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This paper reports observations with respect to suspended sediment dispersal pattern at various stages of the tide cyeles
using the Indian Remote Sensing Satellite (IRS-P4) Ocean Colour Monitor (OCM) data, exploiting the high temporal
resolution of two days and specific narrow spectral channels suitable to retrieve suspended sediment concentration. The
shelf region of the Gulf, west of its mouth, plays a key role in sediment dispersal pattern within the Gulf of Kachehh as is
evidenced by different linear shaped, clockwise and anticlockwise circulation patterns. The suspended sediments are
transported as a V-shaped front into the Gulf during flooding conditions and as linear plumes fanning out of the Gulf during
cbb conditions. Sediments are being transported into the Gulf along the northern shore from the Indus delta during flooding
phase, whereas the southern shore gets sediments from the southern parts of the mouth, The study of sediment dispersal
pattern led to dividing the Gulf of Kachchh into six zones, having characteristic sediment dispersal patterns. The information
is useful for maintaining the approach channels of ports in addition to understanding dispersal of pollutants such as oil slicks

under tidal influence.
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Introduction

It has been possible to utilise data from Landsat
MSS, Landsat TM, IRS-1C & 1D for monitoring
coastal environment of the country since last three
decades'”. These data sets have been extremely useful
for understanding the impact on the coastal landforms
in terms of net gain or loss. However, the poor
temporal resolution of these remote sensing data has
restricted the understanding of sediment transport in
smaller time scales. Contemporary ocean colour
sensors, onboard earth observing satellites, provide
synoptic view with high temporal resolution, hence
are excellent tools to map and monitor sediment
patterns, to estimate relative changes in sediment
concentrations and retrieve sea surface wvelocities
using sediments as tracers in sequential images®®. The
Gulf of Kachchh being a tide-dominated region is
ideal to be studied using séquential IRS-P4 OCM data
providing information on suspended sediment
dispersal in particular for identifying source to sink
regions at various stages of tidal cycles.

The Gulf of Kachchh [68° 20" - 70° 40" E and 22°
15 - 237 40’ N] is an east - west oriented water mass
between the Saurashtra and the Kachchh Peninsulas
(Fig. 1). It is about 170 km long and 75 km wide at
the mouth and covers an area of around 7350 km®. It

is a shallow water body, with depth extending from
about 60 m at the mouth to less than 20 m at the head
of the Gulf. The Gulf of Kachchh is one of the three
most prominent macro-tidal sites of the Indian
coastline (other two sites are - the Gulf of Khambhat
and the Sundarbans). The dominant motion in this
part of the coast is the oscillatory flow driven by the
tides of the adjacent Arabian Sea. The Gulf reportedly
sucks the Indus sediments in its north-eastern sector
and transports it out to the Arabian Sea near its south-
eastern sector . :

The tides in the Gulf of Kachchh are of mixed
semi-diurnal type with a large diurnal inequality. The
tidal range in the Gulf is about 4 m at the mouth and
increases to around 7 m in the inner Gulf. This macro-
tidal range is associated with strong water flows
during ebb and flood tides. The Gulf waters behave as
homogeneous one-layered structure due to high tidal
range, low runoff from land, shallow depths and
irregular  bottom topography — all suitable for
turbulent flow field; however the impacts of the
complex physiographic features on the shelf
circulation and shelf sediment dynamics remain
unexplained. This behaviour of the Gulf is in sharp
contrast to the estuaries on the west coast of India,
which show seasonal stratification, sometimes with
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Fig. l—Location map of the study area (bathymetry contours are in meters). Tidal data used in the present smdy are for Kandla,
Navlakhi, Sikka and Okha ports. Different locations shown in solid squares are: (1) Jakhaw, (2) Mandvi, (3) Mundra, (4) Kandla,

(5} Navlakhi, (6) Jodiva, (7) Sikka, (8) Kalubhar, and (9) Okha

salt-wedge formation, associated with the height of
the two monsoons'”. Sediment dispersal pattern
studies within the Gulf are essential in view of the
maintenance of the existing/proposed ports/harbours
and power plants, navigation, understand the dispersal
of industrial pollutants (brine, oil, etc.) and protection
of coastal habitats like coral reefs. Hence, it forms a
major input towards achieving the goals of Integrated
Coastal Zone Management (ICZM).

Materials and Methods

Sequential IRS-P4 OCM (spectral channel central
wavelength [bandwidth]: 412[20], 443[20], 490[20],
510[20], 555[20], 670[20], 780[40], 860[40] nm;
Spatial resolution: 0.36 km; Payload altitude: 760 km;
Recurrent period: 2-days; Satellite overpass:
1200£0020 hrs LST) data for path-09 row-13
covering January 2000 (12 cloud-free scenes) were
used for this observation. Retrieval and mapping of
suspended sediment concentration (hereafter SSC)
from the OCM data were performed using the in-
house OCM-processing software'' and SeaDAS
(SeaWiFS Data Analyses Software), respectively, on
UNIX (5GI - IRIX 6.3) operating system. The
algorithm initially proposed by Tassan '* was used to
compute suspended sediments from OCM data. The
SSC maps were derived using water-leaving radiance
in band 490, 555 and 670 nm. The algorithm used for
retrieval of SSC is:

log(S)=1.83+1.26log(X,) V¥ 0.0<5<400

where S s
(in mg I'") and

suspended sediment concentration

Rrs(555) "
Rrs(490)

Rrs(A)is remote sensing reflectance in respective
wavelengths (A). The retrieval accuracy™ of SSC
from OCM data is within 15%.

Tidal information for three major ports in the Gulf -
Okha, Navlakhi and Kandla, during January 2000,
was taken from the Indian Tide Table'. To observe
the west-east propagation of tide in the Gulf, the tide
conditions at Sikka were computed (a minor port in
the south central gulf) using the conventional method:

X; =[ Rrs(555)+ Rrs[ﬁ?ﬂ)]x{

'hl' :[’Eerr].I-x:nin "ﬁ'l 5H: :Hr _}:mj

where ¥, =MSL,, +SCF and %, . =MSL_, +SCF

h, = tidal height at the minor port (here Sikka) at
time t in meters

H, =tidal height at the major port (here Kandla) at

time t in meters

= corrected mean level for the minor port {here

Sikka) in meters

= corrected mean level for the major port (here

xmln.

zalm,l'
Kandla) in meters

r = average ratio for the minor port

SCF = seasonal correction factor

MSL = mean sea level
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Corresponding times at the minor port were calculated
a5 fmin=tug+0¢ where 8¢ is the time difference in
hours.

Figure 2 shows tide curves at Okha, Sikka, Kandla
and Navlakhi during January 2000. Also depicted are
the tidal conditions at the time of OCM pass. The S5C
maps of consecutive dates were observed to be at
different stages of tidal cycle and ‘do not provide
unequivocal information about the sediment dispersal

Okha —— Sikka —¢—

alone. Therefore, the tidal information'* was used to
arrange S5C maps following sequential flooding and
ebbing conditions.

QuikSCAT wind vectors (data available for few
days over the study area) were compiled to verify the
possible contribution to the transport processes over
the shelf region. The SeaWinds on QuikSCAT Level-
3 data (25 km gridded values of scalar wind speed,
meridional and zonal components of wind velocity)
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Fig. 2—Tidal conditions at Kandla, Navlakhi, Sikka and Okha during OCM pass time in January 2000
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were obtained from the NASA'". Daily wind vectors
were generated by averaging data for morning (0600
hrs LST) and evening (1800 hrs LST) overpasses. The
sediment dispersal patterns were studied along with
corresponding wind and bathymetry data.
Results and Discussion

The high tidal influx covers the low-lying areas of
over 1500 km® comprising intricate network of creeks,
marshy tidal flats and rock outcrops. The associated

tidal currents are fairly strong and bimodal in nature
having two dominant directions - upstream during
flood and downstream during ebb in all encompassing
oscillatory motions. Surface currents vary from 1.5 -
2.5 knots at the mouth to 3 - 5 knots in the central
portion of the Gulf '8, Strong currents normally occur
during mid-tide, i.e., 2 - 3 hrs before and after low and
high tides. Spring currents are about 60 - 65%
stronger than neap currents.
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Fig. 3—Sediment dispersal patterns 2s per ebbing tide conditions for Okha, sequenced using OCM data. (Refer Fig. 2 for tide conditions
at Okha, Sikka, Kandla and Navlakhi during time of OCM imaging). Rectangles on 18" and 14™ has reference to Fig. 5
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The study of suspended sediment dispersal pattern
retrieved using OCM data (Figs 3 & 4) along with
corresponding wind apd bathymetry data (Fig. 5) led
to dividing the Gulf of Kachchh into six zones
{Fig. 6).

The identified zones are:

1) NE of Jodiva - Kandla sector; 2) Region between
Kalubhar - Mundra sector and Jodiva- Kandla sector,

3) Region between Okha - Mandvi sector and
Kalubhar - Mundra sector; 4) Northern shore;
5) Southern shore; 6) West of Okha - Mandvi sector
(shelf region).

The role of tidal stream currents in sediment
dispersal in and around the Gulf is observed to be
dominant. The major pathways of suspended
sediments during flooding and ebbing conditions are
derived and schematically shown in Fig. 7. Relative
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Fig. 4—Sediment dispersal patterns as per floeding tide conditions for Okha - sequenced using OCM data, (Refer Fig, 2 for tide
conditions at Okha, Sikka, Kandla and Navlakhi during time of OCM imaging), Rectangles on 26™ and 6™ has reference to Fig. §
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turbidity conditions during a tidal cycle for these
zones as observed on OCM derived suspended
sediment concentration maps (Figs 3,4) are shown in
Table 1. Observations of these zones are discussed in
the following paragraphs:

Region west of Okha forming the shelf region at
the mouth of the Gulf behaves as a highly dynamic
zone (Fig. 6, zone 6) and was observed to play a key
role in sediment dispersal pattern within the Gulf of
Kachchh as is evidenced by different linear shaped,
clockwise and anticlockwise circulation patterns
observed on OCM derived suspended sediment maps
(Figs 3.4). The different patterns indicate different
surface current directions, primarily, East-West, NW,

WOL. 33, No. 2, JUNE 2004

SE and SW are observed. The sediment
concentrations are relatively less (Table 1), and the
dispersal patterns are controlled by depth, tdal
current and wind conditions. The patterns of the
suspended sediments in this region are broadly of
three types i.e. i) moderate to high suspended
sediments seen as green patches (Fig. 3, panel 2 and
4; Fig. 4, panel 1, 4 and 5), indicating that area gets
sediment flux from the mouth of the Indus ii) low
suspended sediments seen as dark blue to blue patches
(Fig. 3, panel 1 and 6; Fig. 4, panel 2), indicating sink
regions and iii) moderate suspended sediments with
linear, curvilinear patches seen as green patches
within light blue regions (Fig. 3, panel 3 and 5; Fig. 4,
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Fig. 6—Turbidity zonation in and around the Gulf interpreted using Figs 3 and 4. 1-NE of Jodiya -

Kandla sector; 2-Region between

Kalubhar - Mundra sector and Jodiya- Kandla sector; 3-Region between Okha - Mandvi sector and Kalubhar Mundra sector; 4-Northern

shore; 5-Southern shore; 6-West of Okha - Mandvi sector
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Fig. 7—Schematic diagram of the suspended sediment dispersal pathways over a complete tidal eyele in and around the Gulf of Kachchh;
Naote: The eastward arrows represent predominant flooding condition and vice versa

Table 1—OCM derived turbidity conditions in the Gulf of Kachchh during tidal cycle
(Sequenced as per flooding and ebbing conditions at Okha)

Date of OCM pass  Region NEof  Region between  Region between  West of Okha- Northern shore Southern shore
for which S5C Jodiva-Kandla  Kalubhar-Mundra Okha-Mandvi and Mandvi sector {mg I'J] (mg g
maps weare sector (mg "y and Jodiva-Kandla Kalubhar-Mundra {mg I
generated sector (mg I') sector (mg 1Y)
Tan.26, 2000 =40 8-10 10-40 <l-15 1540 15->40
Jan. 10, 2000 =40 3-10 T-=40 g-12 15-=40 15-=40
Jan.08, 2000 =40 3-10 T=d0) <1-15 15-=40 T-=40
Jan.24, 2000 =40 8-10 T-=40 <l-15 15-=40 15->40
Jan.22, 2000 =40 8-10 15-=40 15-=40 1540 15->40
Tan.06, 2000 =40 3-10 T-=40 g-12 15-=40 T-=40)
(Flooding)
Tan.04, 2000 =40 2-5 &-10 g-12 8-10 15-=40)
Tan.20, 2000 =40 B-10 <l-15 g-12 g-12 15-=40
Jan 02, 2000 =40 2-5 8-12 8-10 <1-15 15->40
Jan 18, 2000 =40 &-10 <1-15 B-12 15-=40 15-=40
Jan.16, 2000 =40 S=40 15->40 <1-15 15-=40 15-=40
Tan.14, 2000 =40 5-=40 15-240 <l-15 15-=40 15->40
{Ebbing)

panel 3 and 6), indicating transport direction of
sediments. During high to near high tide cendition at
Okha (Fig. 3, panel 1; Fig. 4, panel 6; see with
reference to Fig. 2), it is observed that sediments are
being sucked into the Gulf of Kachchh from the shelf
region. This takes place even during unfavourable
wind conditions for example even in the presence of
strong north-easterly winds (Fig. 4, panel 6: see with
reference to Fig. 5, lower right panel). During low to
near low tide condition at Okha (Fig. 3, panel 6; Fig.
4, panel 1; see with reference to Fig. 2), it is observed

that sediments are fanning out of the Gulf of Kachchh
towards the shelf region. These sediments transport to
larger distance under weak wind conditions (Fig. 4,
panel 1; see with reference to Fig. 5, lower left panel)
or otherwise form linear to curvilinear clockwise and
anti clockwise patterns in the shelf region under
influence of strong opposing wind conditions (Fig. 3,
panel 6; see with reference to Fig. 3, upper right
panel). It is observed that during mid-tide condition at
Okha and under influnce of strong northeasterly wind
large transport of sediments takes place in the shelf






