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Abstract

The analyses of 64 sequential satellite images (October 1999–March 2001) of Indian Remote Sensing Satellite IRS—

P4 ocean color monitor (OCM) (bands around 490, 555, and 670 nm) for total suspended matter (TSM), synchronous

sea truth data acquisition, and salinity variations have been used to construct dispersal pathways of the surficial fluvial

flux into the northern Bay of Bengal during the NE monsoon. From the spatial extent of the plumes of TSM

(160–120 km) during October of 1999 and 2000, off the mouth of the Himalayan rivers the Ganga and the Brahmaputra

(G–B), it is deduced that fluvial flux does not diminish concurrently with the termination of the southwest (SW)

monsoon, as suggested by time-series trap experiments in the northern bay. During the NE monsoon, the G–B plumes

move north to south initially off the mouth, and thereafter advects SW alongshore in the form of coastal sediment

plumes, reducing the salinity of the coastal waters along the entire northern bay during October–December. We have

observed a strong relation between enhanced episodic discharges of the Ganga–Brahmaputra (G–B) and augmented

coastal turbidity during weekly events. It is also observed that even during such short (weekly) events of very high pulse

of TSM discharge by the G–B system, the fluvial fluxes do not advect offshore into the deeper regions of the north-

central bay, but are transported alongshore and distributed along the shelf. Our results, therefore, suggest that the

reduced recovery of the fluxes in the sediments traps subsequent to the SW monsoon are not linearly related to the

magnitude of fluvial flux of the G–B, but stems from the prevalent dispersal patterns.
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1. Introduction

The Bay of Bengal is one of the largest fresh
water and sediment input sites of the World Ocean
(Emmel and Curray, 1984). The annual fresh water
discharge into the bay exceeds 1.5� 1012m3, which
reduces mean salinity by about 7% in its north-
ernmost region (Laviolette, 1967). The bay re-
ceives about 2000 million tons of sediments
annually contributed mainly by the Himalayan
rivers—the Ganga and Brahmaputra; the Indian
peninsular rivers—the Mahanadi, Godavari and
Krishna; and Irrawadi and Salween from Myan-
mar.
Regulated by coupled differential heating and

cooling of the Southern Indian Ocean and the
Himalayas, there are two monsoons in the region.
The southwest (SW) monsoon, prevalent during
June–September, contributes about 80% of rain-
fall, which reduced considerably during the north-
east (NE) monsoon (October–January). The
varying intensities of the SW and the NE
monsoons are interlinked, and it has been deduced
that during the glaciation events in the Himalayas,
when the land turned cooler, the NE monsoon was
more intensely coupled with a weaker SW
monsoon (Sarkar et al., 1990; Chauhan, 2003).
The hydrography of the bay is also seasonal.
Cyclonic (anticyclonic) equatorwards (polewards)
currents are prevalent during NE (SW) monsoon
(Shetye et al., 1991, 1993).
From time-series sediment trap experiments in

the bay, it has been inferred that associated with
peak discharge of the Himalayan rivers during the
SW monsoon, terrigenous influx enhances many
fold, and remains low for non-monsoon months
(Ittekkot et al., 1991). Therefore, it was thought
that the influx of terrigenous sediments into the
bay is broadly regulated by precipitation or
melting pulses from the Himalayas (Ittekkot et
al., 1991). Moreover, a long-distance dispersal of
these sediments by low salinity Bay of Bengal
waters into the southeastern Arabian Sea and
along the equatorial region, mostly during the NE
monsoon has been documented (Shetye et al.,
1991; Chauhan and Gujar, 1996).
The occurrence of high-magnitude, short-lived,

cyclones/depressions in the bay are a common
phenomenon during the NE monsoon (Chauhan,
1995), and these bring torrential rains with
sporadic fluvial discharge. Dispersal mechanism
of the fluvial discharge into the bay is, therefore,
complex, particularly during the NE monsoon. In
the bay, time-series traps have been deployed to
determine monthly fluxes at the selected locations
(Ittekkot et al., 1991). These, being point observa-
tions, have limitations for estimating sediment flux
of short weekly episodes during depression/
cyclones or regional spatial variability of the
TSM associated with localized episodic discharge
from multiple fluvial sources in response to
dynamic meteorological events. The sediment
dispersal and sink pathways of fluvial suspended
sediments, particularly during short (weekly)
events, therefore remain in a state of infancy.
The Indian Remote Sensing Satellite (IRS—P4)

was launched on May 26, 1999 by the Indian
Space Research Organization. It has two oceano-
graphic payloads, the Ocean Color Monitor
(OCM) and the Microwave Scanning Multi-
frequency Radiometer (MSMR). OCM is designed
to measure the spectral variation of water leaving
radiance that can be related to concentration of
phytoplankton pigments, suspended sediment,
colored dissolved organic matter (yellow substance
or gelbstoff), and aerosols. OCM collects data in
eight spectral channels (402–422, 433–453,
480–500, 500–520, 545–565, 660–680, 745–785,
845–885 nm) with a spatial resolution of 360m,
every alternate day for the same region at around
12 noon (local time) with radiometric resolution of
12 bits. The OCM scenes cover 1420 km� 1420 km
of ground area. In this paper, derived from the
sequential analysis of IRS P-4 OCM and sea truth
data, we present observations of short duration on
the dispersal pathways of the suspended sediments
discharged by the Ganga and the Brahmaputra
Rivers during the NE monsoon.
2. Materials and methods

In order to obtain regional dispersal maps of the
suspended sediments in the surficial waters for the
NE monsoon season (October through January),
among available imageries, 64 OCM images (path
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Table 1

Details of the OCM imageries used in the present studies

Sensor Cloud cover

Year 1999

11-Oct OCM Partial

27-Oct-99 OCM Significant

29-Oct-99 OCM Significant

08-Nov OCM Partial

10-Nov OCM Partial

12-Nov OCM Partial

14-Nov OCM Partial

16-Nov OCM Partial

02-Dec OCM Clear

08-Dec OCM Partial

12-Dec OCM Partial

20-Dec OCM Partial

24-Dec OCM Clear

Year 2000

01-Jan OCM Partial

07-Jan OCM Partial

13-Jan OCM Partial

17-Jan OCM Cloudy

19-Jan OCM Partial

23-Jan OCM Partial

27-Jan OCM Partial

06-Feb OCM Significant

12-Feb OCM Clear

18-Feb OCM Partial

16-Feb OCM Significant

28-Feb OCM Significant

06-Mar OCM Significant

18-Mar OCM Significant

20-Mar OCM Partial

26-Mar OCM Significant

01-Oct OCM Significant

05-Oct OCM Significant

07-Oct OCM Partial

17-Oct OCM Significant

24-Oct OCM Partial

30-Oct OCM Cloudy

04-Nov OCM Partial

08-Nov OCM Partial

10-Nov OCM Significant

18-Nov OCM Partial

22-Nov OCM Clear

28-Nov OCM Partial

06-Dec OCM Cloudy

08-Dec OCM Partial

10-Dec OCM Clear

18-Dec OCM Clear

20-Dec OCM Clear

22-Dec OCM Clear

24-Dec OCM Clear

28-Dec OCM Partial

30-Dec OCM Clear

Table 1 (continued )

Sensor Cloud cover

Year 2001

01-Jan OCM Partial

05-Jan OCM Significant

09-Jan OCM Partial

15-Jan OCM Clear

17-Jan OCM Partial

23-Jan OCM Partial

27-Jan OCM Significant

06-Feb OCM Partial

10-Feb OCM Partial

14-Feb OCM Partial

18-Feb OCM Partial

24-Feb OCM Partial

28-Feb OCM Cloudy
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10, row 13, repeatability 2 days, zenith 1200 h)
during October 1999–February 2001 were selected
(generally 4–6 each month, Table 1) to determine
the dispersal pattern of sediments in the study
area. The OCM data were analyzed using the
atmospheric correction and bio-optical algorithms
developed initially for IRS-P3 MOS data (Mohan
et al., 1998) and later modified for IRS-P4 OCM
data (Chauhan et al., 2001).
For determination of dispersal patterns from

OCM data, careful geometric correction and co-
registration of the successive images within an
error limit of one pixel is a prerequisite. A rotation
between the images reduces the matching coher-
ency and a translation shift reduces the matching
accuracy. A two-stage approach was followed for
geometric corrections. First, a geometric correc-
tion was applied separately on the individual data
set to remove image distortion and bring them to a
standard geographic projection, with Modified
Everest datum (i.e. a local geodetic datum, based
on Everest spheroid that best fits to extent of the
Indian subcontinent). In the second stage, co-
registration was done by warping one image to the
other using polynomial transformation. The trans-
formation was defined by matching more than 25
pairs (as many as possible) of Ground Control
Points (GCP) on the images, selected from
identifiable coastline features surrounding the
study area. The re-sampling at both the stages
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Fig. 1. The study area and locations of the sampling stations for clays analysis. The profiles taken for temporal and spatial variations

along the East Coast of India also are shown.
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was performed by cubic convolution interpolation
techniques to keep the spatial distortions at a
minimum (Legeckis and Pitchard, 1976; Emery
and Ikeda, 1984). The images could be co-
registered within an error limit of one pixel
(�360m).
The suspended sediment concentrations in the

coastal areas have been derived using water-
leaving radiance in band 490, 555 and 670 nm.
The modified algorithm of Tassan (1994) has been
used to compute suspended sediment concentra-
tions from OCM from the following relation:

LogS ¼ 1:83þ 1:26 LogX s

for 0:0pSp100:0;

where S is suspended sediment concentration in
mg/l and Xs is variable defined as

X s ¼ ½Rrsð555Þ þRrsð670Þ�

�½Rrsð490Þ=Rrsð555Þ�	0:5.

Rrs (l) is remote sensing reflectance in respective
wavelengths.
In situ, pass-synchronous measurements of
suspended sediments (retained on o0:2mm opti-
pure fiber filter paper) and currents at 52 stations
were carried out on board R.V. Samudra Kaustubh

and locally acquired fishing crafts. The currents
were measured by CONtrol Ocean current meter
(accuracy of 751 and 2% for direction and
magnitude, respectively). The global positioning
system (GPS) was used for determining the
geographical location of each point.
In the surface seawaters of the bay, for

determining clay abundance, terrigenous matter
was separated through six feet, Prep/Scale TFF
regenerated cellulose cartridge (No. CDUF 006
Lm) and a tangential flow filtration system of
Millipore, which separates �0.02 mm size particu-
late matter from sea water. About 100–150 l of
seawater were filtered for each station for acquir-
ing about 200–300mg of TSM during November
of 2000 at eight stations along Orissa Coast
(Fig. 1). Owing to a very small amount of sample
for clay mineral analysis, a fraction of these
samples was passed through a membrane filter of
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Table 2

In situ current vectors and advective velocity vectors derived by maximum cross correlation pattern matching method applied on

sequential IRS-P4 OCM data of the northern Bay of Bengal (see Prasad et al., 2002, for methodology)

Sr. no. Latitude

(North)

Longitude

(East)

In situ magnitude

(cm/s)

Derived magnitude

(cm/s)

In situ direction

(deg)

Derived direction

(deg)

1 19.05 85.47 6 9.5 195 210

2 20.97 87.16 12 10.0 312 288

3 20.02 87.21 10 12.0 71 84

4 21.07 87.16 15 13.5 185 172

5 20.83 87.21 15 13.6 60 65

6 20.97 87.26 16 15.9 73 75

7 21.07 87.26 16 17.5 217 216

8 20.91 87.26 20 18.6 253 278

9 20.97 87.31 23 21.9 45 45

10 20.71 87.31 26 23.9 255 280

11 20.91 87.31 22 23.9 330 338

12 21.08 87.21 24 25.0 193 188

13 20.96 87.21 28 28.2 50 47

14 19.12 85.60 35 29.4 260 270

15 20.66 87.28 29 32.6 200 205

16 20.97 87.36 41 39.8 216 208

17 20.02 87.36 46 48 178 181
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�2 mm. The collected clays on filter paper were
dispersed on a glass slide to obtain an oriented
sample. The glycolated (treated for 2 h with
ethyleneglycol at 100 1C) samples were analyzed
on X-ray diffractometer (Phillips 1840) for identi-
fication. Clays were identified and quantified using
the methods of Biscaye (1965).
By and large, the correlation between the sea

truth and imageries data of TSM is moderate
(r ¼ 0:51, p ¼ 0:001; Anuradha et al., 2000).
Because of the complexities and inherent limita-
tion of available algorithms, TSM concentrations
derived from the image are underestimated com-
pared to in situ measurements (Anuradha et al.,
2000). However, imagery-derived dispersal para-
meters in our other study have high correlations
with measured in situ current magnitudes and
directions (Prasad et al., 2002; Table 2; Fig. 4).
Although TSM patterns derived from the ima-
geries in the study area have limitation for the
accurate quantification of fluxes, they can be used
in conjunction with measured TSM and current
parameters for the reconstruction of regional
dispersal patterns of the fluvial flux. The sequential
variations in TSM on digitally enlarged scenes of
IRS-P4 OCM data were studied to determine
regional dispersal patterns and sink pathways of
the sediments discharged by the G–B system,
supplemented by the measured in situ current, sea-
surface salinity (SSS) variations, and characteristic
clays in the surface waters. The spatial and
temporal variations of TSM along 160–200 km
selected W–E transects (Fig. 1) also were evaluated
during events of short-duration fluvial pulses of
high TSM.
3. Results and discussion

The generalized TSM patterns have large spatial
and temporal variations during the NE monsoon.
During the month of October, 120–160 km-wide
plume of the G–B system has been traced
(Fig. 2A). During the months of November,
however, there are frequent, short-duration pulses
of high TSM (Figs. 2C–D). Gradually, the influx
of TSM is reduced during December–January
(Fig. 3). The measured and imagery-derived
current vectors for the study area are presented
in Fig. 4. Based upon these results, it is deduced
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Fig. 2. TSM maps for October–November 1999. Scenes (B–D) show weekly pulses of high TSM from the Himalayan source and their

alongshore advection. Arrow indicates the dispersal direction of the sediments.
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that the currents, by and large, are equatorwards.
The temporal monthly variations in TSM along
three W–E Profiles (Fig. 1) are presented in Fig. 5.

3.1. TSM patterns from the satellite imageries

During the October of 1999–2000, we have
mapped offshore extension of the plume of the
G–B system to be 120–160 km. These results imply
that concurrent with the cessation of the SW
monsoon, the influx of fluvial flux does not
dwindle as observed in the time-series traps
(Ittekkot et al., 1991). The dispersal pattern
derived from the sequential scenes and from the
insitu TSM measurements is south—SW (Fig. 2A).
In situ pass synchronously measured current
directions are equatorward irrespective of the tidal
phase, except off the mouth of the G–B system
where the circulation and dispersal are influenced
by the prevalent macrotidal regime, and the
observed currents are N–S (Fig. 4). Evaluated
separately, the imagery-derived magnitudes and
directions of surficial currents and dispersal
directions of TSM are significantly correlated with
measured sea-truth observations (r ¼ 0:99,
p ¼ 0:001: Prasad et al., 2002; Table 2; Fig. 4).
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Fig. 3. Generalized maps of TSM during December 1999 and January 2000–2001. Cross-shelf dispersal off the TSM off the Chilika

Lake (scene A) is a distinct, short-duration dynamic feature.
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The circulation in the area during October
is mostly equatorwards and sets in early
October.
During November of 1999–2000, the generalized

pattern of the suspended sediments is similar to the
one observed in October (Figs. 2B–D, 4). The
aerial extent of the plume, off the mouth of the
G–B, also remains unchanged during different
tidal phases in November. However, there is a high
temporal variability in the fluvial plume character-
istics with frequent, short-duration, high-TSM
pulses from the G–B. To elucidate the dispersal
of sediments during such events, a weekly event
observed during 8–14 November 1999 has been
evaluated. On the imagery of 8 November 1999,
there was a sporadic increase in the spatial extent
as well as TSM contents of the G–B plume. In the
subsequent imagery of 10, 12 and 14 November
1999, this pulse is observed to have dispersed in
narrow bands all along inner shelf region (Figs. 2C
and D). The sequential variations in the TSM
along the three W–E profiles in the northern,
central, and southern regions (Fig. 1) between 8
and 14 November 1999 (Figs. 6–8) also are
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Fig. 4. The measured velocity vectors during October–November of 2000 (thick arrows). Vectors derived from imageries (thin arrows),

details of which is given in Table 2, also are shown.
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evaluated to further elaborate the pathways of
TSM dispersal. On all individual profiles, from the
north (off the Dhamra River) to the southern
region (off Visakhapatnam), in the inland waters,
there was a distinct localized area of high TSM,
which decreased offshore on all the profiles, except
on Profile 1 where a high TSM band existed at
about 100 km offshore. On the subsequent profiles
of 10 November 1999, in addition to the inland
TSM enrichment, an additional band of high
TSM, located about 50–100 km offshore also was
observed. Between these two TSM-enriched water
masses, reduced TSM values were found. These
two water masses, therefore, have different sources
of TSM—the offshore one from the pluses of the
G–B system. There was a sequential change in the
location of the plume (spread between 50 and
100 km offshore on 12 November: 30–50 km on 14
November; Figs. 2C and D, 6–8), which implies an
inland migration of this plume. We infer that the
fluvial discharge of the Himalayan rivers advects
alongshore in narrow localized bands. The time
span for the advection of TSM plume from Profile
1 to 3 had been 6 days, which implies that dispersal
rate is rather rapid (over 250 km in 6 days). These
results distinctly suggest that the equatorwards
hydrography is highly dynamic and disperses the
fluvial influx along the shelf in short span of time.

3.2. Clay minerals

In order to further elucidate source of the fluxes,
the clay minerals transported in the seawaters
during November of 2000 have been evaluated.
The clays can be used as tracers as they have the
following: (i) mean grain size o2mm, (ii) a
potential to be transported regionally in suspen-
sion, (iii) regulation by geology and drainage
characteristics of catchment area, and (iv) fluvial
source specific assemblage. The clays present in the
surface waters along the study area are illite,
chlorite, kaolinite, and smectite (traces) in the
order of abundance in the northern bay (Table 3).
This clay mineral assemblage is a characteristic of
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Fig. 5. Monthly variations in TSM along Profiles 1–3 in the northern Bay of Bengal.
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the load of the G–B system (Konta, 1985),
suggesting that fluvial flux of the G–B system is
dispersed and distributed along the shelf by the
equatorward hydrography.
Chlorite, a clay produced under arid, cold

climate is reported by Rao et al. (1988), along
the continental shelf off Orissa. It is however not
contributed from the Mahanadi, in contrast to
what has been suggested by Rao et al. (1988),
because O.S. Chauhan, Y. Pradhan and J.
Suneethi (unpublished data) has found smectite,
illite, kaolinite in the river load of the distributaries
of the River Mahanadi related with geology and
humid tropical climate prevalent in the catchment
area. The integrated results of the present study,
for the first time, distinctly suggest higher influence
of the G–B system onto the coastal regions off the
northern Bay of Bengal. The reduced terrigenous
flux into the central and the northern traps of the
Bay of Bengal during the NE monsoon therefore
appear to be linked with the dispersal mechanism,
rather than being linearly related to the magnitude
of the flux from the G–B. These observations have
implications for the biogenic processes and sink of
the carbon related to sediment dispersal during the
Heinrich events when the NE monsoon was
stronger.

3.3. Sea-surface salinities

The seasonal SSS maps of the northern Indian
Ocean derived from available in situ observations
(Levitus et al. (1994), and available data with data
center of the National Institute of Oceanography,



ARTICLE IN PRESS

Fig. 6. Weekly, spatial and temporal variations in the TSM

along W–E Profile 1, off the mouth of Mahanadi–Dhamra.

Note the inland shift of plume in coastal waters during 8–14

November 1999. Arrows indicate influx and sinking of the

TSM.

Fig. 7. Same as Fig. 6, but of W–E profile south off Paradeep

(Profile 2). Sequential increase of TSM from offshore into

inland waters and a time lag of 2 days with respect of Profile 1,

is a distinct feature.

O.S. Chauhan et al. / Deep-Sea Research II 52 (2005) 2018–2030 2027
Goa) are also evaluated in order to examine the
advection of the fluvial flux during the SW and the
NE monsoon (Fig. 9). The SSS during the SW
monsoon are low, as expected, with wide offshore
extension of low salinities down to 151N latitude.
During October–December, along the entire
northern coast of the Bay of Bengal, the SSS is
also reduced (Fig. 9). The freshwater flux by
northern coastal rivers the Dhamara and the
Mahanadi into the bay after cessation of
the SW monsoon is reduced many fold. The
local fluvial discharge is, therefore, not sufficient
to sustain lower regional salinity all along the
coastal waters. A seasonal low in SSS all
along the shelf of the study area therefore appears
to stem from the equatorward advection and
dispersal of the fluvial fresh water plume of
the G–B.

3.4. Interannual TSM variations

There is no significant change in the regional
direction of the suspended sediment dispersal in
December 1999–2000 and January 2000–2001,
which by and large remains southerly to south-
westerly (Fig. 3). However, compared to Novem-
ber 1999 the turbid plume off the Sand Head flows
farther inshore (area extent about 30–40 km)
during December 1999–2000 and January
2000–2001. There are also some sporadic short-
term (weekly) changes in the dispersal patterns;
most prominent among them is observed off
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Table 3

Clay abundance (weighted percent) in the suspended sediments

(water depth 0–2m) at selected locations. Refer to Fig. 1 for

location of the stations

Station

no.

Location Water

depth

(m)

Illite K+C K/C Smectite

1 19140.10N 22 61 17.9 1.58 5.1

85150 13E

2 21105.544N 20.4 67 17.3 1.48 5.6

87109.87E

3 19140.15N 32 61 16.9 1.51 5.4

85150.21E

4 20104.03N 52.5 70.9 19.8 0.56 5.8

86150.01E

5 19155.146N 32 73.1 15.5 0.61 6.4

86128.47E

6 19103.386N 295 61.4 17.9 0.78 6.5

85128.659E

7 20142.614N 28 69.4 19.8 0.63 5.1

87119.14 E

8 20150.011N 24.2 67.2 17.8 0.68 5.8

87112.92 E

Fig. 8. Same as Fig. 6, but for Profile 3 off Visakhapatnam.

Sequential delay in the enrichment of TSM in coastal waters

after a time lag (initiated on 10 and prominent on 12

November, 1999) related with the enhanced influx from the

Himalayan Rivers is observed.
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Chilika lagoon. Disrupting the southwesterly
alongshore dispersal of the sediments of the
Ganga–Brahmaputra source, for a brief period,
across shelf dispersal of sediments (spatial exten-
sion about 50 km) into the deeper offshore region
has been archived (Fig. 3A). Derived from the
average monthly mean for the years 1999–2000,
the time series variations in the TSM at Profiles
1–3 distinctly show different trends for costal and
offshore waters during October through
January (Fig. 5). At all the profiles, the coastal
waters have higher TSM. However, being in the
vicinity of the G–B, the area off the Dhamara
River continues to have much wider spatial extent
and higher TSM during the entire season of the
NE monsoon. In the offshore waters, however, the
TSM is much reduced, except in a few isolated
areas.
4. Conclusions

From these observations, we deduced the
following:
(1)
 During the NE monsoon the suspended sedi-
ment influx of the G–B system influences the
coastal processes with much higher spatial
variability along the northern region than
previously envisioned.
(2)
 The supply of the terrigenous sediments to the
deeper off shore regions of the central bay
during the NE monsoon is not related with the
magnitude of influx of the sediments into the
bay, but the prevalent dispersal by the hydro-
graphy.
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Fig. 9. Salinity variations in the northern Indian Ocean during the SW and the NE monsoons.
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