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ponse and its regulation are processes that require a com-
plex interplay of a variety of agents, including cytokines.
It is tempting to speculate that CICs generated during
various types of immune responses may also participate
in the immunoregulatory network by signalling through
FcRs expressed on different classes of leukocytes.
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The northern parts of the twin seas bordering the Indian
subcontinent, the Arabian Sea (AS) and Bay of Bengal
(BOB), were studied during the winter monsoon. Higher
biological production was observed in the AS (chloro-
phyll a 47.5 mgm™, primary production 1114 mgC m2d~,
mesozooplankton biomass 175 mmolC m™, microzoo-
plankton biomass 26 mmolC m™) compared to the
BOB (chlorophyll a 10.3mgm™, primary production
117 mgC m?d™, mesozooplankton biomass 71 mmolC m?,
microzooplankton biomass 10.6 mmolC m™). In the
AS, winter cooling assisted by the high surface salinity
(>36) resulted in densification of surface layers, con-
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vective mixing and deepening of the mixed layer (ave-
rage 60 m). Convective mixing brought nutrients to
the upper euphotic column (~2 mM nitrate in the top
50m) and stimulated biological production. The
northern part of the BOB, however, responded differ-
ently to atmospheric cooling. The prevailing low salinity
(27) resulted in thermal inversion and stratification of
the water column. Shallow mixed layer (average
<15 m) and the absence of nitrate in the top 50 m water
column were the reasons for low biological produc-
tion. Our results indicate that (a) biological production
in the northeastern AS is high compared to the
northwestern BOB, (b) primary production at 21°N of
the AS during the peak of the winter monsoon (Decem-
ber—January) is comparable to the production of the
upwelling regions of the central and southeastern AS
during the summer monsoon; (c) winter cooling along
with low salinity cause large-scale thermal inversion
(> 2.5°C) in the BOB and (d) in the northernmost part
of the BOB, upper low-saline water restricts atmos-
pheric cooling to the surface layer and inhibits con-
vection.

THE northern Indian Ocean (10), together with its two
major basins, the Arabian Sea (AS) and the Bay of Bengal
(BOB), is land-locked in the north by the Asian continent
which separates the northern 1O from the deep-reaching
vertical convection areas of the Arctic Seas and the cold
climatic regions of the northern hemisphere. BOB, the
northeastern part of the 10, is completely separated from
the northwestern part, the AS by the Indian peninsula.
The northern 10 is influenced by the seasonally reversing
monsoonal wind™?. From June to September (summer
monsoon), the winds® are predominantly from the south-
west and velocities often exceed 14 ms™. From Novem-
ber to February, the winds reverse and are predominantly
from the northeast with speed of ~5ms™ (winter mon-
soon). Even though the two basins (AS and BOB) are loca-
ted along the same latitudes and are the influenced by the
same seasons, they show marked differences. Over the AS,
evaporation exceeds precipitation and high-saline waters
(Arabian Sea High Saline Waters (ASHSW), Persian Gulf
Waters (PGW) and Red Sea Water masses (RSW)) oc-
cupy the upper 1000 m. In contrast, over the BOB the
precipitation through rainfall and river run-off exceeds
evaporation, sustaining an upper layer of low-saline waters.
Stratification in the surface layer of the bay is dominated
by the salinity gradient rather than temperature gradient®.

During winter monsoon in the northern AS, cool and dry
continental air brought by the prevailing northeast trade
winds intensifies evaporation leading to surface cooling.
This combined with reduced incoming solar radiation and
high ambient surface salinity (>36) drives convective
mixing in the northern AS, resulting in upward transport
of nutrients from the base of the thermocline®®.

In recent years, the phenomenon of winter convection
and associated enhanced primary production (PP) has been
studied”” in the northern AS. However data on winter
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production in the northeastern AS are scanty. In 1996, the
Joint Global Ocean Flux Studies (JGOFS) — India group
reported® an increased PP (807 mgC m™ d™*) compared to
the previous intermonsoon period (310 mgC m?d™) at
21°N, 67°E. This value is less compared to the winter
production reported by the international JGOFS (1000~
2000 mgC m= d?) and the US-JGOFS (1452 mgC m= d %)
at comparable latitudes of the northwestern AS>®. JGOFS-
India sampling was done during 3 February—4 March
1994 (lean winter monsoon period) and the International
and US-JGOFS were from 11 January to 6 February 1995
and 30 November to 29 December 1995 (peak winter
monsoon periods) respectively. The dataset that we pre-
sent here is generated during the peak of the winter mon-
soon period (29 November-5 January 2000) from the
northeastern AS and the station locations were more close
to the JGOFS-India stations.

The hinterland of the northern and northwestern part of
the BOB has tributaries and distributaries of five major
rivers, the Ganges, Brahmaputra, Mahanadi, Godavari and
Damodar, which considerably dilute the salinity of the
BOB throughout the year. Rains over the BOB show
strong seasonality. The southeastern coast of India has a
winter rainfall maximum and the rest of the region has a
summer monsoon maximum’®. During winter monsoon,
the surface salinity at 20°N is higher (27) compared to
the summer monsoon (22)**. Hydrographic data collected
during the summer monsoon of 1989 along the east coast
of India showed a narrow upwelling band of 40 km width
aong most of the coastline®. Since the region is one of the
least explored areas of the 10, authentic and systematic
seasona studies on productivity patterns are fewer. The litera
ture available for PP is mostly for the summer monsoon
season, where observations do not agree. Studies up to
1976 reported low PP%** (120-310 mgC m2d™, April/
May 1951; 130-820 mgC m2d™, April/May 1963; 160—
240 mgC m? d™*, March/April 1975, 220-320 mgC m= d™,
August/September 1976). The possible reason suggested
for the lower PP in the BOB was heavier cloud coverage
and turbidity arising from sediment fluxes, which limit ef-
fective solar radiation in the upper euphotic column®**3,
More recent studies showed very high PP*'° (140-
5590 mgC m~d™, 180-3410 mgC m™ d%), higher than
the production in the AS during this period. The most re-
cent study (2001)* during the summer monsoon in the
BOB by the JGOFS-India group observed PP values bet-
ween 328 and 520 mgC m™ d* and argues that, it is com-
parable with the PP of the AS during inter monsoon spring
(oligotrophic period). During winter, PP in the shelf re-
gions of the northern BOB is reported to be higher than
the inter monsoon spring and summer monsoon season®’.
Increased water-column transparency and river run-off
are likely to be the reason for the increased production
during winter.

Nevertheless, during winter, like the northern AS, the
air temperature of the northwestern BOB decreases con-
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siderably (~2.5°C drop compared to the southern region)™.
However, winter convection due to atmospheric cooling,
and the subsequent manifestation on biological productiv-
ity in AS and BOB have not been studied earlier, on a
comparative basis. The objectives of the present study are
to (a) understand the magnitude of physical forcing in the
AS and BOB during winter monsoon and its conse-
guences on the physical characteristics of the upper water
column; (b) understand the vertical distribution of chemi-
cal parameters (oxygen, nitrate, phosphate and silicate)
and (c) generate a new dataset for biological parameters
(phytoplankton standing stock, primary productivity, micro-
zooplankton and mesozooplankton biomass) for both AS
and BOB during winter monsoon, from which a compari-
son between both the basins could be attempted.

As part of Marine Research — Living Resources (MR-
LR) Assessment programme of the Department of Ocean
Development (DOD), New Delhi measurements were car-
ried out during the winter monsoon period along the
northwest and northeast coasts of India in two cruises of
FORV Sagar Sampada. Cruise 190 (29 November-5
January 2001) was conducted in the northeast AS and
cruise 198 (20 November—18 December 2002) was in the
northwest BOB. The parameters measured include hydro-
graphy, PP, chlorophyll a (Chl a), mesozooplankton bio-
mass (MZB) and microzooplankton biomass (MZPB).
This communication is based on the samplings made at
13 hydrographic stations along three transects at 17, 19 and
21°N in the AS and 17, 19 and 20.5°N in the BOB (Figure
1). The biological productivity studies were made in two
stations in each transect (A1-A6 in AS and B1-B6 in the
BOB), grouped coastal (stations close to the coast) and
oceanic (stations farthest from the coast).

The same methodology was followed in the AS and
BOB. Surface meteorological parameters were collected
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Figure 1. Station locations in the AS and BOB. Closed circles repre-

sent the hydrographic stations and closed circles surrounded by open
circles denote positions where biological samplings were made.
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from all stations and a ship-based automated data acquisi-
tion software system was used to collect the meteorol ogi-
cal parameters with an interval of 10 min throughout the
ship track. The sea surface temperature (SST) was meas-
ured using a bucket thermometer, by keeping it in the wa-
ter close to the surface. The mixed layer depth (MLD) is
defined as the depth of the isoproperty surface layer, ob-
tained by plotting profiles of temperature, salinity and
density against depth. Water samples were collected for
Chl a, PP and MZPB from 7 standard depths, viz. 0, 10,
20, 50, 75, 100 and 120 m (dissolved oxygen and nutri-
ents samples were collected up to 200 m) using Niskin
samplers. Sea-Bird electronic CTD was used to obtain the
temperature and salinity profiles. CTD salinities were
corrected against the values obtained by the Autosal
(model 8400A, Guildling). The analyses of nitrate, phos-
phate and silicate were done using a Skalar San Plus
autoanalyser and estimation of dissolved oxygen was car-
ried out by the Winkler's method. Two litres of water
from each standard depth was filtered through GF/F filters
(nominal pore size 0.7 mm) to estimate Chl a spectropho-
tometrically (Perkin—Elmer UV/Vis) using 10 ml 90%
acetone for extraction® and PP was measured using **C-
technique™. Water samples were collected into four 300 ml
polycarbonate bottles (Nalgene; Germany, three light and
one dark), each from all the seven standard depths men-
tioned above for PP. Incubation was for 12 h (sunrise to
sunset). Prior to incubation of **C-series, 1 ml of NaH*CO,
(Board of Radiation and Isotope Technology, Mumbai)
was added to each sample (5 nCi per 300 ml sea water).
Mooring system was deployed for facilitating in situ incu-
bation of PP samples. After the 12 h incubation, the sam-
ples were filtered through 47 mm GF/F filters under gentle
suction. Then the filter papers were exposed to concen-
trated HCI fumes to remove excess inorganic carbon and
kept in scintillation vials for subsequent estimation of **C
uptake. Next 5ml of liquid scintillation cocktail (Sisco
Research Laboratory, Mumbai) was added to the vials a
day before analysis, and the activity counted in a scintil-
lation counter (Wallac 1409 DSA, Perkin—Elmer, USA).
The disintegration per minute (DPM) values were conver-
ted into daily production rates (mgC m2d™) using the
appropriate formula®®. Column Chla (mgm™) and PP
(mgC m?d™?) were calculated by integrating depth values
up to 120 m.

Mesozooplankon was collected with a multiple plank-
ton closing net (Hydrobios, mouth area 0.25m?, mesh
width 200 nm). Samples were collected from the base of
the thermocline to the surface and all the collections were
carried out during the day (mostly around the noon) to
avoid the possible impact on biomass due to zooplankton
vertical migration. Collection of microzooplankton was
carried out by filtering 51 of water samples from each
depth, prefiltered gently through a 200 mm bolting silk to
avoid the mesozooplankton and collected into black poly-
thene bottles. Subsequently, samples were concentrated
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by siphoning through a PV C tubing with its cod end fitted
with a 20 mm Nitex screen for retaining all the microzoo-
plankton of 3 20 nm size at the bottom of the carboy.
Thus microzooplankton samples were concentrated to
100 ml volume and then preserved in 1-3% acid Lugol’s
solution. Samples were left to settle for more than 48 hin
a settling chamber. Microzooplankton were analysed with
an Olympus inverted microscope at 100400~ magnifi-
cation. The dimensions of ciliates and dinoflagellates were
measured using a calibrated ocular micrometer. Biovolumes
of organisms were determined using appropriate geomet-
rical formulae and carbon content (pgC) was calculated
using conversion ratio®. Integrated MZPB with depth
made up the standing stock per unit area.

Along the northeastern AS, surface winds were predomi-
nantly northeasterly with an average speed of ~6ms™
Air-temperature distribution showed a diurnal oscillation
and varied from 24 to 30°C and decreased northwards
(Figure 2). The SST pattern also showed a decreasing
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Figure 2. Distribution of wind speed, air temperature, sea surface
temperature, sea surface salinity and mixed layer depth along the three
transectsin the AS and BOB.
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trend towards north and varied from 26 to 27.8°C, with
an average of 27.2, 27 and 26.4°C respectively along the
transects 17, 19 and 21°N. The sea surface salinity (SSS)
showed weak lateral variation (35.2 to 36.8), which in-
creased towards north. Generally, the MLD was deeper
(average 60 m) towards the north, except at a few sta
tions. Shallow MLD (~ 30 m) was observed at the station
near the coast along 19°N. This could be due to the low
winds (< 4 ms™) that prevailed over the respective loca-
tions.

In the northwestern BOB, wind pattern, surface pres-
sure, air temperature and SST pattern were similar to that
over the AS, but varied in magnitude. The surface winds
were predominantly northeasterly, with an average speed
of 5ms™. Air temperature showed diurnal variability and

Arabian Sea Bay of Bengal
Si%ma-t Si%ma—l
]\8 %0 \2 J 2‘6 ]I8 %0 2 ‘ 2J6
' ' SallinityI ‘ ‘ ‘ Salinity‘ '
%8 3‘0 3‘2 3‘4 3‘6 %8 3‘0 32 3‘4 3‘6
Temperature (°C) Temperature (°C)
20 22 24 2 8 30 20 22 24 26 28 30
a oL 1. M [ L
% o
— TS N N
20 F oA e = 5
| b %’ \ \ﬁ <
40+ ‘ FoA L
R | — »
£ 601 ) L S \ L
2 / \ I r
80,/ \WoE /« \\ F
| w{ I
1004 // ‘ L4 / \\\
1 21°N:67°E r 20.5°N:89.15°E
120
b 0 Lo | 1
4 d 2 —
201 l { oL \L\\ 1\\, F
E 8 It
o J N
E ] v )R > r //\K/
Z 60 y \ b - \ L
g o \( | \ :
o f 1 s B N[
4 / \\ L / \ L
ool [ ]/ S
1 19°N:70°E 19°N:87°E
120
c o : :
T @ .
20+ [ — -
J s L
40+ W B i L i r
g 4 l \\\//,
%_ 60 ,/\x’\ r /,// \
R ] S \ e \\\
80 /,/ \\ (ﬁ J /,// \j> L
4 < NS /
1004 — \V 4/ | L
| 17°N:71°E 17°N:B5°E
120 — n
®  Temperature ~©  Salinity —t—  Sigma-t

Figure 3. Vertical distribution of temperature, salinity and density at
stations in the transects (a) 17°N, (b) 19°N and (c) 21°N in AS, 20.5°N
in BOB in the northeastern AS and northwestern BOB.

CURRENT SCIENCE, VOL. 87, NO. 6, 25 SEPTEMBER 2004



RESEARCH COMMUNICATIONS

Dissolved oxygen (uM) Nitrate (uM)
0 e OF—

Silicate (uM) Phosphate (nM)
: : 0 : :

7120 R I

.5 e

Depth (m)

19°N

o 170 T 2 130

\2 R,
9 70 71 72 73

Longitude (°E)
Figure 4. Vertical distribution of dissolved oxygen, nitrate, silicate and phosphate along tran-
sects 17°N (bottom), 19°N (middle) and 21°N (top) in the northeastern AS during winter mon-

soon.

ranged from 25 to 29°C and decreased northwards. The
SST varied from 25.3 to 28.3°C and the pattern almost
resembled that in the AS. Slightly higher temperature was
observed along 17 and 20.5°N in the BOB compared to
the respective transects along the AS. The low-saline wa-
ters in the northern BOB resulted a shallow mixed layer
in this region (< 5m). The MLD was shallower towards
the coast and the deepest mixed layer was observed at the
farthest station along 17°N, where relatively high salinity
was observed; this indicated the least effect of river dis-
charge. A special feature of the vertical structure was the
thermal inversion in surface layers (Figure 3) that oc-
curred immediately below the mixed layer. The amplitude
of inversion increased towards north and reached >2.5°C
in the northernmost transect (Figure 3). In the northwest-
ern BOB, low salinity has a strong influence on the den-
sity in the upper layers (Figure 3).

Large variation (2-5) in salinity with depth was a general
feature in the BOB during the season. In the upper 100 m
water column, salinity varied markedly with depth. Along
19 and 20.5°N the salinity gradients in the upper 100 m wa-
ter column were 4-5, while stations at comparable latitudes
of AS showed gradients of 0.3-1.5 (Figure 3).

The distribution of nitrate and silicate showed contrast-
ing behaviour (Figures 4 and 5) in AS and BOB, although
the atmospheric cooling prevailed at both sides. Presence
of rich nitrate (> 2 mM) in the surface waters was the cha-
racteristic in the northernmost section of AS, but silicate
and phosphate were relatively lower. Convective mixing
in the northern AS is strong enough to erode the upper
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portion of the thermocline and introduce more nitrate, but
the higher concentrations of silicate and phosphate lie at
much greater depths (Figure 4). Oxygen concentration in
the upper 30 m was approximately 200 mM in AS and did
not show any latitudinal variation.

Response in BOB to winter cooling, as evident from
Figure 5, was quite different. The BOB showed depleted
(almost undetectable) levels of nitrate and phosphate in
the upper water column. Due to strong stratification, nitrate
and phosphate remained at greater depths (0.5 M at ~40 m
and 0.4 mM at 30 m respectively). Enrichment of surface
waters with silicate (2mM at 20 m) at the northernmost
transect (20.5°N) is obviously due to the influx of river
discharge in that region. Oxygen distributions in the upper
layers of the BOB were only dlightly different from the
AS with high concentrations along the northernmost tran-
sect (20.5°N).

At the coastal stations of the AS, integrated Chl a concen-
tration ranged between 19 and 82 mg m™ (avg. 48.6 mg m™)
and PP varied from 373 to 1854 mgC m=d™* (avg.
1081 mgC m™ d™). At the oceanic stations, the integrated
Chl a ranged between 25 and 58 mg m™ (avg. 46.3 mg m™)
and PP varied from 731 to 1363mgC m=d™* (avg.
1147 mgC m? d ™). Maximum integrated Chl a concen-
tration (82mgm™) and PP (1854 mgC m2d™) were
found at the coastal station at 21°N (Station A3). More-
over, latitudinal comparison showed that highest average
Chl a and PP were at 21°N (avg. Chl a 69 mg m™, avg.
PP 1608 mgC m=d™), followed by 17°N (avg. Chl a
51.5 mg m™, avg. PP 1182 mgC m2d™) and 19°N (avg.
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Figure 5. Vertical distribution of dissolved oxygen, nitrate, silicate and phosphate along transects
17°N (bottom), 19°N (middle) and 20.5°N (top) in the northwestern BOB during winter monsoon.

Chl a 22 mg m™, avg. PP 551 mgC m2 d™%). Overall, dur-
ing the study the AS had high Chl a concentration (avg.
47.5mg m™) and PP (avg. 1114 mgC m2 d™).

At the coastal stations of the BOB, integrated Chl a
concentration ranged between 9 and 15mgm? (avg.
13 mgm) and PP varied from 115 to 187 mgC m2d™
(avg. 149 mgCm2d™). In the oceanic regions, Chla
concentration varied from 9 to 13 mgm™ (avg. 13 mgm™)
and PP from 87 to 164 mgC m2 d™ (avg. 133 mgC m2d™?)
respectively. The maximum integrated Chl a (15 mg m™)
and PP (187 mgC m2 d™) were found at the coastal sta-
tions at 19°N (Station B2). Latitudina comparison showed
that higher average Chl a and PP were found along 19°N
(avg. Chla 14mgm? avg. PP 175mgCm?2d™?) fol-
lowed by 17°N (avg. Chla 11.5mgm?, avg. PP
123 mgC m2d™) and 20.5°N (avg. Chla 9 mg m™, avg.
PP 101 mgC m2d™). Comparison between the AS and
BOB showed that the AS held fivefold more Chl a (Fig-
ure 6 a) and tenfold more PP (Figure 6 b).

Genera pattern of the surface chlorophyll a distribu-
tion derived from satellite (Sea WIFS; Figure 7) further
supports the actual measurements done on-board. Chloro-
phyll a distribution from Sea WiFS clearly showed higher
concentration in the AS compared to BOB and in both the
basins, coastal regions had maximum concentration.

The coastal regions of AS showed an average MZB of
175 mmolC m™. The biomass of the stations ranged bet-
ween 137 and 198 mmolC m™. In the oceanic stations,
average biomass was 168 mmolC m™. In the entire northern
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AS, average biomass was 172 mmolC m™2. Latitudinal
comparison showed that 17°N and 19°N latitudes had
higher MZB (190 and 179 mmolC m respectively) fol-
lowed by 21°N (153 mmolC m™). In the BOB, MZB bio-
mass in the coastal and oceanic stations ranged between
30 and 60 mmolC m™ and 50 and 133 mmolC m™ respe-
ctively. The average MZB for northwestern BOB was
71 mmolC m™. Latitudinal comparison showed that 17°N
had maximum MZB (92 mmolC/m™) followed by 19°N
(81 mmolC m™®) and 20.5°N (40 mmolC m?). Comparison
between average MZB of AS and BOB showed that the
former hold biomass more than twice the latter (Figure
6¢).

The coastal regions of the AS had a higher average
MZPB (avg. 28.9 mmolC m™) compared to the oceanic
regions (avg. 23.2 mmolC m™). Maximum average biomass
observed was at 21°N (31.9 mmolC m™?) followed by
17°N (29.8 mmolC m™) and least at 19°N (16.5 mmolC m™).
Maximum biomass (41.3 mmolC m™) was obtained at the
oceanic station of 21°N (Station A6) and the average
biomass in the entire region was 26 mmolC m™. Coastal
and oceanic regions of BOB had an average biomass of
12 mmolC m? and 9 mmol m™ respectively. Maximum
average biomass was obtained at 17°N (29.8 mmolC m™)
followed by 19°N (11 mmolC m?) and the least at 20.5°N.
Average hiomass of the region was 10.6 mmolC m?
which indicated that the BOB had lesser microzooplank-
ton standing stock compared to AS (26 mmolC m™%; Fig-
ure 6d).
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Figure 6. Distribution of integrated (a) chlorophyll a, (b) primary
production, (¢) mesozooplankton biomass and (d) microzooplankton
biomass in the AS and BOB during winter monsoon.

The ASHSW, the PGW and the RSW make the AS highly
saline. Consequently, heat loss by the winter cooling pro-
cess triggers convective mixing. The deepening of mixed
layer from southern to northern latitudes coincided with
the intensification of winter, except at the coastal station
along 19°N where shallow MLD (~30 m) was observed,
and this could be due to the low winds (~4 ms™) that
prevailed in the region. Comparatively low MLD was aso
observed at 17°N; 70°E where wind speed was low
(<4 ms™). These observations indicate that even during
winter MLD is not solely determined by atmospheric
cooling alone, but by the combined effect of atmospheric
cooling and wind speed.

The atmospheric conditions in the BOB were more favour-
able to the winter cooling processes. Relatively colder,
dry air (humidity <60%) blew over the BOB than the
northeastern AS (humidity > 65%). The climatological
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atlas of evaporation and latent heat flux* corroborate the
heat loss of the sea surface to the atmosphere by the win-
ter cooling. In addition, the freshwater influx due to pre-
cipitation and run-off freshens the surface layers in the
northern BOB. As a result, the cold freshwater in the sur-
face layers stays stagnated, below which the temperature
increases with depth resulting in thermal inversion. The
low-saline waters compensate the static stability loss by
thermal inversion. Many researchers have reported earlier
on the BOB inversions®®*?. Therma inversion mostly
dominates during winter, which suggests that it is due to the
freshwater influx and evaporative cooling over the region.
Using the climatological dataset, river discharge™ was
computed for summer monsoon and winter monsoon.
Strickland and Parsons found that the northwestern bay
receives a discharge of 531" 10° m® and 59~ 10° m® dur-
ing summer and winter monsoons respectively. However,
earlier studies in the BOB reported small-amplitude
thermal inversion during summer even if being influenced
by maximum river discharge®'®*?*. From our observations,
it becomes obvious that winter cooling process is the ma-
jor causative force for the large-scale inversion (amplitude
>2°C) in the northern BOB along with the salinity gradi-
ent in the surface. During winter, due to atmospheric
cooling, the surface layers attain low temperature but fail
to impart it to the deeper waters owing to the lack of
sinking and convective mixing. Maximum MLD obtained
at the open ocean station at 17°N was due to the absence
of freshwater influx, since this station was the farthest
one from the hinterland. Large variations in salinity with
depth (gradients of 2-5 in the upper 100 m water column)
in the BOB are clear evidence of the enormous quantity
of freshwater that northern BOB receives from the Maha-
nadi—-Ganges-Brahmaputra river systems. On the con-
trary, the surface layers of the AS were highly saline due
to the ASHSWM, PGW and RSW, and the upper 100 m
water column shows salinity gradients of 0.3—-1.5 only.
Vertical distribution of nutrients in the AS and BOB
was characterized by marked variations. In the AS, the
upper 50 m water column possessed 2 mM nitrate which
was a clear indication of convective mixing mechanism
operating in the region. Interestingly, in the BOB the up-
per 50 m water was devoid of nitrate, which points out
the low efficiencies of vertical mixing mechanisms oper-
ating in that region. The absence of nitrate in the upper
water column of the BOB during winter monsoon has
been reported earlier®®. High concentration of silicate
(2 MM) and oxygen (>200 M) in the surface layers of
the northernmost stations could be a sign of river inputs.
High Chla (avg. 47.5mgm™) in the AS is attributed
to high nutrient concentration by convective mixing.
Higher chlorophyll concentration in the AS during the
present study is further supported by the chlorophyll dis-
tribution derived from Sea WIiFS. Highest average PP
(1854 mg C m™ d™) obtained at the coastal station of the
northernmost latitude coincided with the highest MLD
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the respective periods.

(~80 m). Relatively low integrated Chl a and PP (avg.
Chl a 22mgm™, avg. PP 551 mgC m?d™) observed
along 19°N in the AS correspond with the low MLD in
that transect.

But in the BOB, PP and Chl a were very low (avg.
117 mgm?d™?, avg. 10.3mgm™ respectively) and low
PP was due to the absence of nitrate and phosphate in the
water column. In the AS, the northernmost latitude (21°N)
sustained high phytoplankton biomass and production
(avg. Chl a. 69 mgm™, avg. PP 1608 mgC m2d™), but
in the BOB the northernmost latitude had the least values
(avg. PP 69 mgC m?d?, avg. Chl a 9 mgm™). Higher
PP in the northernmost latitude of the AS could be due to
the intensification of winter towards north, which in-
creased the mixed layer, but the northernmost latitudes of
the BOB receive maximum influence from freshwater,
which leads to strong stratification of the upper waters.

For the AS, comparison between the average integrated
Chl a and PP obtained during the present study (Chl a
475mgm? and PP 1114 mgCm?d™?) with Indian
JGOFS (Chl a 34.4mgm™ and PP 870 mgC m?d™)
showed that the former average is much higher than the
latter. During the present investigation the sampling was
carried out during the peak of winter (29 November-5
January 2000), while the Indian JGOFS studies were dur-
ing the late winter monsoon (3 February—4 March 1994).
This could possibly be the reason for the higher PP and
Chl a in the present study. Interestingly, our observations
were quite comparable with the international JGOFS
(1000—2000 mgC m= d™)® in the northwestern AS, even
though their study area was in the central and northwest-
ern AS. Moreover, the present study revealed that the
cooling during winter is more or less equal in the north-
ern parts of the BOB and AS.

MZB in the AS (172 mmolC m™) was higher than that
in the BOB (71 mmolC m™). Although the primary source
of nutrition for mesozooplankton is through the phyto-
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plankton, the difference between the two areas (AS and
BOB) was not as drastic as for phytoplankton biomass
(the latter about fivefold against more than one and a half
for the former). Obviously, a one-to-one relationship bet-
ween primary and secondary producers does not exist.
Other pathways for nourishment of secondary producers
could be derived through the microbial loop or even from
particul ate organic matter’.

Low MZPB (10.6 mmol m™®) in the BOB was attrib-
uted to the very low PP and mesozooplankton standing
stock, which in turn forms the potential source of dissol-
ved organic carbon (DOC) on which bacteria and hetero-
trophic flagellates start building up. Unfortunately, we do
not have measurements for DOC, heterotrophic flagella-
tes and bacterial counts, which are thought to be essential
for the elucidation of the microbial food-web relations.

Our studies revealed that during winter both northeast-
ern AS and northwestern BOB experience more or less
equal atmospheric cooling, but the consequences of this
process produce converse results along the two regimes.
In the AS, the winter cooling processes lead to densifica-
tion of surface water, which results in convective mixing
and deepening of the mixed layer. Injection of nutrients
to the surface layers by convective mixing promotes high
biological production. During the study, winter cooling
generated PP values as high as 1854 mgC m™2d™ at the
northernmost latitude. This is higher than the reported
production (1760 mgC m2d™) of the southeast AS dur-
ing the southwest monsoon (upwelling period) and sug-
gests that winter production in the northern AS is roughly
of the same magnitude as the upwelling production of the
south. While along the northwestern BOB, winter cooling
process results in strong thermal inversion and shallow
mixed layer. The upper freshwater layer behaves like a
cap and restricts the impact of atmospheric cooling to the
thin surface layers, avoiding the chances of sinking by
densification. Undetectable amounts of nitrate in the top
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50 m waters of the BOB are an indication of the oligotro-
phic nature of the water that eventually leads to very low
biological production.
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Low period variability in Tropical
Rainfall Measuring Mission
Microwave I mager measured sea
surface temperature over the Bay of
Bengal during summer monsoon
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Sea surface temperature measured by the Tropical
Rainfall Measuring Mission Microwave Imager (TMI)
over the Bay of Bengal during monsoon was found to
exhibit a low-period intra-seasonal mode of 8-16 days,
in addition to the 30—60 days mode. This unique feature
is attributed to the coherent response of the top fresh-
water layer, formed due to high precipitation and river
run-off, to synoptic atmospheric monsoon processes.
These results were obtained through Fourier, Morlet
wavelet and time series analyses applied on TMI and
buoy data of June-September during 1998-2001.

SEA surface temperature (SST) displays variability over a
wide range of space- and time-scales. Over the tropical
oceans, SST variability has been shown to be associated
with the oscillations of a variety of weather patterns. The
most pronounced oscillations in SST are known to occur
over the Bay of Bengal (BoB) besides the equatorial west-
ern Pacific Ocean’. The recent observations by space-
borne microwave sensors of SST in the tropical oceans
under the influence of cloudiness and precipitation, have
further enriched the understanding of its variabilities.
Variability in meteorological and oceanographic para-
meters over the monsoon regions of north Indian Ocean,
consisting of the Arabian Sea (AS) and the BoB, continues
to be the focus of active research on monsoon variability?.
Yasunari®, and Sikka and Gadgil* found two dominant
periodicities of around 40 and 15 days in the fluctuations
of cloudiness over the northern Indian Ocean (10) during
summer monsoon. Fluctuations of the 40 day period were
shown to represent the marked northward movement of the
cloudiness from the equatorial zone to the mid-latitudes,
while the 15-day period mode seems to correspond with
the movement of equatorial monsoonal disturbances. Mura-
kami®, and Krishnamurti and Bhalme® have also noted a
period of around two weeks for the alteration between
active and inactive phases of monsoon for near-normal
rainfall years. In a recent study based on the spectral
analysis of observations made during the Bay of Bengal
Monsoon Experiment (BOBMEX), Hareeshkumar et al.’
found prominent peaks at around 10.6 days in the V-
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