967; TAFT and KNAUSS, 1967;
SWALLOW, 1967; SHARMA, 1968).

The presence of the South Equatorial Counter-
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current in the Pacific was first brought to
attention by REID (1959), and a further evidence
was presented by REID (1961, 1965), WOOSTER
(1961) and TSUCHIYA (1968). A similar feature
in the Atlantic was also reported by REID (1964a,
1967b). YOSHIDA (1961) pointed out that this
eastward current could be expected dynamically
from the calculation of wind-driven transport.

Recently, YosHIDA and KIDOKORO (1967a,
1967b) have predicted theoretically the existence
of the Subtropical Countercurrent (Tropical
Countercurrent). UDA and HAsUNUMA (1969)
reported the eastward current in their charts
of geostrophic current in the North Pacific,
prepared from various hydrographic data, at
latitudes 20°-25°N, and it was associated with
a thermal front. Similar eastward current and
a thermal front were found by VOORHIS and
HERSEY (1964) in the Atlantic.

It is not yet fully realized if the current
structure in the Indian Ocean shows the exist-
ence of the South Equatorial Countercurrent
and the Tropical Countercurrent, although
YOosHIDA and KIDOKORO (1967a, 1967b) remark-
ed that the charts of WELANDER (1959) reveal
features in the South Indian Ocean that are
somewhat similar to those of the Tropical
Countercurrent. The present paper is an at-
tempt to study the current structure and water
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characteristics of the Indian Ocean during the
southwest monsoon in order to learn whether
the South Equatorial Countercurrent and the
Tropical Countercurrent are present when the
atmospheric circulation over the North Indian
Ocean differs from that over the Pacific and
the Atlantic.

2. Treatment of the material

To illustrate the meridional distributions of
properties, vertical sections of temperature,
thermosteric anomaly, salinity, oxyty and phos-
phate-phosphorous have been drawn from R.V.
Anton Bruun stations along 65°E from 18°N
to 42°S during the period 17 May to 4 July
1964 (Fig. 1). The preparation of the vertical
sections of water properties follows the method
indicated by REID (1965).

The geostrophic flow at an isanosteric surface
can be computed from the gradient of the
acceleration potential (MONTGOMERY, 1937;
MONTGOMERY and SPILHAUS, 1941; MONT-
GOMERY, 1954; MONTGOMERY and STROUP,
1962) or MONTGOMERY function as it has been
variously called (REID, 1965). The expression
for acceleration potential used here is

ar
S Pdor+ Podro
dro

where dro is the thermosteric anomaly at the
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Fig. 1. Station positions (Station curves are
drawn in Fig. 2 for those circled).

reference pressure (Py). This use of thermosteric
anomaly in place of the more general steric
anomaly is justiied by MONTGOMERY and
WOOSTER (1954), who demonstrated that in
the eastern Pacific the steric anomaly can be
replaced by thermosteric anomaly in deducing
the geostrophic velocities while retaining sufh-
clent accuracy. The reference pressure for this
integration has been chosen to be 1,000 db and
the numerical integration has been carried out
at each station at an interval of 10 to 40 cl tL
The computation of meridional component of
the pressure-gradient force and the zonal com-
ponent of geostrophic velocity have been carried
out after the method adopted by MONTGOMERY
and STROUP (1962). They proposed a novel
method for representing the distribution of the
pressure-gradient force per unit mass and the
geostrophic flow through a vertical section. In
view of the advantages of such a presentation,
the same method is used in the present paper.
The width of the band represents the magni-
tude, and the sign is represented by shaded
and stippled bands.

3. Distribution of properties

8.1. Temperature and thermosteric anomaly

Either the temperature or the thermosteric
anomaly distribution could be used to describe
the structure of the thermocline, The following
discussion refers to temperature with an under-
standing that most of the remarks apply to
thermosteric anomaly also.

The surface temperature increases steadily
(from 12.9°C at 41°S to 25.0°C at 19°S) with
an average increase of 0.55°C per degree lati-
tude (Fig. 3a). Thereafter, the increase is
much less, and between 14°S and 16°S even
a decrease in surface temperature is noticed.
The warmest water, with temperature higher
than 30.0°C at the surface, is encountered in the
Arabian Sea at 8°-14°N, and this is evidently
due to the enormous radiation balance in the
Arabian Sea: 1.2x10° to more than 1.4x10°
calem™? annually, the largest values shown
anywhere on the earth’s surface in the Morskoi
Atlas (WARREN et al., 1966). The sudden in-
crease in temperature around 25°S at all depths
and a decrease around 15°S are associated with
two thermal fronts. Between these two fronts,
practically there is no horizontal variation in
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Fig. 2a~g. Station curves for stations shown in
Fig. 1 as circled. The common abscissa is
temperature in °C. In each graph, the upper
curve shows depth in hectometers (scale at
left); the middle curve shows salinity in per
mil (scale at right); and the lower curve

>8\ shows oxyty in milliliters per liter (scale at
S % \ A left).
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Fig. 3. Meridional distribution of a) temperature in °C b) thermosteric anomaly in clt™! at 65°E,
17 May to 4 July 1964 (Vertical exaggeration on all the vertical sections is 5.55x 10%).

Table 1. Thickness in meters between 16°C and 26°C.

Latitude

18°N 15°N 13°N 10°N 8°N 5°N 2°N 0° 2°S 5°S 8°S 10°S 13°S 15°S

Thickness

184 187 114 106 79

72 60 63 65 58 95 94 139 228
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temperature. Even the vertical variation is
much less and the thermocline is less well
defined. These two fronts represent the strong
pressure-gradient force towards the equator and
pole respectively (Fig. 5a), and are located
where the components of westward and east-
ward flows are maximum (Fig. 5b). A trough
of the thermocline seems to be the characteristic
feature of the Indian Ocean at these latitudes
all through the year, as noticed in the various
vertical sections of the International Indian
Ocean Expedition Atlas (WYRTKI, 1971, pp.
399, 405, 411, 462, 464, 481, 491, 501, 509). The
region where the thermocline is deepest (17°-
22°S) seems to be the southern boundary of
the South Equatorial Current and the northern
boundary of the east flowing Tropical Counter-
current. The same inference was drawn by
SHARMA (1972) from the depth contours of the
200-clt~! isanosteric surface where a trough is
centered between 17°S and 22°S.

In order to arrive at a number characterizing
the spreading of the thermocline at different
latitudes, the vertical separation between 26°C
and 16°C is taken as an arbitrary indication of
the thickness of the thermocline. This infor-
mation is listed in Table 1. The thermocline
slopes down continuously from 6°S to 10°N
with a minimum thickness of less than 65 m
between 5°S and 2°N (Table 1). Between 8°S
and 16°S the thermocline slopes down steeply
from north to south. The smaller feature of
contraction of the thermocline at 2°N and its
spreading on either side is a characteristic fea-
ture of thermal field in the Indian Ocean during
the southwest monsoon (SHARMA, 1968, Figs.
5-8; WYRTKI, 1971, pp. 405, 491, 501, 508).

The upper isanostere of 560 cl t-! crops out
into the naviface at about 11°30’N and 13°S.
The water above 400clt~! is characterized by
an increase of specific volume towards 2°N
from south as well as from north. The lower
water (below 400clt~!) is characterized by a
decrease of specific volume towards 2°N from
north, On this section, between Stns. 334 and
336 (6°-2°N), the 400clt™! surface is mostly
level, placing the core at 80 m. This isanostere
coincides with either the maximum eastward
pressure gradient or the minimum poleward
pressure gradient (Fig. 5a). In the zone between
0° and 2°N the specific volume of water above

280 clt™! isanosteric surface decreases north-
ward, whereas the specific volume of the water
below this surface increases northward. Although
the temperature distribution (Fig. 3a) is not
quite parallel to that of the thermosteric anomaly
(Fig. 3b), particularly at 13°S where the South
Equatorial Countercurrent is located, because
of salinity gradients, still both show almost
similar features.

3.2. Salinity

Surface salinity decreases abruptly from 36.5%
at Stn. 329 (15°36’N) to 35.2% Stn. 332 Qo°
04’N). Relatively intense horizontal gradients
in salinity prevail at all depths between these
stations. The highest salinity occurs near the
surface in the north, which is due to excess of
evaporation over precipitation in the Arabian
Sea (WARREN et al., 1966). The high-salinity
water originating in the Arabian Sea surface
sinks to subsurface layers and spreads south-
ward to 5°N. From the station curves (Fig.
2a-g) (all are not shown in the paper), it is
obvious that the salinity maximum at all stations
north of 5°N (Stn. 335) centers between 320
and 400 cl t~! isanosteres (Fig. 2b). The lowest
salinity in the northern hemisphere, on this
section, i3 observed in the surface layer near
5°N, and this water seems to be from the Bay
of Bengal. In the latitudinal belt of 5°N to
5°S the salinity variation in the depth range
of 100-1,000m is less than 0.3% (Fig. 2¢).
Such a salinity distribution is a normal feature
of the Indian Ocean during the southwest mon-
soon when the Equatorial Undercurrent is
absent (SHARMA, 1968, 1972). But during the
northeast monsoon when the Equatorial Under-
current is present in the Indian Ocean, the
high-salinity core is prominent along the equator
at about 100-150 m (TAFT, 1967; TAFT and
KNaUss, 1967; SWALLOW, 1967; SHARMA,
1968). The less saline Equatorial Indian Ocean
Water separates the two water masses originat-
ing in the surface of the Arabian Sea and the
tropical region of the South Indian Ocean, in
the depth range of 150-1,000 m and this water
appears to act as a barrier for the transequatorial
flow of the two water masses.

In the southern hemisphere, the salinity
maximum centers between 160 and 260 cl t~!
isanosteres (Figs. 2d, 4a). The 160clt-! surface
outcrops the naviface at about 38°S, south of
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Fig. 4. Meridional distribution of a) salinity in per mil b) oxyty in milliliters per liter
¢) phosphate-phosphorous in microgram atom per liter at 65°E, 17 May to 4 July 1964.

which the salinity maximum is confined to the
surface layers and the salinity decreases south-
ward horizontally in the upper 500 m. At these
latitudes, salinity decreases with lower thermo-
steric anomaly. The lowest salinity is en-
countered in the upper 100 m layer between
4°S and 20°S, and the halocline there, is more
pronounced. The low-salinity water seems to

be an incursion from the Pacific through the
Banda and Timor seas. The South Equatorial
Current carries this water westward. The
distribution of salinity, on various isanosteric
surfaces and sigma-@ surfaces, indicates the flow
of the low-salinity water by a tongue structure
(TAFT, 1963; WYRTKI, 1971; SHARMA, 1972).
The high-salinity water, originating in the
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tropical surface of the South Indian Ocean,
sinks and extends progressively to the north
with increasing depth. The abrupt termination
of the extension of this water at 13°S (Fig. 4a)
is a conspicuous feature.

North of 14°S up to 8°N, the salinity in the
depth range 150-500 m varies very little. This
vertical homogeneous water forms a part of
the Equatorial Frontal Zone, extending across
the South Indian Ocean as a structural feature
of the South Equatorial Current (ROCHFORD,
1969), and this water is of higher salinity
than the one between 5°N and 5°S. Vertical
sections in the International Indian Ocean Ex-
pedition Atlas (WYRTKI, 1971) indicate, below
the tropical low-salinity water, a decisive front
in the hydrographic structure, extending to
several hundred meters down. Within the
upper thermocline, this front is marked by a
horizontal salinity minimum, separating the
salinity maximum of the Tropical Water. The
waters from the Persian Gulf and the Red Sea
enter the Arabian Sea at about 50 and 100m
(the sill depths being 50 and 100m; WYRTKI,
1971, sections 10, 11), and sink to deeper layers
along the potential density surfaces of 26.6 and
27.0g 1! respectively. On these sections, 35.4
9%, isohaline seems to be the southern limit of
these waters, and it is doubtful if they ever
cross the latitude of 5°N at 65°E in the upper
500 m. These waters can be traced only below
the 200 cl t~! isanosteric surface (SHARMA, 1972).
Thermal structure in the meridional sections
in the western Indian Ocean confirms thiS
conclusion showing warm, high-salinity water
of the Persian Gulf and the Red Sea origin at
sigma-6 26.6 and 27.0 g 1! surfaces respectively
(WYRTKI, 1971). The salinity maximum of the
Persian Gulf Water is shown to be present in
the depth range of 200-300 m (WYRTKI, 1971,
Fig. 7) at different locations in the Arabian
Sea, but it could not be identified near the
equator. The Red Sea Water could not be
traced in the upper 500 m, however, its pres-
ence can be identified in the station curve
(Fig. 2b) at about 100clt™! isanosteric surface
by a salinity maximum at a depth of 550 m.

According to WYRTKI (1971), the Arabian
Sea Water extends to 10°S as a core layer.
But the present section as well as many of the
sections in his atlas, taken during the south-

west monsoon, show that the salinity in the
layer between 150 and 1,000 m depths, is es-
sentially homogeneous between the latitudes
5°N and 5°S. This water mass distinguishes
from either of the water masses from the
northern or southern hemispheres. Perhaps,
it may be an admixture of various water masses
showing its own identity. This may, preferably
be called the Equatorial Indian Ocean Water.

38.3. Oxyty

South of 15°S, oxyty is uniformly high at
all depths, occasionally increasing with depth,
forming an upper oxyty maximum. At the
transition zone, around 13°S, oxyty decreases
rapidly northward in the depth range 80-300m,
and is associated with one of thermal fronts.
This front is formed between the high-oxyty
water of the tropical oxyty maximum of the
South Indian Ocean, and less-oxyty water of
the Equatorial Frontal Zone (ROCHFORD, 1969).
Below the depth of thermocline (100-150 m),
oxyty values, north of 12°S, are less than 2.5
mll-!, except in the tongue of oxyty maximum
which protrudes from a depth of 380 m at 15°S
to a depth of 200 m at 4°S. Similar to salinity,
oxyty also shows a complex distribution in the
low latitudes.

Oxyty in the Indian Ocean, in general,
decreases from south towards the equator. An
oxyty minimum at about 150 m protrudes as a
tongue from the Arabian Sea towards the
equator, consequent to the spreading of the
Arabian Sea Water to the south (Fig. 4b). A
similar feature of salinity maximum in the
salinity distribution is also noticed (Fig. 4a).
At these latitudes, oxyty decreases drastically
within the thermocline.

A noteworthy feature of the oxyty distri-
bution is a zone of very low oxyty in the
northernmost part of the section where the
circulation is anticyclonic (VARADACHARI and
SHARMA, 1967). The waters of Somali Current
that reach the 15°N might have already lost a
substantial part of oxyty as they have gained
temperature and salinity. Processes of respi-
ration and biological decay are likely to be more
effective in reducing the oxyty at those levels
where the replenishment by diffusion and lateral
advection is least. At such levels, a steady
state is reached only when the oxyty has been
drastically reduced, and a vertical gradient
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which is so strong that the vertical replenish-
ment, if any, balances respiration and decay, is
established (REID 1965). The vertical replenish-
ment is limited because of the sharp stericline
in the central Arabian Sea. The very low
oxyty in the central Arabian Sea seems to be
the result of a similar condition.

The area of minimum oxyty in the Arabian
Sea is also the zone of higher inorganic phos-
phate-phosphorous. Perhaps, the higher pro-
ductivity and the stratification of the waters in
the Arabian Sea resulted in the formation of
oxyty minimum (RYTHER et al., 1966). REID
(1965) offered an explanation for the depletion
of oxyty in areas where the productivity is high.

Between 10°N and 5°N, oxyty abruptly in
creases southward below the thermocline. In
the region between 3°N and 5°S, vertical
variation in oxyty beneath the discontinuity
layer is relatively less. Such a distribution in
the equatorial Indian Ocean is normal all through
the year (SHARMA, 1968; WYRTKI, 1971). In
this part of the ocean, the main source of oxyty
replenishment, below the thermocline, is through
the tropical water of the South Indian Ocean;

Oxyty distribution, in the equatorial region
and in the north, has a close relationship with
the zonal component of the current vector (Figs.
4b, 5b), particularly in the subsurface depths
where replenishment of oxyty takes place only
through advection and diffusion. In the region
of westerly component, the oxyty is relatively
higher laterally, perhaps, because of the advec-
tion with the higher oxyty water present in the
east and south, and in the zone of easterly
component, the oxyty is low due to a similar
reason. The abrupt latitudinal variation in the
oxyty between Stns. 332 and 334 (11°-6°N) is
associated with the westerly component of the
geostrophic current vector. Similarly, in the
equatorial region where the oxyty is uniformly
high, the zonal component of the current vector
is westerly (Stns. 336-338). Such a variation
is observed in the salinity distribution also. The
effect of westerly component on salinity distri-
bution is that the salinity decreases, and it in-
creases with the easterly component, which can
be attributed to the lateral mixing with the
lower and higher salinity waters respectively.

The salinity and oxyty distributions indicate
13°S as the northern limit of the tropical water

flow towards the equator in the depth range
100-500 m, and the Arabian Sea Water in the
depth range 50-200 m spreads up to 5°N only
(Figs. 4a, 4b). The homogeneous nature of the
Equatorial Indian Ocean Water may be the
consequence of these limits.

3.4. Phosphate-phosphorous

The phosphate-phosphorous distribution (Fig.
4c) along 65°E is almost similar to those of
salinity and oxyty with the higher concentration
of phosphate-phosphorous corresponding to the
higher salinity and lower oxyty, except in the
region south of 20°S. Above the thermocline, the
lowest values (less than 0.1 ug-atl~!) are found
in the surface between the two thermal fronts
in the southern hemisphere. The maximum
concentration at the surface is observed at Stn.
329 (15°N), with a value 0.24 pg-at1-t. Below
the discontinuity layer, phosphate-phosphorous
continuously increases northward from 20°S.

Strong vertical gradients in the thermocline
separate the high concentrations below, from
the nutrient depleted surface layers. Where
there is a well defined stericline, the isopleths
of phosphate-phosphorous follow the isanosteric
lines. In the latitudinal belt of 5°N to 13°S,
the phosphate-phosphorous distribution below
the thermocline is, in general, uniform, similar
to that of salinity and oxyty.

4, Current structure

The meridional component of the pressure-
gradient force and the zonal component of the
geostrophic current are presented in Figs. ba
and 5b respectively. The former is simply
related to the observed conditions, while the
latter incorporates the highly variable divisor
sin$ near the equator. The zonal component
of the current vector appears to be fictitious
near the equator.

The easterly component between 10°N and
15°N varies from 10 to 20 cm s™! with a mini-
mum value midway between these limits. The
westerly flow at 6°-10°N may be due to the
anticyclonic circulation in the Arabian Sea in the
early months of the southwest monsoon (VARA-
DACHARI and SHARMA, 1967). South of this
westerly flow, the Southwest Monsoon Current
appears with a very weak easterly flow. The
intense westerly component of 120 cm s™! near
1°N may be the result of the divisor sing, and
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t may not be of real nature. In the Pacific
and the Atlantic, the geostrophic balance to as
low as one half degree has been presented by
KNAuUss (1960, 1963), MONTGOMERY and
STROUP (1962) and METCALF et al. (1962). But
the present study indicates the absence of the
geostrophic balance to such a low latitude as
that in the Pacific and Atlantic, probably,
because the circulation in the North Indian Ocean
1s controlled by the monsoons. However, the
equatorward pressure-gradient force confirms
the presence of the North Equatorial Current
till the end of May when the observations were
made near the equator. The conventional
climatological current data from the atlases
show the absence of the North Equatorial

Current by the end of April, and in its place
the Southwest Monsoon Current which merges
with the Equatorial Countercurrent appears
(SVERDRUP ¢t al., 1942; DEFANT, 1961; VARA-
DACHARI and SHARMA, 1967; SHARMA, 1971).
The reversal of wind direction in the equatorial
region of the Indian Ocean in 1964 took place
by April, indicating the onset of the southwest
monsoon (SWALLOW, 1967). Contrary to the
existing cencept that the North Equatorial
Current is replaced by the Southwest Monsoon
Current in April, the present investigation
indicates the presence of the North Equatorial
Current till the end of May, even after the
onset of the southwest monsoon. As a con-
sequence of the presence of the North Equatorial
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Current, the North Equatorial Countercurrent
which merges subsequently with the Southwest
Monsoon Current, could be well distinguished
with a zonal component of 40cms™!. The South
Equatorial Current, with its northern boundary,
usually, at 10°S in winter, shifted to 5°S. Its
maximum zonal component is about 30cms™!
at 9°S near the surface.

The recently discovered South Equatorial
Countercurrent in the South Equatorial Current
system is well depicted in the Indian Ocean at
13°S as a narrow, weak easterly flow with a
magnitude of about 20cms™'. Because this
latitude is dominated by strong southeast trades,
the actual surface current should have been
westerly, if the current structure is to be
governed by winds alone. This narrow east-
ward geostrophic flow is clearly associated with
the strong meridional gradient of salinity,
developed between high-salinity tropical water
of the South Indian Ocean and low-salinity
water of the Pacific origin. The salinity gradient
is so intense that it determines the sense of
thermosteric anomaly gradient; if only the
temperature gradient is present, a westward
geostrophic flow would result, slightly higher
surface salinity at Stn. 344 is consistent with
the eastward transport of high-salinity water
from the west.

The South Equatorial Countercurrent appears
to be a small strip of easterly flow in the broad
South Equatorial Current and its existence may
be the consequence of a gradient current
developed at the discontinuity (13°S). Other
than this narrow band of easterly component,
confining to less than 2° latitude, the flow
between 6°S and 20°S is essentially westerly,
representing the South Equatorial Current
whose maximum zonal component occurs in the
surface layers and exceeds 60 cm s!.

Vertical sections in the Indian Ocean Atlas
(WYRTKI, 1971) also indicate that the meridional
salinity gradient tends to produce a narrow
band of eastward geostrophic flow. The surface
geopotential maps in this atlas do not show
any conclusive evidence of this current. Prob-
ably, this feature is masked in the averaging
over 300 miles squares. Nevertheless, the surface
dynamic topography, on the vertical sections,
defines- this narrow, weak, eastward flow be-
tween 8°S and 15°S at various meridians, with

a southward inclination towards the east. A
close examination of the climatological drift
charts (K. Ned. Met. Inst., 1952) which give
monthly mean surface current vectors for each
2° latitude-longitude quadrangle, reveals the
occasional occurrence of an easterly drift at
different meridians in the latitudinal belt of
10°-14°S.

The magnitude of the South Equatorial
Countercurrent in the Pacific and Atlantic is
of the order of 8-25cm s™! (REID, 1959, 1964;
WOOSTER, 1961). According to REID (1959),
this current is confined to 2°-5°S at 165°E and
10°-14°S at 95°W in the Pacific. The distri-
butions of hydrographical properties associated
with this current in the Indian Ocean are not
exactly similar to those of the Pacific and
Atlantic. In the Indian Ocean, where the South
Equatorial Countercurrent is located, the salinity
and oxyty drastically vary horizontally.

South of the South Equatorial Current (Fig.
5b), the zonal flow is again easterly at 22°-26°S
where the thermal front associated with the
Tropical Convergence Zone is situated. Across
this thermal front, temperature increases north-
ward so that an eastward geostrophic current,
flanked by westward current on either side is
expected to exist along the front. This Tropical
Countercurrent is wider and stronger than the
South Equatorial Countercurrent. It is inter-
esting that the region of this relatively strong
eastward flow is dominated by the southeast
trades; of course, not so strong as they are at
13°S during the southwest monsoon (K. Ned.
Met. Inst., 1952). This geostrophic current
flows against the winds just like the South
Equatorial Countercurrent. But in this case,
temperature gradient is the main factor in
determing the sense of thermosteric anomaly
gradient. The Tropical Countercurrent is sepa-
rated from the west wind drift associated with
the Antarctic Circumpolar Current by a weak
westerly flow at 29°S.

In the zone south of 20°S, the depth chart
of 200 clt~! isanosteric surface shows a continu-
ous easterly flow all along the width of the
Indian Ocean during the $Southwest monsoon
(SHARMA, 1972). The meridional sections,
drawn along various meridians and for different
months, reveal the features of a permanent
thermal front between 20°S and 25°S, indicating
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the possibility of the Tropical Countercurrent
round the year, along the total width of the
Indian Ocean (WYRTKI, 1971). This geostrophic
current is evident on all the bimonthly surface
geopotential charts in the Indian Ocean Atlas
(WYRTKI, 1971). These charts show a maximum
of geopotential along about 20°S or slightly to
the north, and the eastward current flows on
the southern side of the maximum from Malagasy
as far east as Australia. Between this eastward
flow and the eastward Antarctic Circumpolar
Current, the surface current is also eastward
but very weak. The westerly flow, shown in
the present section is, probably masked in the
charts of the atlas because of averaging over
300 miles squares. However, the vertical sec-
tions in this atlas reveal the features of westerly
flow, south of the thermal front.

The monthly surface current charts (K. Ned.
Met. Inst., 1952) indicate the existence of a
continuous eastward current at about 20°-28°S
on all the charts, i.e., throughout the year.
These charts show a north to south shift of the
eastward current from season to season, with
a southward shift during the northeast mon-
soon, and northward during the southwest
monsoon.

The Tropical Countercurrent, identified in the
Indian Ocean, is synonymous to the Subtropical
Countercurrent  discovered theoretically by
YOsHIDA and KIDOKORO (19672, 1967b), and
the observational evidence was put forth by
UDA and HASUNUMA (1969) in the North Pacific
at 20°-25°N. The associated thermal feature
of this current in both the oceans is a thermal
front in the tropical latitudes. UDA and HASU-
NUMA (1969) pointed out “North of the Counter-
current, the thermocline is entirely separated
into the main thermocline and the seasonal
thermocline. Between these thermoclines, a
homogeneous layer, not only temperature but
in salinity, is found at 100-400 m depths. This
homogeneous water-mass, which corresponds
to the 18°C Water pointed out by WORTHING-
TON (1959) in the North Atlantic, is named the
Subtropical Mode Water by Masuzawa (1967).
Therefore, the Subtropical Countercurrent is
located near the southern boundary of the
Subtropical Mode Water. In the Indian Ocean,
all the thermal features associated with the
Tropical Countercurrent are similar to those in

the Pacific, but the particular feature of sepa-
ration of the thermocline into two, and the
18°C Water Mass south of the Tropical Counter-
current are unnoticed. Nevertheless, a thermo-
stad with temperatures at 12-13°C developed
just south of the thermal front associated with
the eastward flow, and the homogeneous nature
of salinity distribution upto 400 m depth in the
same region are noticed in the Indian Ocean,
During the southwest monsoon the current
structure in the North Indian Ocean differs
from the Pacific and the Atlantic. This difference
is characteristically depicted in the distribution of
temperature, salinity and thermosteric anomaly.
Unlike in the equatorial regions of the Pacific
and the Atlantic, where relatively cooler, saltier
water with lower thermosteric anomaly associ-
ated with the Equatorial Undercurrent is present
(KNnauss, 1960; MONTGOMERY and STROUP,
1962; METCALF et al., 1962; REID, 1965;
TsucHIYA, 1968); in the Equatorial Indian
Ocean relatively warm, less saline water with
higher thermosteric anomaly, without the indi-
cation of the Equatorial Undercurrent is pre-
dominant. The current structure also supports
the inference drawn from water properties.

5. Conclusion

The water characteristics and current structure
at 65°E in the upper 500 m, discussed in this
paper suggest the following conclusions:

The three water masses encountered are D
most saline, low-oxyty and nutrient-rich Arabian
Sea Surface Water, 2) homogeneous and high-
oxyty Equatorial Indian Ocean Water, and 3)
saltier, high-oxyty and nutrient-poor Tropical
Water of the South Indian Ocean.

No transport across the equator occurs in the
upper 500m at 65°E during the southwest
monsoon.

The southward movement of the Arabian
Sea Water, and the northward flow of the
Tropical Water of the South Indian Ocean in
the depth range of 100-500m are confined to
5°N and 13°S respectively.

The narrow, weak South Equatorial Counter-
current is observed at 13°S in the broad South
Equatorial Current system at 65°E.

The Tropical Countercurrent is present in
the Indian Ocean round the year at 22°-26°S.

In contrast to the existing concept, the North
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Equatorial Current is noticed even after the
onset of the southwest monsoon.

The Equatorial Undercurrent could be traced
neither in the water properties nor in the cur-
rent structure during the southwest monsoon.

An interesting relationship exists between the
zonal component, and the distribution of salinity
and oxyty at 65°E. In the region of westerly
component the distributions are characterized
by lower salinity and higher oxyty, whereas in
the zone of easterly component, it is of higher
salinity and lower oxyty.
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