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Seasonal cycle of the physical processes and the biological response in the Bay of Bengal were studied using co-located
physical, chemical and biological data collected along the central and the western Bay covering four seasons from 2001 to
2006. The spring intermonsoon was characterized by warm surface waters with high salinity and less stable water column
compared to summer and fall intermonsoon. During summer, freshening due to precipitation and river discharge strongly
stratified the upper water column, especially in the north. Continued freshening and presence of low salinity waters during
fall intermonsoon sustained the stratification. Presence of cold core eddies controlled the nutrient flux to the upper layers.
During winter, the net heat loss from the sea surface led to the surface cooling with coldest sea surface temperature.
Comparatively stronger winds were able to initiate wind-mixing as the water column stability was the least during this
period. Less stable water column also supported an efficient nutrient supply by cold core eddies. It resulted in the highest
mean column integrated chlorophyll as well as primary productivity. Perennially low surface chlorophyll in the Bay of
Bengal was largely controlled by the physical processes such as stratification and reduced wind-mixing. The moderate
column integrated chlorophyll biomass as well as primary productivity throughout the year was regulated by the presence of
mesoscale eddies.
[Keywords: Stratification, Advection, Wind-mixing, Mixed layer depth, Cold-core eddy, Chlorophyll, Primary productivity,
Nutrients]

Introduction
Bay of Bengal being a tropical basin, the biological
production, to a large extent, must be modulated by
the physical processes. Though the average surface
biological production in the Bay of Bengal was ~1.25
times higher than the Arabian Sea1, the column
production was much lower2 corroborating the
traditional notion of low biological productivity in the
Bay of Bengal. However, subsequent data on
chlorophyll and primary productivity (pp) showed a
wide range of spatial and temporal variability
(Table 1). Elevated chlorophyll and PP occurring near
the river mouth3-5 and along certain parts of western
boundary6-8 could be understood in the context of
river input of nutrients9-11 as well as localized
upwelling occurring close to the western boundary
during summer monsoon12-15. In fact episodic events
such as cyclones7 and mesoscale features such as
eddies6,10,16 are capable of enhancing biological
_________
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productivity several fold in the Bay of Bengal. All the
earlier
studies,
except
those
of
Madhu et al.7,8, were based on deck incubation
simulating the in-situ light conditions with the help of
neutral density filters. More recently, using clean
technique Madhupratap et al.9 and Prasnna Kumar et
al.16 showed that the column integrated primary
productivity during summer monsoon along the
western as well as along the central Bay of Bengal
varied from 40 to 502 mg C m-2 d-1, while the
chlorophyll a concentrations varied from 10 to
20 mg/m2. However, the surface chlorophyll a
concentrations were less than 0.3 mg/m3. In
comparison with the Arabian Sea, the column
integrated chlorophyll a as well as primary
productivity in the Bay of Bengal was lower by 4 and
8 times respectively17.
Present paper is an attempt to understand the
seasonal cycle of the physical processes that are
responsible for bringing about the observed variability
in the chlorophyll biomass and primary productivity
in the Bay of Bengal. For this purpose all the data
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Table 1—Integrated chlorophyll a and primary productivity reported by various authors in the Bay of Bengal during different seasons.
Serial
No.

Author

1

Radhakrisna,
19783
Bhattathiri
et al., 19804

2

3

4

Devassy
et al., 19835

Gomes et al.,
20006

Period

Region

Column integrated
Chlorophyll a
Primary productivity
(mg/m2)
(g C m-2 d-1)

March-April 1975

Off shore region (>500 m) along
the western boundary
Western Bay
In shore region (<200 m)
Offshore region (>200 m)

Nil

0.06 – 0.24

1.1 – 50.5
1.3 – 33.7

0.12 – 3.41
0.18 – 2.20

Away from the river mouth of
Mahanadi
Near mouth of Mahanadi
In the northern Bay in diatom
bloom region
along the western boundary
associated with eddy-like feature
Inshore (<300 m)
Offshore (>300 m)
Inshore (<300 m)
Offshore (>300 m)
Inshore (<300 m)
Offshore (>300 m)
Southern part of the western
boundary associated with Orissa
super cyclone
Along the western boundary

2.1 – 7.0

0.14 – 0.98

18.9
23.2

1.19
5.59

53.0

4.5

30.4±24.0
18.8±9.0
165.0±132.0
97.0±48.0
26.2±14.0
27.6±7.0
24.4

1.05±1.40
0.16±0.08
0.55±0.14
0.30±0.20
0.44±0.20
0.30±0.10
1.23

21.9 ± 16.8
14.1±6.3
13.0±7.7
11.5±4.1
11.6 – 18.7
9.0 – 11.4
11.2 – 42.9
13.4 – 18.3
11.3 – 18.7
11.3 – 23.4

0.31±0.12
0.30±0.09
0.35±0.22
0.25±0.18
0.25±0.21
0.23±0.15
0.04 – 0.50
0.09 – 0.22
0.25 – 0.47
0.15 – 0.43
0.02 – 0.35
0.18 – 0.51

August-September 1978

August 1977

March-April 1991

July-August 1989
December 1991
5

Madhu et al.,
20027

6

Madhu et al.,
20068

November 1999

April 2001
July/August 2002
December 2001
7
8

Madhupratap
et al., 20039
Prasanna
Kumar et al.,
200710

July 2001
April-May 2003
September-October 2002

Inshore (<200 m)
Offshore (>1000 m)
Inshore (<200 m)
Offshore (>1000 m)
Inshore (<200 m)
Offshore (>1000 m)
Along the western boundary
Along central Bay (88°E)
Along the western boundary
Along central Bay (88oE)
Along the western boundary
Along central Bay (88°E)

collected under the national programme Bay of
Bengal Process Study (BOBPS) during 2001-2006
using clean technique and in-situ incubation following
JGOFS protocol18 had been pooled, analysed and
synthesized.
Materials and Methods
Under the BOBPS programme, physical, chemical
and biological measurements were carried out at predetermined stations along the central (88°E) and the
western Bay of Bengal (Fig. 1). The same 24 CTD
(Conductivity-Temperature-Depth) stations were
occupied 4 times onboard ORV Sagar Kanya during
summer monsoon (6 July to 2 August, 2001), fall
intermonsoon (14 September to 12 October, 2002)

and spring intermonsoon (12 April to 7 May, 2003),
and onboard FORV Sagar Sampada during winter
monsoon (25 November 2005 to 7 January 2006). Out
of the 24 CTD stations sampled at 1-degree interval,
14 were in the central Bay of Bengal along 88°E and
10 along the western margin (Fig. 1). A Sea-Bird
CTD was used to obtain profiles of temperature and
salinity in the upper 1000 m and the rosette sampler
fitted with 10-L Go-Flo bottles were used to collect
water samples from eight discrete depths (near
surface, 10, 20, 40, 60, 80, 100 and 120 m) for
measuring chlorophyll a and nutrients. The
chlorophyll a was estimated after correcting for
phaeophytin using a fluorometer (Turner Designs)
which was calibrated before each cruise. The
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Fig. 1—Location map showing the BOBPS sampling stations along central (88°E) and western Bay of Bengal (see text for details).
Shading is the annual mean climatology (1998-2008) of chlorophyll pigment concentrations (mg/m3) obtained from SeaWiFS. Dark lines
are surface salinity (psu) contours and light lines are the depth (m) contours. Dark circles indicate 1-degree CTD stations while open
circles are the biological stations for in-situ incubation for primary production. Rivers Ganges - Brahmaputra, Godavari, Krishna,
Cauvery and Irrawady are also shown.

sensitivity for chlorophyll a measurement was 0.01
mg/m3. Nitrate, silicate and phosphate were analyzed
with a SKALAR auto-analyzer during summer and
with spectrophotometer following Grasshoff et al.19
during fall and spring intermonsoons. In both cases,
sensitivity for nitrate, silicate and phosphate was 0.1,
0.5 and 0.03 µM respectively. In addition, 9 stations
(5 in the central Bay of Bengal and 4 along the
western margin, Fig. 1) were also occupied for
measuring PP according to an in-situ incubation
protocol18. At pre-dawn water samples from each
depth were collected into four 300ml polycarbonate
(Nalgene, Germany) bottles (three light, one dark).
One ampoule of NaH14CO3 (specific activity of
185 kBq) was added to each bottle. Subsequently, all
bottles were tied on to a mooring system before dawn
and incubated in-situ for 12 hours (for details see
Madhupratap et al.9 and also Ramaiah et al.20 in this
issue). Apart from the water column measurements,
surface meteorological parameters such as sea surface
temperature (SST) using bucket thermometer and
wind speed, direction, air temperature, atmospheric

pressure and wet bulb temperature using surface met
kit (Dynalab, Pune) were also measured. The stability
of the water column was calculated following Pond
and Pickard21.
Results and Discussion
Before we start the analysis of the data to
understand the seasonal cycle of the physical
processes in response to the atmospheric forcing and
associated changes in the chlorophyll and primary
productivity in the Bay of Bengal, it is important to
address the issue whether we can infer meaningfully
the seasonal variability from the data collected over a
period of 5 years (July 2001 - January 2006). Our
rationale is based on the fact that the amplitude of the
seasonal cycle is much larger than the inter-annual
signal22-23 and that though the semi-annual wind
reversal may have inter-annual variability; on the
whole the semi-annual variability is highly regular on
a seasonal basis24. The seasons considered for the
present analysis are:
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Summer monsoon
Fall inter-monsoon
Winter monsoon

391

March - May
June - August
September - October
November - February

To decipher the seasonal cycle of physical forcing we
first present, for a given season, the results by
analyzing the surface parameters such as wind speed,
air temperature, sea surface temperature (SST) and
sea surface salinity (SSS) followed by the vertical
distribution of temperature and salinity. Mixed layer
depth (MLD) is defined as the depth at which the
density (sigma-t) exceeds the surface value by
0.2 kg/m3. Subsequently, results of the water column
nutrients along with chlorophyll and PP were presented.
Spring intermonsoon
Surface parameters

During spring intermonsoon the Bay of Bengal was
characterized by weak winds (< 5 m/s), warm air
(> 30°C) and sea surface temperatures (> 29°C) and
high surface salinity (> 33 psu) (Fig. 2). The winds
along the central Bay of Bengal (3.9±2.5 m/s)
were weaker compared to the western boundary
(5.1±2.1 m/s). Along the central Bay wind speed
decreased from 5m/s at 7°N to less than 1m/s at 14°N,
and beyond this latitude it showed an increasing trend
towards north with maximum speed of 9 m/s at 18°N
(Fig. 2a). Wind speed along the western boundary
showed a decreasing trend from south to north with
the highest speed of 8m/s in the south and the lowest
speed of 3m/s in the north. The air temperature along
the central Bay showed a dominant diurnal variability
from 29°C to 31°C without any specific north-south
trend (Fig. 2b). In contrast along the western
boundary the air temperature showed a southward
decrease from 31.5°C at 12°N to 29°C at 19°N. The
average air temperature along the central Bay
(30.2±0.9°C) and the western boundary (29.9±0.6°C)
did not differ much. Similarly, the average SST also
did not show much difference between the central
Bay (29.7±0.5°C) and the western boundary
(30.0±0.6°C) (Fig. 2c). Both regions showed a
decreasing trend with warm SST in the south and cold
SST in the north. The average sea surface salinity
(SSS) along the central Bay (32.99±0.42 psu) was less
than that along the western boundary (33.72±0.38
psu) (Fig. 2d). Along the central Bay the highest
salinity of 34.02psu occurred in the south at 8°N with
a northward decrease and the lowest value of

Fig. 2—Spatial variation of (a) wind speed (m/s), (b) air
temperature (oC), (c) sea surface temperature (SST, oC) and (d)
sea surface salinity (SSS, psu) in the Bay of Bengal during spring
intermonsoon (12 April - 7 May 2003). The solid lines are for the
stations in the central Bay of Bengal (along 88o E) while the
broken lines are for the stations along the western boundary.

32.46 psu was at 16°N. However, no such well
defined spatial trend was discernible for the salinity
along the western boundary. The highest salinity of
34.23 psu occurred at 14°N and lowest salinity of
33.06 psu at 20°N.
The observed high SST and salinity, which were
the highest among all the 4 seasons considered in the
present study, could be explained in the context of
heat and fresh water fluxes. The net heat flux peaks
during spring intermonsoon period25 which sustained
the observed warmest SST. The excess evaporation
over precipitation26 and the least amount of freshwater
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runoff from rivers adjoining the Bay10 during spring
intermonsoon led to the observed highest surface
salinity.
Thermohaline structure

The vertical thermal structure showed that the
mixed layer was warm (29-30°C) and thin (10-30 m)
along both central as well as western Bay. The
characteristic feature of the vertical thermal structure
was the presence of oscillation within the thermocline
(Fig. 3a & b). The prominent ones were seen centered
at 11°N, 16°N and 19°N along the central Bay
(Fig. 3a) and at 14° and 17°N along the western
boundary (Fig. 3b). Most of these oscillations were
seen dominantly within 50-200 m. However, the
up-down oscillations of isotherms centered at 17°N
were visible even in the deeper layers. Earlier, based
on the analysis of remotely sensed weekly snap shot
of merged sea-level anomaly maps Prasanna Kumar
et al10 identified the above up-down sloping of
isotherms to be associated with cold-core eddies. We
chose 22°C isotherm, which approximately represents
the mid-thermocline, to determine the vertical extent

of the up-down sloping of isotherm and associated
change in ambient temperature. At 11° and 16°N
along the central Bay and at 14°N along the western
boundary the 22°C isotherm shoaled by 20 m, which
resulted in depressing the ambient temperature at
120 m by 2-3°C. In contrast, at 19°N along the central
Bay and at 17°N along the western boundary the
shoaling of 22°C isotherm (~70-80 m) depressed the
ambient temperature at 120 m by 6-7°C. Thus, the
cold-core eddies depressed the ambient temperature
along the western boundary more than two-fold
compared to that in the central Bay. The spatial
dimension of the thermocline oscillations associated
with eddy ranged from 200 to 300 km.
The vertical salinity structure showed a strong
halocline in the upper 100 m of the water column and
below this salinity variations with depth were very
small (Fig. 4a & b). The vertical variation of salinity
in the upper 100 m was 2 psu along the central Bay
(Fig. 4a) and 1 psu along the western boundary
(Fig. 4b) indicating that stratification is stronger in the
former case. Similar to up-down sloping within the

Fig. 3—Vertical temperature structure in the upper 1000m along (a,c) central Bay of Bengal and (b,d) western boundary during (a,b)
spring intermonsoon (12 April - 7 May 2003) and (c,d) summer monsoon (6 July - 2 August 2001). Shading is the mixed layer depth.
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Fig. 4—Vertical salinity structure in the upper 1000m along the (a,c) central Bay of Bengal and (b,d) western boundary during (a,b)
spring intermonsoon (12 April - 7 May 2003) and (c,d) summer monsoon (6 July - 2 August 2001). Note that the contour interval for the
upper panels is 0.5 and that for the lower panels is 0.05. Shading is for mixed layer depth.

thermocline, isohalines in the upper 100 m also
showed up/down sloping centered at 11°, 16° and
19°N along the central Bay and at 14° and 17°N along
the western boundary.
An examination of the profiles of static-stability
parameter in the northern part of the central Bay of
Bengal (Fig. 5) showed that upper water column
during spring intermonsoon was the least stratified.
Nutrient distribution

Salient feature of the vertical distribution of nitrate
was the oligotrophic upper layer and the oscillations
within the nitracline (Fig. 6a & b top). Within the
upper 30 m of the water column, the nitrate
concentrations were below detection level. Along the
central Bay transect, nitrate isopleths showed
prominent doming centered at 9°N, 12°N, 15°N, and
19°N respectively (Fig. 6a top), while that along the
western boundary was centered between 17 and 18°N
(Fig. 6b top). This doming has resulted in appreciable
enhancement of nitrate in the upper 50 m at these
locations.

Fig. 5—Profiles of upper ocean static stability parameter (E, m-1)
in the northern Bay (20oN, 88oE) during spring intermonsson
(blue), summer (balck), fall intermonsoon (red) and winter
(green).
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Unlike the nitrate, the silicate concentrations in the
upper 30 m of water column in the central Bay was in
the range of 1.5-2 µmol (Fig. 6a & b bottom). Hence,
the doming of silicate isopleths did not result in
greatly enhancing the concentrations in the upper
50 m. The prominent doming of silicate isopleths
along the western margin was centered between
17° and 18°N (Fig. 6b bottom). Thus, along the
western boundary under the influence of this doming,
the 1 µM nitrate and 2 µM silicate isopleths which
were generally located at about 60m depth shoaled to
shallower than 10 m and 20 m respectively
(Fig. 6 a & b).
The locations of doming of nitrate and silicate
isopleths, in general, coincided with that of isotherms
(Fig. 3a & b) indicting a common process driving this
doming. Based on the analysis of remotely sensed sea

level anomaly maps Prasanna Kumar et al10 identified
these doming as the signature of cold core eddies
which are capable of transporting the subsurface
nutrient rich cold waters to the upper ocean through
eddy-pumping27-31. A similar result was also obtained
by Sardesai et al32 based on BOBPS nutrient data and
indicated that the displacement of water mass to
shallower depths by the cold-core eddies was the
major mechanism supplying nutrients to the surface
waters.
Chlorophyll a and Primary productivity

Characteristic feature of the vertical distribution of
chlorophyll a was the presence of subsurface
chlorophyll maxima (SCM) along both central as well
as western boundary (Fig. 7a & b top). Along the
central Bay surface concentration varied from 0.06 to

Fig. 6—Vertical section of (top panels) nitrate (µmol) and (bottom panels) silicate (µmol) along the central Bay of Bengal (a,c) and
western boundary (b,d) during (a,b) spring intermonsoon (12 April - 7 May 2003) and (b,c) summer monsoon (6 July - 2 August 2001).
Note the change in contour interval of dashed line, which is 0.5µmol for nitrate (top panels) and 1.5µmol for silicate (bottom panels).
Dark circles indicate the sample location. Shading is the mixed layer depth.
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Fig. 7—Vertical section of chlorophyll a (mg/m3) in the upper 120m water column along the (a,c) central Bay of Bengal and (b,d)
western boundary during (a,b top) spring intermonsoon (12 April - 7 May 2003), (c,d top) summer monsoon (6 July - 2 August 2001),
(a,b bottom) fall intermonsoon (14 September - 12 October 2002), and (c,d bottom) winter monsoon (25 November 2005 - 5 January
2006) . The dashed line is the 0.5µmol nitrate isopleth. Dark circles indicate the sample location. Shading is the mixed layer depth.

0.12 mg/m3 (Table 2), while within the SCM it was in
excess of 0.25 mg/m3 (Fig. 7a top). The SCM which
was generally situated between 60 and 80 m depth
showed a maximum shoaling between 18° and 20°N.
Accordingly, the chlorophyll a concentration within
the SCM also increased to more than 0.6 mg/m3. This
was the influence of cold core eddy located in this
region as inferred from the sea-level height
anomaly10,33, thermohaline and nutrient structure.
Though the presence of cold core eddies centered at
11° and 16°N was inferred from the thermohaline
structure as well as from the satellite derived sea-level
height anomaly maps10,33, they did not result in
pumping of the nutrients to the surface layers. Note
that the 0.5 µM nitrate was deeper than 30 m in all the
location except centered at 19°N where it shoaled up
to 20 m (Fig. 6b, top). It is this upward-pumping of
nutrients that resulted in the shoaling and
enhancement of chlorophyll. Surface primary

production (PP) varied from 0.01 to 3.97 mg C m-3 d-1,
while column integrated PP (120) ranged from 155.4
to 427.3 mg C m-2 d-1 (Table 2). The column
integrated PP in the eddy region in the north was
two-times higher than that of the non-eddy region.
Along the western boundary surface chlorophyll a
varied from 0.06 to 0.21 mg/m3 (Table 2). Here also
the SCM shoaled under the influence of cold-core
eddy and the chlorophyll a concentrations within the
SCM was in excess of 0.6 mg/m3 (Fig. 7b top). Note
that the shoaling of nitracline (Fig. 6b, top) under the
eddy was far more than that observed along the
central Bay as could be seen from the 0.5 µM nitrate
isopleth which was almost at the surface. As a result
the column integrated PP showed the highest value of
469.2 mg C m-2 d-1 (Table 3). The surface PP Table 2,
which ranged from 1.87 to 9.68 mg C m-3 d-1, as well
as column integrated PP (250.0 to 469.2 mg C m-2 d-1)
were, in general, higher than those along the central
Bay of Bengal.
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Table 2—Surface chlorophyll a (mg/m3) and primary production (PP, mg C m-3), (within parenthesis) along the central and western
boundary of the Bay of Bengal. Note that during fall intermonsoon instead of 17°N, sampling was carried out at 18°N.
Season
9°N

Central Bay of Bengal
12°N
15°N
17°N

20°N

12°N

Western boundary
15°N
17°N

19°N

Spring Intermonsoon

0.07
(0.01)

0.06
(3.23)

0.09
(3.97)

0.11
(2.94)

0.10
(2.40)

0.06
(2.73)

0.06
(1.87)

0.14
(5.57)

0.21
(9.68)

Summer
Monsoon

0.11
(5.20)

0.06
(0.06)

0.12
(1.63)

0.07
(5.75)

0.28
(1.57)

0.13
(8.92)

0.06
(0.52)

0.10
(7.31)

0.16
(0.29)

Fall
Intermonsoon

0.37
(17.67)

0.16
(5.34)

0.26
(9.26)

0.24
(5.70)

0.13
(8.54)

0.18
(6.17)

0.14
(3.16)

0.18
(25.41)

0.77
(45.15)

Winter
Monsoon

0.15
(2.69)

0.12
(6.99)

0.13
(2.69)

0.24
(5.82)

0.13
(2.26)

0.20
(2.95)

0.28
(0.03)

0.16
(3.95)

0.23
(3.53)

Table 3—Column integrated (up to 120m) chlorophyll a (mg m-2 d-1) and primary production (PP, mg C m-2 d-1), (within parenthesis)
along the central and western boundary of the Bay of Bengal. Note that during fall intermonsoon along the western boundary instead
of 17°N sampling was carried out at 18°N.
Season
9°N

Central Bay of Bengal
12°N
15°N
18°N

20°N

12°N

Western boundary
15°N
17°N

19°N

Spring Intermonsoon

13.4
(203.5)

14.1
(215.6)

16.0
(201.7)

18.3
(155.4)

17.2
(427.3)

11.2
(304.7)

20.5
(250.0)

42.9
(438.7)

22.4
(469.2)

Summer
Monsoon

11.4
(220.6)

9.0
(107.2)

10.2
(136.4)

10.0
(168.3)

11.1
(89.4)

12.7
(502.0)

11.6
(39.7)

11.9
(328.4)

18.7
(433.8)

Fall
Intermonsoon

23.4
(512.8)

15.6
(316.2)

14.2
(335.6)

12.4
(181.7)

11.3
(184.1)

8.7
(244.6)

9.4
(196.4)

12.9
(333.9)

18.5
(350.5)

Winter
Monsoon

21.25
(335.3)

20.8
(603.5)

20.7
(260.2)

17.3
(384.6)

22.2
(351.1)

17.4
(426.2)

26.7
(13.6)

16.7
(349.0)

23.8
(331.0)

Summer Monsoon
Surface parameters

During summer monsoon the winds along the
central Bay (8.8±2.6 m/s) were stronger than that
along the western boundary (5.4±2.3 m/s) (Fig. 8a).
However, the wind speed showed an increase towards
north in both the cases. Along the central Bay wind
speed was on an average 6.5 m/s south of 13°N and
showed a distinct increase towards north with an
average value of 11.1 m/s. Along the western
boundary, the wind speed showed a decrease in the
south from 8.9 m/s at 12°N to 2.2 m/s at 14°N and an
increase north of it. The average air temperature along
the central Bay (28.8±0.5°C) and that along the
western boundary (28.5±1.1°C) though did not differ
much the variability was larger in the southern part of
the western boundary (Fig. 8b). Similarly the average
SST along both central (28.6±0.4°C) and western
(28.9±0.4°C) Bay of Bengal was almost same, but
both showed a decreasing trend towards north
(Fig. 8c). The most dramatic change was noticed in

the sea surface salinity (Fig. 8d). Along the central
Bay SSS was about 33.46 psu from 7°N to 17°N and
north of 17°N it decreased with a minimum value of
27.69 psu. Along the western boundary SSS was on
an average 33.71 psu from 11°N to 16°N, which
decreased northward with the lowest value of 29.61
psu at 19°N. The average surface salinity of the
central Bay of Bengal waters (32.37±2.09 psu) was
lower than that along the western boundary
(32.58±2.32 psu).
Thermohaline structure

The vertical thermal structure showed thermocline
oscillations predominantly in the upper 300m along
the central Bay with dominant up-down sloping of
isotherm centered between 9° and 10°N and at 19°N
(Fig. 3c). In addition to the thermocline oscillations,
the thermal structure showed an upward sloping
towards the north. Along the western boundary the
prominent up-down sloping of isotherm was seen
centered at 17°N (Fig. 3d). Unlike those along the
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The vertical salinity distribution showed strong
gradients in the upper 100 m, which increased
towards the north (Fig. 4c & d). Along the central Bay
the salinity gradient in the upper 100 m was 1.5 psu,
which increased to 4.5 psu towards the north
(Fig. 4c). However, along the western boundary the
salinity gradient in the upper 100 m was 4 psu which
decreased to 1 psu towards south (Fig. 4d). This
indicated that the freshening in the northern Bay of
Bengal was monsoon driven fresh water discharge
from the rivers as well as the oceanic precipitation.
Though the peak precipitation was in July25 the peak
discharge from 6 major rivers Ganges, Brahmaputra,
Irrawady, Godavari, Krishna and Cauvery occurred in
August26. A lag of one month occurs between
precipitation and river discharge. Based on static
stability parameter Narvekar and Prasanna Kumar25
showed that the top layers of the northern Bay was
strongly stratified during summer monsoon (also see
Fig. 5) and this led to the formation of very shallow
mixed layer. Note the shaded region in the north in
Fig. 3c & d. Below 100 m, however, the change in
salinity with depth was very small. As in the case of
spring intermonsoon, up-down sloping of isohalines
coincided with that of isotherms.
Nutrient distribution

Fig. 8—Spatial variation of (a) wind speed (m/s), (b) air
temperature (°C), (c) sea surface temperature (SST, °C) and (d)
sea surface salinity (SSS, psu) in the Bay of Bengal during
summer monsoon (6 July - 2 August 2001). The solid lines are for
the stations in the central Bay of Bengal (along 88°E) while the
broken lines are for the stations along the western boundary.

central Bay, the isotherm oscillation along the western
boundary at 17°N extended up to 1000 m. With the
help of remotely sensed merged weekly sea-level
anomaly maps and geostrophic computations along
with ship-mounted ADCP currents Prasanna Kumar
et. al16 identified the up-down sloping isotherms to be
associated with cold-core eddies. The 22°C isotherm
shoaled 40 m and depressed the ambient temperature
at 120 m by 3°C between 9 and 10°N along the
central Bay and 17°N along the western boundary. At
19°N along the central Bay, though the shoaling of
22°C isotherm was less (~30 m) the reduction in
ambient temperature remained same.

Consistent with the thermohaline structure, the
vertical distribution of nitrate and silicate along the
central Bay of Bengal also showed a doming of
isopleths as well as a general northward shoaling
(Fig. 6c). The nutrient concentration in upper 30 m of
the water column was, in general, below detection
level indicating the oligotrophic condition. However,
the doming of isopleths under the influence of
subsurface cold core eddy enhanced the nitrate
concentration in the upper ocean along both central as
well as along of the western boundary (Fig. 6c & d
top panels). For example, the 0.5 µM nitrate isopleths
which was generally located at 60 m shoaled to about
20 m. However, along the western boundary eddypumping were much stronger than that along the
central Bay. The nitrate and silicate concentrations
under the influence of eddy at 40 m were 15 and
5 µM respectively in the western boundary while it
was only 7 and 3 µM respectively in the central Bay.
Though the silicate distributions were similar to that
of nitrate, the surface concentrations of silicate were
much higher (3 and 5 µM respectively along central
and western boundary) and were confined to a thin
lens of fresh water (Fig. 6c & d bottom panels)
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indicating the contribution from monsoon-driven river
influx. Note the thin lens of 0.5 µM nitrate in the
surface towards the north along the western boundary
(Fig. 6d top panel).
Chlorophyll a and Primary productivity

The surface chlorophyll a concentrations varied
from 0.06 to 0.28 mg/m3 along the central Bay and
from 0.06 to 0.16 mg/m3 along the western boundary
(Table 2). As in the case of spring intermonsson, the
characteristic feature of the chlorophyll a distribution
during summer also was the presence of a weak SCM
(Fig. 7c & d top panels). The SCM shoaled under the
influence of eddy between 9° and 10°N along the
central and at 17°N along the western Bay of Bengal.
However, the concentration within the SCM was
much less (~0.3 mg/m3). In addition to the eddyinduced increased chlorophyll concentration, an
enhancement of surface chlorophyll a concentrations
was seen towards the north along both transects in
response to the river input of nutrients. Earlier study
of Narvekar and Prasanna Kumar25 based on
seasonal climatology of available data along the
central Bay of Bengal showed a similar chlorophyll
enhancement towards the north with no (see figure 11
of Narvekar and Prasanna Kumar25) indication of
SCM. Note that in the present study also the SCM
along the central Bay of Bengal was weak during
summer monsoon compared to spring intermonsoon.
The highest value of column integrated PP along
the central Bay of Bengal was 220.6 mg C m-2 d-1
(Table 3), which occurred in the south and was
associated with eddy-pumping of nutrients to the
euphotic zone. The lowest PP of 89.4 mg C m-2 d-1
occurred in the north in spite of highest chlorophyll a
concentration in the upper 20 m of the water column.
Note that though the column integrated chlorophyll a
at 9°N and 20°N was almost the same, where as the
column integrated PP was highest in the south and
lowest in the north. Similarly the western boundary
though the integrated chlorophyll a in the north was
one-and-half times higher than that in the south the
column integrated PP was less than that of the south
(Table 3). Thus, in spite of the availability of nutrients
in the northern Bay of Bengal, due to eddy-pumping
as well a riverine input, the PP did not show a
corresponding increase. The diffuse attenuation at
490nm obtained from SeaWiFS along the central Bay
of Bengal and averaged for the months of June to
September 2001 showed an increase suggesting low

levels of in-situ irradiance16. The river plumes though
are capable of delivering nutrients to the upper ocean,
it also bring along with it considerable amount of
suspended sediments. The suspended sediments in
turn increase the turbidity of the water column. The
lower than expected PP in the north suggested the
possibility of light limitation. Based on the satellite
derived diffuse attenuation coefficient [Kd(490)] and
photosynthetically active radiation (PAR), Prasanna
Kumar et al.34 showed the role of sediment influx
from adjoining rivers as well as the cloud cover in
curtailing the downward penetration of solar radiation
thereby reducing the biological productivity.
Fall intermonsoon
Surface parameters

Average wind speed along the central Bay of
Bengal (7.2±2.0 m/s) was stronger than that along the
western boundary (4.8±2. m/s) (Fig. 9a). The winds
showed a northward decrease in both the regions
indicating the withdrawal phase of the summer
monsoon in the northern Bay. The air temperature did
not show much variability in the central Bay of
Bengal (29.0±0.9°C), but along the western boundary
variability was large (29.1±1.4°C) (Fig. 9b). The SST
showed a northward increase in the central Bay of
Bengal, however, no such trend was noticed along the
western boundary (Fig. 9c). The average SST along
the western boundary (29.7±0.3°C) was 1°C warmer
than that along the central Bay of Bengal
(28.5±0.2°C). As in the case of summer, the most
noticeable feature in the SSS was the rapid decrease
towards the north which was 6.5 psu along the central
Bay of Bengal and 13.0 psu along the western
boundary (Fig. 9d). The average surface salinity along
the western boundary (29.15±5.5 psu) was much
lesser compared to that along the central Bay of
Bengal (32.30±2.2 psu).
Thermohaline structure

The vertical thermal structure was characterized by
3 prominent regions of thermocline oscillation
centered at 8°, 14° and 18°N along the central Bay
(Fig. 10a). In addition to the up-down sloping, the
isotherms also showed a northward shoaling. Along
the western boundary though the up-down sloping of
isotherms were noticed, there was no indication of
northward shoaling (Fig. 10b). The up-down sloping
centered at 18°N was more prominent than that at
12°N. But at 12°N the isothermal oscillation was
discernible even up to 1000 m. The 22°C isotherm
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(Fig. 11a & b). The salinity front was confined to the
upper 50 m making the upper layers very strongly
stratified. As seen during summer monsoon this low
salinity was the manifestation of fresh water influx as
well as the oceanic precipitation. The resulting
freshening induced a vertical salinity gradient of
5.5 psu in the upper 50 m along the central Bay of
Bengal (Fig. 11a) and 8 psu along the western
boundary (Fig. 11b).
The vertical profile of the stability parameter in the
northern part of the central Bay during fall
intermonsoon showed that the upper water column
was strongly stratified (Fig. 5). In fact, the upper
water column in the northern part of the western
boundary of the Bay during fall intermonsoon showed
much greater stability25 compared to that during
summer monsoon. This is expected as the salinity in
the northern part of the western Bay during fall
intermonsoon was about 6 psu lower than that during
summer and hence induced a strong halocline in the
upper 50 m of the water column. Since the peak river
discharge was in August25 the greatest freshening of
the surface waters occurred in fall intermonsoon
rather than summer monsoon.
Nutrient distribution

Fig. 9—Spatial variation of (a) wind speed (m/s), (b) air
temperature (oC), (c) sea surface temperature (SST, oC) and (d)
sea surface salinity (SSS, psu) in the Bay of Bengal during fall
intermonsoon (14 September - 12 October 2002). The solid lines
are for the stations in the central Bay of Bengal (along 88oE)
while the broken lines are for the stations along the western
boundary.

showed a maximum shoaling of 30 m and this
resulted in depressing the ambient temperature by
3°C. These features were identified as the signature of
cold-core eddies based on remotely sensed sea-level
height anomaly10,33.
The most important characteristic of the
salinity structure was presence of very low salinity
waters in the north and the associated salinity front

Salient feature of the vertical distribution was
oligotrophic upper ocean with nitrate concentrations
below detection level in the upper 20 m and doming
of nitrate and silicate isopleths along both central
(centered at 8°N, 14°N, and 18°N) and western
boundary (centered at 12°N and 17.5°N) (Fig. 12).
The doming generally coincided with the location of
isothermal doming indicating the presence of
subsurface cold core eddies. In addition to these
doming, a general northward shoaling of nitrate as
well as silicate isopleths (Fig. 12 a top & bottom
panels) was also seen along the central Bay similar to
that seen during summer monsoon. Under the
influence of these eddies the nitrate concentrations in
the upper water column were enhanced. For example,
the 1.0 µM nitrate isopleth, which was generally
located at 40 m shoaled to 20 m in the eddy region.
The shoaling was even greater towards the north.
Unlike the nitrate, the silicate concentration was
high in the upper 20 m of the water column
(Fig. 12a & b bottom panels). Along the central Bay
of Bengal the silicate concentration raged between 1
to 2 µM (Fig. 12a bottom panel). The concentration
along the western boundary showed a rapid increase
from 5 to 15 µM towards the north in the upper 20 m
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Fig. 10—Vertical temperature structure in the upper 1000m along the (a,c) central Bay of Bengal and (b,d) western boundary (a,b) during
fall intermonsoon (14 September - 12 October 2002) and (c,d) winter monsoon (25 November 2005 - 5 January 2006). Shading is the
mixed layer depth.

Chlorophyll a and Primary productivity

column integrated chlorophyll a as well as PP
occurred in the south and lowest values towards the
north. The column integrated PP in the south was
two-and-half times of that in the north. This again
indicated the light limitation of PP during fall
intermonsoon.

The surface chlorophyll a concentration along the
central Bay of Bengal varied from 0.13 mg/m3 to 0.37
mg/m3 with higher values in the south (Table 2).
Salient feature of the vertical distribution was the
enhancement of chlorophyll a concentrations
(Fig. 7a & b bottom panels) generally coinciding with
the locations of subsurface cold core eddies inferred
from the thermohaline (Fig. 10a & b) as well as
nutrient (Fig. 12a & b) distributions. As observed in
the case of spring intermonsoon and summer
monsoon the SCM which was generally located at
60 m shoaled under the influence of eddy. The
column integrated (up to 120 m) chlorophyll a ranged
from 11.3 to 23.4 mg m-2 d-1 while PP varied from
181.7 to 512.8 mg C m-2 d-1 (Table 3). The highest

Along the western boundary the highest surface
chlorophyll a occurred at 19°N with a value of
0.77 mg/m3 and the lowest of 0.14 mg/m3 at 16°N
(Table 2). Unlike the central Bay of Bengal the
chlorophyll a along the western boundary was more
uniformly distributed (Fig. 7b bottom panel). Strong
enhancement of chlorophyll concentration occurred in
the north coinciding with the region of cold-core eddy.
Surface PP varied from 3.16 to 45.15 mg C m-3 d-1, while
the column integrated values ranged from 196.4 to
350.5 mg C m-2 d-1 (Table 2). Again the highest PP in
the north along the western boundary was one-andhalf time lower compared to the highest PP in the
south along the central Bay.

(Fig. 12b bottom panel). This high surface silicate
concentration decreased rapidly with depth in the
upper 30 m which suggested the source to be from
river influx.
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Fig. 11—Vertical salinity structure in the upper 1000m along the (a,c) central Bay of Bengal and (b,d) western boundary during (a,b) fall
intermonsoon (14 September - 12 October 2002) and (c,d) winter monsoon (25 November 2005 - 5 January 2006). Note that the contour
interval for the upper panel is 0.5 and that for the lower panel is 0.05. Shading is the mixed layer depth.
Winter monsoon
Surface parameters

The average winds though were same along the
central Bay of Bengal (6.5±2.8 m/s) and the western
boundary (6.5±1.8 m/s), its variability was larger in
the former case (Fig. 13a). The air temperature
showed a northward decrease indicating the winter
conditions. The average air temperature along the
central Bay (27.9±1.4°C) was 1°C warmer than that
along the western boundary (26.3±1.0°C) (Fig. 13b).
Consistent with the air temperature, SST also showed
a decrease towards northern Bay which comes under
winter cooling with lowest value of 25.5°C along the
northern part of the western boundary (Fig. 13c). This
cooling is due to the net heat loss from the sea surface
during winter25,26. The average SST along the central
Bay (28.0±0.7°C) was higher than that along the
western boundary (26.2±0.5°C). The surface salinity
also showed presence of low salinity waters in the
northern Bay (Fig. 13d). The lowest value of
29.81 psu occurred in the northern part of the western
boundary. Though the average surface salinity along

the central Bay (32.98±0.43 psu) did not differ much
from that of the western boundary (32.59±1.12 psu),
the northern part of the western boundary was about
2.5 psu fresher than that of the central Bay of Bengal.
Thermohaline structure

Thermal structure showed an overall deepening of
thermocline towards north along both central and western
boundary (Fig. 10c & d). However, the mixed layer did
not show deepening. In fact the mixed layer shoaled in the
north along the western boundary. As in the other 3
seasons, thermocline oscillation was the characteristic of
thermal structure. The prominent up-down sloping of
isotherm was noticed centered between 10° and 11°N and
19°N along the central Bay (Fig. 10c). The 22°C
isotherm showed a maximum shoaling of 40m and this
depressed the ambient temperature by 3°C at 120 m.
Along the western boundary doming of isotherm was
centered at 12°N and between 14° and 15°N (Fig. 10d).
However, the up-down sloping of isotherms at these
locations were about 20 m and the change in ambient
temperature was 2°C.
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Fig. 12—Vertical section of (top panels) nitrate (µmol) and (bottom panels) silicate (µmol) along the (a,c) central Bay of Bengal and (b,d)
western boundary of the Bay of Bengal during (a,b) fall intermonsoon (14 September - 12 October 2002) and (c,d) winter monsoon (25
November 2005 - 5 January 2006). Dark circles indicate the sample location. Shading is for mixed layer depth.

The vertical salinity structure showed weaker
stratification of the upper layers in the central
Bay of Bengal compared to the western boundary
(Fig. 11c & d). In the upper 50 m the salinity gradient
was 1.5 psu along the central Bay, which did not
show noticeable meridional change (Fig. 11c).
However, along the western boundary less salinity
waters (31 psu) were seen in the in the north and the
associated salinity front extended spatially up to 17°N
(Fig. 11d). South of 17°N salinity did not show much
variability in the upper 40 m. Thus, the vertical
gradient of salinity in the north was 3.5 psu while that
in the south was 1 psu.
The vertical profile of the static-stability parameter
showed that the waters in the upper 60 m of the water
column was least stable compared to the rest of the
seasons (Fig. 5). Hence, the comparatively stronger
winds were able to initiate wind-mixing as could be
inferred from the deeper mixed layer (shaded region
in Fig. 10c & d).

Nutrient distribution

Vertical distribution of nitrate showed that in the
upper 50 m the concentration was below detection
level indicating oligotrophic conditions along central
as well as western Bay of Bengal (Fig. 12c & d upper
panels). Though the eddy-pumping did not greatly
alter the oligotrophic condition of the upper water
column, it enhanced the nutrient levels between
40 and 60 m. Most significant changes were seen
between 10° and 11°N along the central Bay of
Bengal (Fig. 12c upper panel).
Silicate distribution, though were similar to that of
nitrate, the surface silicate concentrations were high
with a value of 1 and 3 µM respectively along the
central and western Bay of Bengal (Fig. 12c & d
lower panels).
Chlorophyll a and Primary productivity

The surface chlorophyll a concentration
along the central Bay of Bengal ranged from 0.12 to
0.24 mg/m3 (Table 2). In the upper 20 m depth of the
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water column chlorophyll a concentrations were
0.15 mg/m3, except at two locations centered at 10°N
and 17°N where concentrations were 0.4 mg/m3 and
0.25 mg/m3 respectively (Fig. 7c bottom panels).
Most prominent feature of the vertical distribution of
chlorophyll a was the presence of SCM which was
generally located between 40 and 70 m depths
(Fig. 7c bottom panel). The chlorophyll a
concentration within the SCM was in the range of
0.4-0.5 mg/m3. The column integrated PP showed
highest value of 603.5 mg C m-2 d-1 at 12°N while the
lowest PP of 260.2 mg C m-2 d-1 was at 15°N
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(Table 3). The high PP values were associated with
eddy-induced nutrient enhancement.
Along the western boundary the surface
chlorophyll a varied from 0.16 to 0.28 mg m-3
(Table 2). The SCM also showed a shoaling under the
influence of coldcore eddy, which enhanced the
concentrations to 0.55 mg/m3 (Fig. 7d bottom panel).
The column integrated PP was highest in the south
with a value of 426.2 mg C m-1 d-1 and lowest value of
13.6 mg C m-1 d-1 was at 15°N (Table 3).
Interestingly, the region of highest column integrated
chlorophyll a at 19°N did not support the highest
column integrated PP.
The seasonal mean column (upper 120 m)
integrated chlorophyll a and PP (Fig. 14) showed
highest values in winter (20.7 mg m-2 d-1 and
339.4 mg C m-2 d-1), followed by spring intermonsoon
(19.5 mg m-2 d-1 and 296.2 mg C m-2 d-1) and then fall
inter monsoon (14.0 mg m-2 d-1 and 295.1 mg C m-2 d-1).
The lowest mean values were for summer
(11.8 mg m-2 d-1 and 225.1mg C m-2 d-1). In fact,
during winter and spring inter monsoon the high
values were due to the fact that the water column
stability during this period was the least. As a result
the eddy-pumping were more efficient in supplying
the nutrients to the euphotic zone and supported
higher column productivity and biomass. During
summer and fall intermonsoon, the presence of fresh
water in the upper layers increased the stability of the
upper water column drastically and this affected the
not only the wind-driven mixing but also the extent of
eddy pumping of nutrients.

Fig. 13—Spatial variation of (a) wind speed (m/s), (b) air
temperature (oC), (c) sea surface temperature (SST, oC) and (d)
sea surface salinity (SSS, psu) in the Bay of Bengal during winter
monsoon (25 November 2005 - 5 January 2006). The solid lines
are for the stations in the central Bay of Bengal (along 88oE)
while the broken lines are for the stations along the western
boundary.

Fig. 14—Spatial Fig.14 Average column integrated chlorophyll a
(mg m-2 d-1) (black bar) and primary productivity (mg C m-2 d-1)
(grey bar) during spring intermonsoon, summer, fall intermonsoon
and winter.
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Conclusion
The analysis of co-located physical, chemical and
biological data collected along the central and the
western Bay of Bengal during four seasons were
carried out to decipher the seasonal cycle of the
physical processes in the Bay of Bengal and
associated changes in the chlorophyll biomass and
primary productivity. The spring intermonsoon was
characterized by the warmest SST and the highest
surface salinity, which was driven by the highest net
heat gain by the sea and the excess evaporation
respectively. The weak winds were able to initiate
wind-mixing as the water column was less stable, but
this did not lead to the supply of nutrients as could be
seen from the oligotrophic upper layers. The doming
of isopleths and the oscillations in the thermohaline
structure indicated the presence of mesoscale cold
core eddies both along the central Bay of Bengal and
the western boundary. The spatial dimension of these
eddies ranged from 200 to 300 km and they depressed
the ambient temperature which ranged from 3 to 7°C.
The enhanced levels of nitrate and silicate along with
elevated concentration of chlorophyll biomass in the
eddy region indicated the response of nutrient
injection into the euphotic zone under the action of
eddy-pumping. Eddies enhanced the biological
productivity by more than one-and-half times
compared to the rest of the region. In addition to the
increase in the chlorophyll biomass, the eddy also
caused upward displacement of subsurface
chlorophyll maxima (SCM). During both summer and
fall intermonsoon the most notable change was the
freshening of surface waters, especially in the
northern Bay, which reduced the salinity by 4 to
6.5 psu. This freshening caused by the excess
precipitation and the fresh water discharge from rivers
adjoining the Bay strongly stratified the upper water
column. The prevailing strong winds were unable to
break the stratification to initiate strong wind-mixing
as could be inferred from the thin mixed layer and
oligotrophic upper layer. Though the highly stable
upper layers confined the eddy-pumping of nutrients
below the surface layer, they were able to enhance the
chlorophyll biomass as well as primary productivity.
Along the central Bay the column integrated
productivity in the vicinity of cold-core eddy was
about 2-times higher compared to non-eddy region,
while along the western boundary the enhancement by
the eddy was about 8-times. In addition to the
eddy-induced enhancement of nutrients, the river
runoff also added nutrients in the northern Bay.

During summer monsoon the enhanced fresh water
flux from the rivers adjoining the Bay delivers large
quantities of suspended sediments which curtail the
radiation to deeper layers and limit the photosynthetic
activity. This to some extent explains why in the
northern Bay in spite of having high column
integrated chlorophyll a the column integrated PP was
the lowest. The mean column integrated primary
productivity as well as the chlorophyll biomass was
the least in summer followed by fall intermonsoon. In
winter the coldest SST was due to the highest net heat
loss from the sea. The stability of the water column
was the least compared to the rest of the seasons.
Hence the comparatively strong winds were able to
initiate strong wind-mixing as inferred from the deep
mixed layer. Wind mixing along with eddy-pumping
of nutrients enhanced the mean column integrated
primary productivity as well as chlorophyll biomass
which was the highest of all the seasons.
In conclusion the above analysis showed that the
Bay of Bengal sustained moderate amount chlorophyll
biomass and productivity throughout the year. This was
due to the presence of mesoscale eddies which were
ubiquitous in all the seasons and were able to supply
subsurface nutrients to the euphotic zone by eddypumping. We would like to submit that we have
considered only the role of physical forcing in
influencing the biomass and productivity by controlling
the availability of resources such as nutrients and
sunlight. We have not analyzed the role of grazing
which also has important control over the biomass.
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