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The variability of temperature and salinity along 11°N and 12°N sections in the Bay of Bengal during
southwest monsoon months (July-September) was found to be large in the upper 200 m west of 83°E and east
of 90°E, and up to upper 400 m in the central parts between 84° and 89°E. Coastal upwelling off Madras
appears to be intense during August with a strong (40 cm.sec ™'} northward flow close to the coast. The
associated northward transport in the upper 100 m (between 81° and 82°E) increased by 2.5 % 10° m*.sec ™!
from July to August. At the location of penetration of Arabian Sea High Salinity Watermass (T=25°C,
§=35.2x 107, A,,=400 cljt) doming of isolines of T, S and &, (sigma-1) towards sea surface was noticed
between 86° and 89°E only during August. The tlow in this region was directed towards north with a volume

transport of 5.5% 10% m? sec”™! in the upper 100 m.

Studies on the influence of the southwest monsoon on
the variability of water characteristics and circula-
tion of the Bay of Bengal are few, mainly due to the
paucity of data. Based on the one-time observations
in the Bay of Bengal, the water characteristics, curr-
ent structure, circulation and volume transport have
been studied’ ~'°. In the present study, utilizing the
CTD data collected under the Indian TOGA (Tropi-
cal Ocean and Global Atmosphere) program along
two adjacent latitudinal sections in the central Bay of
Bengal, an attempt is made to understand the T-S
variability and volume transport in the central Bay of
Bengal during SW monsoon (July and August).

Materials and Methods

CTD data (Seabird, USA, temperature sensor acc-
uracy: +0.002°C, salinity accuracy: +0.002 PSU
and depth accuracy: 0.02% of full scale) were collec-
ted in the upper 2000 m onboard ORV Sugar Kanya
along Madras-Port Blair section { ~12°N) during
August 1991 and onboard R V Gaveshani along 11°N
section during July 1993 (Fig. 1). The CTD data colle-
cted along 12°N section during September 1984 were
also used (wherever necessary)in the present study to
understand T-8 variability during SW monsoon sea-

son (July through September) irrespective of the tim--

ings of data collection. The meridional currents and
volume transport across the zonal sections in the upper
1000 m have been computed following Pond & Pick-
ard'!. Maps of vertical distribution of temperature
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(T), salinity (8), sigma-t (o) and currents along the
sections for July and August were prepared.

Results and Discussion

Watermass structure

The variability of water characteristics along 12°N
and 11°N latitudinal sections is examined through
T-S diagrams. Figure 2 represents the typical T-S dia-
grams presented at three locations—82°E (western),
88°E (central)and 91°E (eastern). At the western loca-
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tion (Fig. 2a) the surface salinity was 33.8 x 10~ 3 dur-
ing July-August and 34.2 x 1072 in September. Be-
low the surface, salinity and temperature increased
steadily at a given depth in the upper 100 m from July
to August. However decrease in temperature and inc-
rease in salinity was noticeable in the upper 75 m from
August to September. Higher differences in tempera-
ture and salinity were noticed at 75 m depth (marked
in Fig. 2).

At the central location (Fig. 2b) the T-S variability
was large in the upper 100 m from July to September
while marginal variabtlity was noticed between 100 m
and 400 m depth. The T-S structure reveals the prese-
nce of high salinity (35.18-35.30 x 10~ 3) watermass
lpcated at about 90-100 m along 440 ¢l/t in August
and 400 ¢l/tin September (Fig. 2b). The core tempera-
tures of this watermass is 1°C higher in August
{T=25°C) compared to that of September (24°C).
These thermohaline indicies indicate the penetration
of warm, high salire Arabian Sea High Salinity Wate-
rmass (ASHSW)!, This watermass is advected into
the Bay through the Indian Monsoon Current (IMC)
during SW monsoon season®®. The changes in the
temperature and salinity of this watermass and hence
its occurrence at different isanosteric levels and
depths are due to its proximity to the sea surface where

the surface wind forcing is strong with positive wind
stress curl'?+!3 acting over the central Bay of Bengal.

In the T-S diagram for the eastern (91°E) Jocation
(Fig. 2c) greater variability was seen in the upper 200
m, with cold, high saline waters during July; warm,
less saline waters during August and relatively warm -
and saline waters in September at 75 m depth. The
reduction in salinity by September in upper 100 mis
due to the flow of low saline waters from the northeast
Bay.

The T-S variability is further examined through
vertical sections of temperature, salinity, sigma-t, cu-
rrent structure and volume transport along 1 1°N and
12°N sections.

Thermal structure

Figure 3 represents the thermal structures in July
and August in the upper 500 m. The sea surface tempe-
rature (SST) in general varied between 28.4° and
29.4°C with a decreasing trend towards east. Down-
ward sloping of thermocline towards east from 86°E
was noticed in July. However during August doming
of isotherms (28° to 24°C) in the upper thermocline
between 86" and 89°E was conspicuous. On the west-
ern side of the sections upward rising of thermocline
from 100 m depth was noticed between 83°E and coas-
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tal region (13°-11°N) of Tamil Nadu. During August
this upward tilt of isotherms continued up to the cont-
inental shelf (where data is available). This indicates
the presence of coastal upwelling process off Tamil
Nadu during SW monsoon. Earlier Gopalakrishna &
Sastry? reported intense upwelling process off Mad-
ras coast during August. The positive upwelling ind-
ex'* (indicator of offshore Ekman transport) during
July-August also supports coastal upwelling. The
observed minimum (negative) values of sea level” at
Madras during SW monsoon indicates a northward
flow which is the manifestation of upwelling process.
The variations in the sea level” and the upwelling ind-
ex'*at Nagapatnam coast during SW monsoon, also
supports upwelling process'# and its impact can be
seen at 81°E along | 1°N section. The vertical velocity
field'2-13 derived from the climatological®  and obse-
rved (during SW monsoon of 1984) surface wind data
over the Bay of Bengal for July and August further
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substantiates the upwelling process west of 85°F bet-
ween 10° and 13°N. The above observations confirm
that the upwelling ~process\;, off Madras coast is a
permanent hydrographic feature during SW monso-
on.
Salinity structure

During July, a layer of low salinity (<34 x 1073}
water gradually decreasing towards east occupied
top 50 m column (Fig. 4a). However, during August
(Fig. 4b) salinities in the upper 50 m column decreased
considerably to 32.8 x 1073 particularly in the east-
ern parts due to flow of low safinity waters and increase in
local precipitation by August!®, Between 85° and
89°E relatively high saline waters (> 34 x 107 *)were
noticed at the surface separating the low waters
(<33.4 x 107%) on both sides. On the westrn side of
the sections the ischalines (> 33.8 x 10" 3) exhibited
an upward tilt in the region of coastal upwelling (as
discussed in the séction on thermal structure). On the
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Fig. 4—Vertical distribution of salinity (a) along 11°N (July),
(b} along Madras-Port Blair route {August)
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castern side of the sections, the isohalines cxhi-
bited downward slope east of 89°E with a decrease in
salinity to 32.8 x 1073 August. It is interesting to note
a small high salinity (> 35.0 x 10" 3)cell at 88°E aro-
und 100 m depth during July (Fig. 4a) and a broad
high salinity (> 35.2 x 107 3) cell with an upward tilt
towards east from 86° to 88°E in the depth interval
75-100 m during August (Fig. 4b). This high salinity
cell represents the presence of ASHSW being advec-
ted into the Bay of Bengal duririg SW monsoon thro-
ugh the Indian monsoon current. The isohalines ab-
ove the high salinity core exhibit deming resultingin a
salinity front-like structure at the sea surface bet-
ween 87° and 88°E. This doming of ischalines and the
isotherms result from the divergence associated with
the positive wind stress curl??-!? over the central Bay
of Bengal. The salinity front is conspicuous with large
cross-{rontal salinity differences at 85°E and 89°E du-
ring August. The vertical mixing between this high
satinity (>33 x 1073) watermass and the ambient
(33.4 x 10 3 asin July) surface waters could give rise
to rclatively higher surface salinities (about
34.0 x 10 *) between 87° and 88°E,

Current structure

A broad northward flow with higher velocity (40
cm.see ) at 89.5°F was noticed between 88°and 92°E
during July (Fig.5a), while the northward flow was
strong (49 cm.see ') and confined to 87°-90°E during
August (Fig. 5b). This northward flow represents the
Indian monsoon current and its magnitude isin agr-
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eement with that reported earlier®® for the SW mons-
oon of 1984. The surface currents!” of this region also
indicate northward flow with similar magnitude in
July and August. The current-pattern west of this
broad northerly flow shows alternating flows (north/-
south) of width (100 km) equal to the spacing between
the hydrographic stations and shows noise in the low
field. This noise, however, can not be eliminated in the
geostrophic computations. A northerly flow was pre-
sent oft Madras coast which appears to strengthen by
August. Similarly, a relatively strong (30 cm.sec ™ ')
southward flow occurs in the eastern parts of the sect-
ion during August.

Surface dynamic heights and volume transport

The alternating flows of geostrophic currcnts can
also be visualized from the variations in the stope of
the dynamic heights at the sea surface computed rela-
tive to 1000 db (Fig. 6a). Compared to July, the dyna-
mic heights in August were higher throughout the
section except at 92°E. These higher dynamic heights
are resulted from deep isothermal layer of temperat-
ure 28°C, followed by deep thermocline and the prese-
nce of relatively less saline waters. During July the
steady increase in the surface dynamic height towards
east between 88° and 92°E is resulted from the deepen-
ing of thermocline (Fig. 3a) and the occurrence of
lower salinity waters over a deeper water column
{(Fig. 4a). Similar slope was noticed between 87° and
89°E during August. The maximum variation of dyn-
amic heights between 87° und 89°E from July to Aug-
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ust is resulted from the penetration of ASHSW at
sub-surface depths and its uplift towards surface cau-
sing the shoaling of the isothermal (28°C) layer, char-
acterized by relatively saline waters. The dip in the
dynamic height at 87°E in August may indicate the
centre of the large cyclonic gyre® that occupies the
central Bay of Bengal during SW monsoon. The dom-
ing of isolines of T, S and o, towards surface with
penetration of ASHSW at sub-surface depths may
also be due to this cyclonic gyre. West of 87°E, the
variation of dynamic height in August isa mirror im-
age to that in July.

The geostropic volume transport in the upper 100 m
water column representing the upper thermocline
reveals different patterns of transport (Fig. 6b) from
July to August. During July a broad northward trans-
port (influx) was present east of 88°E, with higher
influx (4 x 106 m3.sec ™ !) between 89° and 90°E and
weak influx(1 x 10° m?.sec ™ ') between 81°and 82°E.
During August, the volume transport between 81°
and 82°E shows an influx of about 4 x 10 m?.sec™!
and similar magnitude of influx was also noticed bet-
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Fig. 6—Variation of (a) surface dynamic heights (dyn.m) relative
to 1000 db level, (b) volume Tanspoert in the upper 100 m and
{c) volume transport in the upper 1000 m

ween 88° and 89°E. A comparison of the upper ther-
mocline transport shows an increase of influx by
2.5x 105 m3.sec” ! between 81° and 82°E and also bet-
ween 88° and 89°E from July to August. Moreover,
within the month of August while there is an influx at
the western end, outflux (southward transport) prev-
ailed at the eastern end. In the region of ASHSW pen-
etration, the transport in the upper thermocline sho-
wed an influx of 5.0 x 10° m3.sec ™! between 88" and
90°E during July and an influx of 5.6 X 10° m? sec™!
between 87° and 89°E during August. This influx asso-
ciated with ASHSW is consistent with that reported
by Murty® during SW monsoon.

The integrated volume transport in the upper 1000
m during July (Fig. 6¢) showed highest influx
(17 x 10° m3.sec ~ 1) between 88° and 90°E, lesser infl-
ux (~5x 10° m3.sec™!) between 82° and 84°E and
higher outflux (6 x 10° m3.sec™!) between 81 ®and
82°E. The total volume transport across the section
amounts to an influx of 18 x 109 m3.sec ! during July.
The magnitude of this influx during July is in good
agreement with that estimated (16.6 x 10° m3.sec” ')
influx in the upper 1250 m across 6°N section during
southwest monsoon (June-August). During August,
broad alternating transports, occurring over a dista-
nce of 300 km, were noticed. While there was a large
influx (14 x 10® m3.sec” ') at the western end, slightly
Jesser outflux (9 x 108 m3.sec ) took place at the eas-
tern end. The tota! transport across the section during
August showed an influx of about 7 x 10° m?.sec”!
which is comparatively less from July. However,
when the total transports across these sections and
that reported® earlier across 12°N section
(80°30"-92°E) in the upper 1000 m during September,
1984 are compared, one would notice a drastic reduc-
tion in the influx in the central Bay from July to Septe-
mber. This can be visualized easily from the layerwise
total transport across the sections (Fig. 7). The large
differences in the magnitudes of total transport in the
upper 1000 m across the sections from July through
September (Fig. 7) suggest the presence of large intra-
seasoinal variability in the total transport or possibly
the dominance of outflux across the central Bay at the
end of SW monsoon. It is interesting to notice that the
influx associated with the transport of ASHSW in the
upper thermocline is nearly the same during the mo-

nths of SW monsoon (July through September). Fur-
ther, the westward shift in the occurrence of this
ASHSW from July to August at 11°N and 12°N secti-
ons (though these sections occupied in different years)
indicates the presence of cyclonic flow of the large
cyclonic gyre with its centre at 87°E (Fig. 6a) in the
central Bay of Bengal, which is in confirmation with
the earlier studies®® during SW monsoon. Further,
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Fig. 7—Total volume transport across the section

from the similar magnitude of the observed salinity ma-
ximum and its depth of occurrence in August in the
central parts (Fig. 2b}and in September at the western
part (Fig. 2a), the presence of large cyclonic gyre thro-
ugh which the high salinity watermass is advected
towards western Bay can clearly be inferred.
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