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ABSTRACT. The hydrographic and BT data sets collected in the upper 200 m water column along three zonal
transects (2°N, equator and 2°S) in the equatorial Indian Ocean (between 70°E and 90°E) made by USSR ships
during the field observational programme of Monsoon-77 (end May/early June 1977) showed prominent
castward depression of thermocline in association with the surface easterly equatorial jet. In the central Indian
Ocean, the mixed layer cooling and deepening rates were weak with the onset and sway of the summer monsoon
over a two month period from end May 1977, but relatively significant changes were noticed in the salinity of the
upper 200 m water column. In this region, cn a synoptic scalc a mild increase in SST is in accordance with the
net surface heat gain during the last week of July 1977,

Key words — Pressure gradient, salinity, surface heat budget, thermohaline, thermociine.

1. Introduction

In the tropics the characteristic response times of
baroclinic ocean processes are much closer to the time
scales of the variability of the surface wind field (Leetma
et al. 1981). The seasonal variability in the east-west
slope of the tropical thermocline appears to be in phase
with changes in zonal wind stress. When the trades
are strongest the tilt of the thermocline is largest and
vice versa. However, the mean east-west surface wind
stress over the equatorial Indian Ocean for most of the
year is small (Hastenrath and Lamb 1979). In the
transition between the two monsoons, i.e., April-May
and October-November, well defined westerly winds
appear along most of the equator. Associated with
these is an eastward narrow oceanic jet and a simul-
taneous rise in the sea level and a depression in the
thermocline off Sumatra (Wyrtki 1973). The jets are
strongest between 2°N and 2°S. Direct current
measurements for nearly two years near Gan island
clearly showed the appearance of the jets in the upper
layers with speeds in excess of 100 cm/s approximately
in phase with the local east-west components of the
wind stress (Knox 1976). Recent drift buoy measure-
ments also confirmed an eastward flow along the
cquator (Cresswell er al. 1981, Reverdin er al. 1983).
Polonoskiy and Shapiro (1983) observed an eastward
flow in the top 100 m water column from 26 April to
19 May 1980 at 61°E at the equator. Nearly after two
months, the flow reversed towards west in the upper 55m
water column during 13 July to 2 August 1980 at this

location. Associated with the jet are variations in the
large transport of water and in the depth of a mid-
thermocline isotherm (20° C) by as much as 40 m over
large areas (Wyrtki 1973). The formation of this east-
ward jet is accompanied by the convergence of currents
along the equator, which leads to the deepening of the
quasi-isothermal layer with a sharp thermocline below.
The CTD casts made during December 1976-January
1977 showed such a sharp thermocline east of 73°E
(Eriksen 1979). The equatorial jets are undoubtedly
part of forced dynamic response to local wind stress,
and they in turn appear to be responsible for the large
scale re-distribution of mass (as indicated by changing
thermocline depth and structure) and water types (e.g.,
appearance of Arabian Sea water from 70°E to 90°E
along the equator, Wyrtki 1973). The dynamics of
this response are far from understood; indeed the
phenomena are not even adequately described by
measurements (Eriksen 1979).

The equator acts as a wave guide. Flow changes
induced by the presence of coast lines, variability in
wind patterns and instabilities of the current system
tend to propagate along the equator ( Moore and
Philander 1977). Several observations revealed that
equatorial waves occur in a very broad spectrum, from
2-3 days to an year (Wunsch 1978, Weisberg et al.
1979, Eriksen 1981, Luyten and Roemmich 1982),
During the summer monsoon, the observed variability
in the upper layers of the central and eastern equatorial
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Indian Ocean could be larger due to well known propa-
gating wave disturbances along the ecquatorial wave
guide (Lighthill 1969). Enough data were not collected
to substantiate this type of shortterm variability. In
the present study. the observed variability in the thermo-
haline fields along the equatorial band during end May
to early June 1977 (pre-onset regime), the observed
temporal changes in the vertical thermohaline profiles
from end May to end July 1977 (pre to post onset
regime) and the observed short term variability 0 (1 week)
in the central equatorial Indian Ocean at a stationary
polygon during end July 1977 are documented with the
aid of data sets collected during Mcensoon-77 field
experiment.

2. Observations

Under the aegis of Meonscen-77, four USSR
ships made three westward transects along 2N, equator
and 2°S from 90°E to 70°E during 27 May to 2 June
1977 occupying hydrographic stations approximately
60 to 120 nautical miles apart along each transect.
These ships formed a stationary polygon over the
central equatorial Indian Ocean (Fig. 1) from 24 to 31
July 1977. Time series measurements ot all siandard
surface marine meteorological elements inclusive of
solar radiation at one hourly intervals, BT and hydro-
casts at three hourly intervals were made at all the
locations. In the following discussion, the corners of
the polygon counting clockwise from northern locaticn
are designated as N, E, S and W locations. Temperature
measurements across the equator along 84'E made
during last week of May 1964 during IIOE were also
made use of.

3. Results and discussion

3.1. Thermal structure along the equatorial  belt

Temperature sections (Fig. 2) constructed along the
equator (1°N to 1°S) utilising the temperature climato-
logy of Levitus (1982) clearly show the eastward deepe-
ning of the thermocline. A dramatic increase in the zonal
slope from April to May is very prominent. This steep
slope persisted during June and relaxed only during
July.

The hydrocast data collected during Monscon-77
along three zonal transects (2°N, 0 and 2°S) are utilised
to construct depth-longitude ficlds ot temperature
[Fig. 3{=)] and salinity [Fig. (3b)] in the upper 200 m water
column. In all three sections, the eastward depression
of thermocline is prominently noticed. These slopes
are relatively steeper to those reported by Taft and
Knauss (1967) along the equator during 24 Feburary
to 10 April 1963. These slopes would probably streng-
then under the forcing of the strong equatorial westerly
winds which produce the equatorial easterly jet. How-
ever, the zonal thermal sections along the equator are
typical when compared to that along either 2°N or
29y, The surlace mixed layer is deeper and the ther-
mocline (in particular the water column sandwiched
between 267 and 16 C isotherms) is very sharp along
the equator compared to that cither along 2°N or 2'S.
Thus the upper boundary of this shaip thermecline is
depressed along the equator, with no perceptible differen-
ces in the lower boundary of the sharp thermocline
say the 16°C isotherm) all along the three transects.
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Based on another independent data set collected on-
board Pioneer (supplied by NODC), the transequatorial
temperature section along 84°E during 24-31 May 1964
(Fig. 4) also confirms these features, Similar features
were observed along 88° E during the same period
(Muraleedharan ¢f al. 1980). The orientation of iso-
therms along this section suggests that the easterly
equatorial jet could be very narrow and strong in the
near vicinity of the equator (between 2°N and 2°S)
and is maintained by convergence along the equator.
The multi year average of surface current field of Cutler
and Swallow (1984) corresponding to the last 10-day
period of May and the first 10-day period of June and
drifting buoy trajectories (Reverdin et al. 1983) also
confirm this feature.

3.2, Salinity structure along  the equatorial belt

During July 1962, the upper 100 m water column
cast of 73°E showed salinities << 359, (Taft and Knauss
1967). Between 100 and 150 m depths a thin core of
high salinity = 35.2%, embedded between two isohalines
ol 35.17, suggest the presence of eastward advection
of Arabian Sea water. Further the tongue shaped
castward protrusion of 35,29, waters below 100 m
depth east of 73°E also support sub-surface eastward
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flow between 100 and 150 m depths. The easterly jet
noticed by Wyrtki (1973) is a plausible mechanism for
transporting the high saline water from the western
part of tie ocean through the Maldives to nearly 90°E.

In the present study the salinity regime in the uppzr
200 m water column shows an increase with depth along
all the three transects. The low saline (< 359%, ) surface
waters are probably of southern hemispheric origin
JFieux and Levy 1983) while the high saline (=357;))
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: (a) thermal & (b) salinity structure in the central equatorial Indian Ocean

waters are of Arabian Sea origin. The 7-S analysis
(Fig. 5) shows that sub-surface salinity maxima
occurring about o, = 23.6 g/l level (~ 400 cl/t) obviously
belongs to the Arabian Sea High Salinity Watermass
(ASHSW) (Wyrtki 1971). The differences in the dis-
tribution of ASHSW at different locations could be
attributed to the unequal spreading of ASHSW especially
east of Maldive Islands. The 7-S diagrams suggest
that above o,=25 g/l, the waters are more homo-
geneous in salinity at the equator compared to eithet
2°N or 2°S. The thickness of low saline waters <<359%,
in the surface layer decreased southward. The meri-
dional gradient in the salinity regime of the surlace
layers is larger in the western sector compared to that
of the eastern sector. These longitudinal differences
might have been resulted due to the eastward flowing
Arabian Sea high saline waters.

3.3. Equatorial transport estimdtes

Geostrophic currents relative to 200 db between
0° and 2° N/2° S acc estimated for diiferent pairs of
stations within a 5° zonal grid and the averaged net
transports arc presented in Table 1. The standard
geostrophic methodology was followed in the present
estimates. Joyce et al. (1986) have shown only a 10%,
deviation between directly measured and geostrophic
transport estimates even near the equator. Between
70° and 85° E, the average surface velocity is around
110 em/s which is comparable to the earlier estimates
of equatorial jet (Wy-tki 1973, Knox 1976). However,
such strong currents are absent east of 85° E where a
relatively weaker easiward flow is noticed. This is in
good agreement with the ship drift climatology of this
region (Cutler and Swallow 1984). The reasons for the
castward increase north of the equator and eastward
decrease south of the equator in the velocity/transport
of the flow are, however, not clear. The estimated
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eastward transport is about twice the estimate (22.5x
108 m3/s) of Wyrtki (1973). The present study indicates
that the jet is about 150 m deep while Wyrtki (1973)
assumed that it is of the order of 60 m.

3.4. Zonal pressure gradient along the equator

The near surface zonal pressure gradient along the
equator in the Indian Ocean is not only westward but
also the steepest observed which is apparently related
to the inter-monsoonal westerly winds along the equator
(Eriksen 1979). Both in the Atlantic and Pacific Oceans
the surface pressure gradient along the equator is
eastward. Eriksen (1979) presented the dynamic
height at 20 db and 100 db relative to 800db for all the
then available three transects along the equator in the
Indian Ocean. The dynamic height distribution at 20 db
and 200 db relative to 800 db are presented along with
Eriksen’s (1979) diagram for easier comparison purposes
(Fig. 6). During May-June at 20 db the dynamic
height increases by about 20 dyn cm from 68° E to
90° E which is lower than the value of 25 dyn cm
for December-January (Eriksen 1979). Over the same
region the transects of Taft and Knauss (1967) showed a
dynamic height increase of 12 dyn c¢m during July
1962 and 8 dyn cm in March-April 1963.

The present data set showed a pressure gradient of
—810-° dyn/g for the region between 68° E and
90° E which is less than - 10 3 10~3dyn/g, in December-
January (Eriksen 1979) relative to 800 db. Weisberg
and Weingartner (1986) summarised the results of
pressure gradient computations along the equator in
all the three oceans. Their study has shown that both
in the Atlantic and Pacific the large scale pressure
gradient along the equator varied between | x 10—5 to
7x10—> dyn/g during major part of the year with
few exceptions. The pressure gradient along the equator
in the Indian Ocean both during December/January
and May-June are much stronger (although opposite
in sign) than those in the Atlantic and Pacific. The
slightly weaker pressure gradient during May/June
compared to that during December/January probably
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suggest that the equatorial jet is stronger during autumn
transition compared to that during spring transition as
inferred by Eriksen (1979).

3.5. Variability in the vertical temperature and sali-
nity profiles with the onset and sway of the
Summer Monsoon

The onset and sway of the summer monsoon is
known to produce dramatic variations in the thermal
structure of the upper layers in the northern Indian Ocean
(Wyrtki 1971). The surface mixed layer cooling and
deepening are prominent of the north Indian Oceanic
response to the summer monsoonal forcing. However,
the monsoonal forcing is relatively weaker over the
central equatorial Indian Ocean (Hastenrath and Lamb
1979) leading to weaker oceanic response. Inspite of
this weaker forcing over this region, McPhaden
(1982) found that 80%, of the variance observed in the
seasonal cycle of SST could be explained in terms of one
dimensional processes. The horizontal advection
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assumes less importance even under the presence of
swift east-west currents on account of weak zonal
t hermal gradients.

The typical vertical thermal profiles corresponding
to 30/31 May 1977 (average of three profiles nearest
to the station) and 30/31 July 1977 (average of 16 time
series profiles) of temperature and salinity are shown in
Fig. 7. The mixed layer cooling was minimal at all
four locations while the layer deepening was relatively
larger at the stations away from the equator. These
features clearly reflect the weak local response of the
surface layer in the central.equatorial Indian Ocean to
the summer monsoonal forcing. The salinity distribu-
tion in the upper layers of the ocean is known to be
influenced by evaporation, rainfall, river run-ofl and
advection of low/high saline waters etc. Unfortunately
no quantitative figures are available on the magnitudes
of these processes to assess their relative importance.
Under these circumstances one can at best qualitatively
link up the salinity variations with seme of the known
seasonal processes. In addition, in areas where inter-
annual variability is large, this type of approach further
leads to wuncertainity. Knox (1976), for example,
reported large differences between the observed equato-
rial undercurrent near Gan island (00°41°S. 73% |0’E)
in the equatorial Indian Ocean during 1973 and 1974,
These constraints have to be borne in mind while inter-
preting the temporal variations in the observed salinity
profiles. The temporal variations over a period ol
two months were distinctively larger in the topmost
100 m water column at E and S. This variability was
largest at the surface and decreased with depth at these
two locations. At W the change was not significant
while at N there was significant changes throughout
the 200 m water column. The mean salinity in the upper

100 m water column decreased at E and S from end May
to end July 1977. To gain a description on the prevailing
circulation along the equator the following from Cutler
and Swallow (1984) is reproduced here. **Eastward
flow (equatorial jet) can just be detected in early
April between 70” and 90" E. It is definitely present
in mid April and by late April extends rom 557 to 95° E.
This continues steadily until early June when decay sets
in from the eastern end. By late June it has practically
disappeared. Weak westward flow is again seen between
60" E and 75° E during July and August”. Due to the
disappearance of this equatorial jet from late June and
weak westward flow (Polonskiy and Shapiro 1983)
during July could adveet low saline waters into the study
area. The local summer monsoonal rainfall would also
contribute to the dilution of surface waters. These
above arguments support the observed changes only
at E and S. At N, a sharp halocline is noticed between
200 and 75 m depths during end May 1977. Such a
halocline with moderate intensity is seen in the profiles
only at E and W. Although there is some similarity
between the salinity profile at N with those of the other
locations during end May 1977, such resemblence is
totally absent in the corresponding profiles of end July
1977. Thereasons for the formation of a near isohaline
water column at N are not clear though lateral advection
could be a strong possibility.

3.6, Short-term (synoptic scale) variability

3.6.1. Surface heat budget

As the coupling between the local wind stress and the
upper oceanic response is quite strong in the tropics,
it would be worthwhile to gain a description on the
surface  meteorological conditions prevailed during
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the observational period in order to link up the sub-
surface variability. The surface pressure exhibited a
rhythmic fluctuations with a range of 6 mb (Fig. 8).
The wind direction (DD) was rather unsteady while the
wind speeds (FF) exhibited a good coherence over the
array. The dew point temperature (DP) was relatively
steady although weak spatial differences persisted.
The sea surface temperature (SST), in general, showed a
mild Ywarming tendency throughout with the only
exception on 31 July. The lateral gradients in SST
were {also relatively small within the observational
array.

All the terms of the heat budget equations with the
only exception of insolation are derived with the aid of
empirical relationships (Fig. 9). The observed solar
radiation (Q;) data were corrected for the surface reflec-
tive losses with the observed albedo data while the heat
loss terms as net long wave radiation (Qp), sensible
heat flux (Qg) and latent heat flux (Qy) were estimated
following Rao er al. (1985). The Q; shows a standard
pattern with some differences within the array when the
wind speed was relatively larger (24, 25, 30, 31 July
1977). The Qp distribution appears to be chaotic as a
reflection of cloudiness for which it is corrected. The
Qs was mostly negative implying an unstable regime.
The pattern of @, dominated other loss terms in the
distribution of Q. The accumulative heat gain (XQ)
from 24/25 July showed a progressive increase with time,
The differences within the array towards the end of the
observational period are caused due to both variable
surface heat flux terms as well as differences in the
starting times. An accumulation of 1000 cal/cm?
over a 8-day period imply an average daily gain of about
125 cal/cm?/day over this array. Thus the observational
area experienced relatively undisturbed weather with
a net accumulation of heat which is also reflected in the
increase of SST (Fig. 5) suggesting the importance of
local one dimensional processes on short time scales.

3.6.2. Upper ocean thermal structure

The temporal averaged (24-31 July) vertical thermal
profiles constructed with BT data reveal the typical
structure of the temperature distribution in the
topmost 200 m water column in the observational array
(Fig. 10). The near surface mixed layer thickness was
around 60 m with the temperature differences of about
less than 1°C within the polygon. The mixed layer
at E was deeper by about 10 m, The thermocline slopes
were similar with the only exception at E where unusually

steep gradient as large as 4°C/10 m around 100 m depth
was noticed (Fig. 9). The corresponding vertical
thermal gradient (27/¢z) at the other three locations
was of the order of 2°C/10 m at this depth. The pre-
sence of such sharp gradient at E and its absence at W
which is closer to the Maldive islands is quite intriguing.
The meridional thermal gradient in the upper 200 m
water column was of the order of 1°C/440 km with
higher temperature towards south while the zonal
thermal gradient varied with depth. The zonal thermal
gradient appears to have been influenced by the unusually
strong 2T/¢z at E, which was similar to that of in July
1962 (Wyrtki 1971). The peaks in 27/ax occurred at 80 m
and 120 m depths with almost vanishing gradients at
100 m. This implies that the isotherms sloped down
eastward above 100 m and vice versa below this depth
with maximum slopes occurring at 80 and 120 m depths
suggesting a change in the direction of currents below
100 m.

3.6.3. Variability in the upper ocean temperature
and salinity regimes

The short-term variability in the thermal regimein the
upper 200 m water column at the four corners of the
polygon during the observational period is shown in
Fig. 11. The isotherms were contoured at 1° C interval
in the depth-time domain. These sections clearly
reveal the nature of spatial heterogeneily within the
polygon area. In addition to the differences noticed
in the mixed layer, considerable differences are also
evident in the thermocline. At E the sharp vertical
thermal gradient showed a progressive diffusion with
time. The core isotherms of 19°C and 26°C, however,
did not exhibit any significant changes in depth with
time. But the vertical separation between 28°C and
17°C isotherms nearly doubled during this period.
At N the thermocline progressively deepened with
time. These changes are probably associated with the
dynamics of the eastward flowing monsoon current
during this period. However, the present data set is
hardly adequate to address this problem in any detail,
Short period fluctuations probably forced by semi-
diurnal tides are present in all the sections.

The three hourly march of vertical salinity profiles
derived from hydrocasts at all the four locations are
portrayed in Fig. 12. The dissimilar nature of the
salinity profiles at N is quite conspicuous. The profiles
at this location do not exhibit any halocline while all
the other locations show halocline with variable gradient.
The subsurface salinity maxima at E, S and W is associa-
ted with the Arabian Sea High Salinity watermas
(ASHSW) occurring around 400 cl/t surface (Wyrtki
1971, Rao et al. 1990).

4. Conclusions

In the equatorial Indian Ocean eastward depression
of thermocline is prominent during May/June. Very
sharp thermocline with deep mixed layer was noticed
only along the equator compared to 2° N and 2° S
transects suggesting that the equatorial jet is confined
to the near vicinity of the equator. Surface velocity
from geostrophic computations between 70°E and 85° E
showed an average of 110 cm/s which is in broad agree-
ment with previous observations. However, currents

were weaker east of 85°E probably because the decay
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of equatorial jet might have started in the eastern Indian
Ocean by end May/early June. The zonal pressure
gradient along the equator between 70 and 90° E was
—0.8x10—5 dyn/g which was slightly lower than the
value of —10 < 10—5dyn/g reported along equator in the
Indian Ocean for December 1976-January 1977. This
probably suggests that the equatorial jet is stronger
during the autumn transition that in the spring transition.

In the polygon area surface mixed layer cooling was
minimal and the layer deepening was marginal from end
May to end July 1977, suggesting a weak thermal res-
ponse of the central equatorial Indian Ocean to the
summer monsoonal forcing. But relatively larger
changes are noticed in the vertical salinity profiles
especially in the top 100 m during this two month period.

The time series of marine meteorological elements
collected during the last week of July 1977 showed
fair weather conditions although weak unstable regime
continued throughout. One dimensional heat exchange
processes produced an accumulation of heat of the order
of 125 cal/cm?/day causing an increase in SST suggesting
the importance of local air-sea interaction processes ona
synoptic scale.
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