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Chapter 6 

SEDIMENT TRANSPORT AND MODEL RESULTS

6.1   Introduction 

The influence of tides on sedimentation on beaches, estuaries, bays and 

on the continental shelf has been established in numerous studies. The greater is 

the tidal range, stronger is the currents and the clearer the signature of the tide 

on sediments. Macro-tidal regions (tidal range > 4 m) most clearly demonstrate 

the influence of the tides on sedimentation processes in the form of sediment 

dispersal patterns. The pattern of sediment dispersal results from the association 

of high tidal range with the variation in geometry of the basin, its geographic 

location, climate and the source and amount of sediments contributed to it. The 

differences in the sedimentation pattern in the basin, in turn, influence the 

sedimentation processes.

Hydrodynamic action is the most important mechanism involved in 

sediment transport. It advects the suspended sediments, provides the force 

needed to erode the bed and, through turbulence, plays a major role in the 

flocculation of cohesive sediments. Relatively large velocities generally occur in 

tidal estuaries. Because the hydrodynamic processes involved in sediment 

transport are mainly non-linear, the sediments are very mobile in these estuaries. 

They are eroded and transported upwards during flood, deposits during slack 

water, erodes again and transport downwards during ebb and redeposit during 

the next slack water, to restart their movement in the forthcoming tidal cycle. 
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6.2 Sediment transport towards Gulf of Kachchh 

In this study, remote sensing techniques have been used to gather coastal 

morphological details and to collect evidence to determine sediment 

transportation from source (Indus river) to the Gulf of Kachchh. The sediments 

brought near the mouth of the Gulf are pushed in and out by hydrodynamic 

forces. The implications of their forces are then correlated with results obtained 

by the 3D Hydrodynamic model ‘COSMOS’ for studying sediment transport within 

and around the Gulf of Kachchh.

To understand sediment transport within the Gulf of Kachchh, it is 

necessary to consider a larger area than just the Gulf as shown in Figure 6.1. 

The larger area is covered between latitude 210 to 240 N and Longitude between 

670 to 710 E. Located about 100 km north west of the gulf is the mouth of the 

river Indus, one of the major rivers of the world. It is 3200 km in length, 

discharges an annual suspended load of 435 million tons and has a delta about 

8500 km2 in area which is protruding the shelf. This makes the Indus river about 

the sixth largest river in the world in terms of suspended load discharge. The 

river is also the source of the thick accumulation of sediments in the Arabian Sea 

called the Indus Cone.

Figure 6.1 Inferred sediment transport direction (after Nair et al., 1982) 
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6.2.1  Determination of sediment transport direction 

Within the study area, the GoK is an east-west–oriented indentation, and 

hence alongshore wave currents will not be dominating sediment transport 

within the Gulf. Whereas, the northern part of the Gulf, from the Gulf to Indus 

river mouth and southern part of the Gulf are facing open ocean and are hence 

subjected to alongshore currents. The Indus River is a natural source of 

sediment input to the alongshore currents. Two major approaches are adopted 

to study the sediment transport or shore drift direction along the coast,

a) by studying various coastal landform indicators 

b) by studying offshore turbidity distribution pattern 

The importance and utilization of these approaches have been discussed 
in Chapter III. Here only inferences and results are discussed. 

a) Coastal landform indicators  

For determining net shore drift direction, following coastal landform 

indicators are recognized using OCM images by visual interpretation. The 

utilization these indicators is described in Table 6.1: 

Table 6.1 Drift direction indicators and thumb rules.

Indicators Thumb rules and drift direction (dd) determination 

Stream Mouth 
Diversions

In study area, several stream mouths are seen diverted 
southwards (Figure 6.1). Hence dd is southwards. 

Inlet Channel 
Migration

Creeks and channels have migrated towards the 
southwest (Figure 6.1). Hence dd is southwards 

Shifting of the River 
Course

The Indus river has shifted its course a few times 
south-wards. Hence dd is towards south. 

Spit Growth 3 spits at the southwestern tip and one large spit at 
northwestern tip of the delta have formed. Hence dd is 
towards south 

Plan View of deltas The southern part of the delta in the area-exhibiting 
major growth. Hence dd is towards south. 

  Based on these evidences, it is inferred that the bulk of the Indus river-

borne sediments are probably funneled by the canyon head, present in front of 
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river mouth, to the depths of the Arabian Sea, giving rise to the Indus Cone. 

Lesser amounts of the sediments are deposited on the coast near mouth 

forming an Indus delta and remaining of it, are carried along in a southeasterly 

direction in the vicinity of mouth of the Gulf of Kachchh.

b) Turbidity distribution pattern study 

 Shore drift causes churning and subsequent transportation of submarine 

sediments along with suspended sediments discharged by rivers causes 

turbidity in nearshore waters. These turbid water masses are distinctly seen on 

the OCM images as well as Sea WiFS Images.  These images provide a clear 

synoptic view of turbid water masses that helps in understanding distribution, 

variation and dispersion of these flumes. A detailed description of sediment 

plumes and their distribution, variation and dispersion is given in Chapter III.

 Based on the observations, it is inferred that considerable amount of 

suspended sediment (turbid waters) are entering the Gulf from the northwestern 

side. From the south, low turbid water masses travel northwards along the 

southeastern coast and finally move towards the northeast and east before 

entering the Gulf. The sediments remain in suspension due to the presence of 

several islands, pinnacles and turbulent tidal currents. The diffused textural and 

tonal patterns of turbid water indicate that these sediments consist mostly of 

clay particles, which remain in suspension for a long time before finally settle as 

mud flats towards the head of the Gulf. Equally strong ebb tides, which may be 

drawing suspended sediments out of the Gulf, are not visible on the image due 

to time of data observation.

 The above observations support the earlier study (Nair et al. 1982) in 

which the inferred sediment transport directions in the region were marked as 

shown schematically in figure 6.1. Within the Gulf, the sediments are in transit 

under the action of the high-velocity tidal currents. The ebb-tide jet transports 
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sediments out of the Gulf and to the shelf slope (>200 m). However, as revealed 

from the present study, the sediment contribution from the southern side, which 

is clearly indicated by northward pointing sediment plumes and shoals, 

remained unnoticed. Also the present the study could not detect the presence of 

any ebb-tidal jet. The above difference can probably be explained on the basis 

of seasonally changing wind patterns. The coastal currents have been reported 

to be northward during the northeastern monsoon months (December to March), 

whereas reversal in direction is observed during the southwest monsoon season 

(June to September) (Kunte at al. 2000). Hence, for the present study, OCM 

data that have been collected during January 2000 is showing the sediment 

contributions from south as well as from north. Whereas, the earlier study (Nair 

et al. 1982), probably had been carried out during the SW monsoon season, has 

demonstrated a sediment contribution from the north alone.

6.3 - Quantitative assessment of suspended sediments

An algorithm proposed by Tassan (1994) was used to study quantification 

and distribution, dispersion of suspended sediments using SeaWiFS data and 

SeaDAS algorithm. Figures 3.2 and associated color-code bar provides 

quantifications.

All the 5 data sets selected belong to Jan-2000 and Dec-1999 year. In 

these images, the black portion on northeastern side represents the land portion. 

A violet-bluish portion on southwestern side represents a very low concentration 

(> 0.1 mg/liters) of suspended sediments in deep water. Light blue and green 

color indicates a moderate (0.1-1.0 mg/liters) concentration of sediments 

whereas Yellow-red color indicates turbidity maxima (2-3 mg/liter). Maximum 

sediment concentration is observed near the mouths of Gulf and Indus River.  

Moderate sediment concentration is occupying much of inner gulf and is 

bordered by high turbidity. Around Ranware, Lushington and Gurur shoals, high 

turbidity is observed. Due to high tidal effects, the sediments are suspending and 
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re-suspending at the mouth and near shoals without indicating a distinct 

sediment movement direction. 

Suspended sediment distribution maps (Figure 3.2 a-f), derived after 

processing Sea WiFS data using SeaDAS software when correlated with 

residual current velocity map derived using 3D ‘COSMOS’ hydrodynamic modal, 

it was noticed that high velocity residual currents present at the mouth of the 

Gulf are represented by turbidity maxima whereas, low velocity residual currents 

are representing low turbidity regions on suspended sediment distribution map. 

Highest turbidity is observed at the mouth of the Indus River, around shoals and 

in the mouth region of the gulf. Low turbid regions are located within the central- 

southern region of the Gulf. The majority of residual currents are concentrated 

towards the mouth of the Gulf. This concentration is represented by high 

turbidity near the mouth.  Along elongated ENE-WSW trending depression, 

turbidity is low. In figure 3.2 a, as remote sensing data is not captured in 

northern portion of the gulf, the same portion is marked by black color.

6.4 Sediment dynamics within the Gulf of Kachchh 

Strong tidal currents as indicated by flood currents shown in model 

results, push the sediments, which are brought near the mouth of the Gulf, 

inside (Figure 5.4). The shoals at the entrance to the gulf probably split the flood 

currents into 2 branches, one proceeding along the northern part and the other 

joining southern part. Equally strong the ebb current (Figure 5.3) transport the 

sediments out of the gulf and deposit them on the slope by-passing the outer 

shelf. The flood and ebb tidal currents form eddy type structures around islands. 

The main characteristic of the Gulf of Kachchh is its high tidal variation. M2 tidal 

current entering from the mouth amplifies 2.3 times before reaching the head of 

the Gulf due to a combination of quarter-wavelength resonance and geometric 

shape of Gulf.
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 Residual tidal current map (Figure 5.10, 5.11) obtained after simulating 

model for Dec-99, when compared with suspended sediment distribution map 

prepared after visually interpreting OCM image (Figure 3.5), it is observed that 

more suspended sediments occurred where high magnitude tidal currents are 

present and low to very low suspended sediments are occupying areas where 

tidal currents are low. Convergence and divergence areas on residual tidal 

current map are matching with the areas covered by sediment shoals. Whereas, 

eddies have generated around islands. The magnitude of residual tidal currents 

is less towards head of the Gulf and towards southern part of the Gulf, which 

have very less suspended sediments, and is covered by corals.    

Tidal currents and sediment distribution 

When the bottom sediment distribution map of the Gulf of Kachchh 

(Figure 1.2) is compared with FCC –2 and 3 images (Figure 3.5a,b), it is found 

that sediment distribution boundaries roughly match that of the same defined by 

colors and shades. Sandy clays from the northeast are co-relatable with the buff 

colored suspended sediments. Again, shallow waters surrounding islands 

represent sandy clays of the south central portion. Pink and light pink regions 

covered by submerged shoals match well with silty sands on the map. The 

sediment distribution covering the central and eastern portion of the Gulf is 

difficult to correlate as the same portion is occupied by deep waters (blue) on 

the images.

When the surface sediment distribution map of the Gulf of Kachchh 

(Figure 1.2) is compared with Residual current velocity distribution map (Figure 

5.10,11) for Dec-99, it is found that sediment distribution boundaries roughly 

match with those boundaries defined by current velocity distribution. The rocky 

area in central scar region of gulf matches well with high magnitude residual 

currents with areas of convergence, divergence and eddies. Whereas, low 
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magnitude residual currents are correlating well with clayey or silty part of gulf as 

these current allow light, fine grained particles to settle.

Similarly when the Residual current velocity distribution map (Figure 

5.10,11) for Dec-99 matched well with the map showing gross geomorphic 

subdivisions of Gulf of Kachchh (Figure 1.3). Particularly rough areas collaborate 

well with the high magnitude residual currents with areas of convergence, 

divergence and eddy. Even areas are comparable with areas having low 

magnitude residual currents and uneven areas are matching with moderate 

magnitude residual currents. Extensive occurrences of rocks are in the rough 

area of gulf, whereas, sediments are largely confined to the margins of the gulf. 

Apparently the high tidal ranges in the Gulf generate powerful currents that are 

not conducive to sediment deposition. A elongated ENE-WSW trending 

depression with very steep slope and very rough to rugged surface extending 

from the entrance to the Ranwara shoals is prominent. Since depression 

approximately follows the axis of the Gulf, this may be a deep tidal scour 

channel. The uneven and rough surface may owe their origin primarily to tectonic 

instability later accentuated by abrasion and erosion due to high velocity tidal 

currents that not only act as strong abrasive agents but also create the non-

depositional environment.

When a residual current pattern at the surface level having natural 

bathymetry is compared with pattern that form with 30 m fixed depth (Figure 

5.13), it was noted that magnitude of the current reduces from 50 cm to 20 cm, 

however, areas of high magnitudes almost remains same. In case of fixed depth, 

areas with high magnitude spreads more as compare to other and eddy pattern 

diminishes in flat bottom or fix depth condition.  From this modeling, it is inferred 

that tidal turbulence in the gulf is generated due to uneven bottom topography 

with pinnacles, steep slopes, and valleys.

   -------------------- ----------------------- ------------------- 
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Chapter 7 

SUMMARY AND CONCLUSIONS 

The coast is a complex, dynamic large-scale system with an 

integrated arrangement of separate component systems, which vary in 

morphological form, pattern and configuration. It is a complex, 

decomposable, large-scale system that cannot be fully comprehended 

with conventional time-limited studies. The best way to gain insight into 

the structure, organization and functioning of coastal system is through the 

use of numerical models and satellite data.

A fully 3D finite difference baroclinic hydrodynamic model is applied 

to study tidal variation, ocean currents, residual tidal current, sea surface 

temperature distribution etc. within the Gulf of Kachchh. The 

hydrodynamic model is based on the hydrostatic and Boussinesq 

approximations and uses a vertical double sigma co-ordinate with a step-

like grid. In addition to the momentum and continuity equations, the model 

solves two-transport equations for salinity and temperature and an 

equation of state to include the baroclinic effects.

The other objectives of the present study were to quantitatively 

assess suspended sediments in the study area by digitally analyzing 

SeaWiFS data using SEADAS software and detect and monitor 

movements of dispersed suspended sediment pattern within the study 

area by image processing of ocean color monitor data and establish 

relationship between residual tidal current with erosion, movement and 

deposition of sediments. The study is conducted in the Gulf of Kachchh 

(GoK) which is 170 km long and 75 km wide (at the mouth), lies 
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approximately between latitudes 220 to 230 N and between longitudes 

69000’E to 70045’ E. It is a 7300 km2 east west oriented indentation in the 

coastline of India at the western extremity. The GoK presents a complex 

setup of a macro-tidal region and currents are purely induced by tides with 

complete reversal over a tidal cycle. 

 After studying various other algorithms and theories, an algorithm 

proposed by Tassan (1994) is used to study distribution, dispersion and 

quantification of suspended sediments using Sea WiFS data and Seadas 

software system. Ocean Color Monitor (OCM) Image data collected 

onboard IRS, is interpreted visually for understanding suspended 

sediment movements and for qualitative assessment. 

Considering model simulation requirements and availability of data, 

two separate (initial) input cards for two months November–99 and 

December –99 were prepared and used. The main input parameters were 

SST, Salinity, river input, meteorological parameters and five components 

of tide. Five boundaries were considered in this model like, land-ocean 

(coastal, island) boundary, air-sea (surface) boundary, sea bottom friction 

boundary, discharge from river boundary and the Gulf-open ocean (open) 

boundary. Programs constituting the COSMOS hydrodynamic model were 

executed along with initial input cards to simulate the hydrodynamic model 

using an Alpher mini-computer system at CEReS, separately twice for two 

different months, November and December of year 1999. While modeling, 

the water column is divided into five layers and at each layer the 

distribution of current velocity and direction, pressure water temperature, 

salinity and turbulent energy were computed. The model has been 

validated by comparing the simulated model results like temperature, 

salinity, tides, currents etc. with the diagnostic (monitoring) points with the 

measured data available for those locations. 
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As can be viewed from a literature survey, in this Gulf region, 

several surveys have been conducted along the coast and in Gulf waters 

and some point (station) data have been collected. Many studies have 

been carried out to understand the physical, chemical and biological and 

geological processes, however, only few numerical model analyses have 

been attempted to synthesize the information and understand the role of 

each process. Earlier one or two-dimensional models were used to study 

the Gulf. However, this 3-D model provided predictive capability and 

subsurface information.

      The model results showed that the dominant current system (tides and 

residual) is controlled by tide variation. The tidal and residual tidal currents 

simulated by the model are similar to the results obtained by previous 

researchers. Surface current distribution slightly changes if wind stress is 

applied to the model. Possible reasons may be that the average wind 

velocity in November is lower and surface currents are strongly controlled 

by high tidal variations in the Gulf of Kachchh. The subsurface layers and 

bottom layer display almost similar current distribution patterns. However, 

current speed reduces from surface towards bottom.

Residual current velocity distribution displays an anti-cyclonic eddy, 

which was also observed during the previous studies. Several divergence 

and convergence areas were located in the center of the Gulf of Kachchh 

that is ignored in early studies. Further in-situ investigations are needed to 

confirm the existence of these features. The modeling of residual current 

velocity, when conducted assuming uniform depth of 30 meters, it was 

noted that the current velocity decreased from 50 to 20 cm/s and the eddy 

pattern vanishes under uniform depth. Hence it is concluded that bottom 

topography plays an important role in determining the distribution of 

residual current velocity.
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         The model results of sea surface temperature obtained for four 

different days in the month of December showed good agreement with 

temperature structure and pattern obtained from NOAA/AVHRR DATA. 

Sea surface temperature and salinity remained almost unchanged with or 

without considering wind stress factor. The river discharge effect is not 

clearly seen in the numerical model. 

 Sediment distribution and dispersion is clearly seen from sediment 

plume pattern studies on processed Sea WiFS and OCM images. Figure 

3.2 and associated color-code bars provides quantifications. It is 

concluded from the sediment pattern study that the sediments are 

transported to the Gulf from the north as well as south and are seasonally 

dependent. The Residual current velocity distribution map for Dec-99 

matched well with the map showing gross geomorphic subdivisions of the 

Gulf of Kachchh. Whereas, it is observed that sediment distribution 

boundaries roughly match with those boundaries defined by current 

velocity distribution. 

Monitoring and understanding of sediment transport is important in 

relation to several engineering topics like reduction of sediment supply to 

estuaries due to damming of rivers and consequent erosional impact on 

adjacent shoreline, sedimentation and erosion around the coastal 

structures, back filling of dredge channels, changes in nearshore 

morphology, and long and cross shore sediment transport rate etc. High 

sedimentation load in normally clear coastal waters can be a problem to 

corals that leads to corals and reef degradation. The eventual deposition 

of such sediments may also have impacts such as siltation of harbors, 

accumulation of sand bars to create navigational hazards, or seasonal 

blockage of estuaries with associated impact on estuarine environment.
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Hence, regular monitoring of sediment dynamics considering the 

hydrodynamics within a basin is essential. The conventional point 

measurement using ships or boats is limited which may provide accurate 

concentration measurements but provide extremely poor spatial coverage 

for a particular time. More over, the costs of conducting such surveys are 

very high. On the other hand, ocean color sensors provide synoptic, high 

repeatable and are excellent tools to map and monitor sediment pattern, 

estimate relative changes in sediment concentration, compute advective 

vectors using sediments as a tracer and the retrieved information that is 

useful for understanding and predicting shoreline changes. 

The modeling of the suspended sediments is important because 

pollutants may exist in a particulate phase or adhere to or be adsorbed on 

to particles and because particulates are an important part of ecological 

and water quality models. Nutrients and detritus exist as particles in turbid 

waters, which reduces light levels.

In modeling, the analyzed remotely sensed data have been used to 

calibrate the model as well as to validate it. However, the remotely sensed 

SST and winds have not been fully exploited in the calibration/validation, 

as the model spatial resolution was low (2 km). 

In general, model results provided a reasonable picture of hydro-

dynamical parameter distribution in the Gulf of Kachchh. In the future, 

several improvements are required to be made. Model results can show 

better agreement between the numerical model predictions; remote 

sensing analysis and the corresponding field measurements provided 

appropriate data is made available in future.
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Conclusion

The hydrodynamic model, COSMOS, has been set up, and calibrated 

and validated for Gulf of Kachchh using remotely sensed data and by 

comparing with results of 2D hydrodynamic model available in the 

literature.  The COSMOS model has achieved reasonable success in 

predicting tidal currents variation, residual currents, sea surface 

temperature and salinity distribution in the high tide dominated GoK. In its 

present form, the model would appear to have restricted use as a 

predictive tool. Possible improvements, which might reduce its 

shortcomings, include: 

use of higher spatial resolution, as in practice sediment movement 

occurs on a smaller scale involving higher current and sediment 

transport gradients than the present grid cell size of 2 km. 

the incorporation of detailed river inputs and density driven currents 
the incorporation of the spatially and temporally extensive field data into the 

modeling process. 

If there are enough spatial and temporal observations, data 

assimilation may be used to bring the model results nearer to reality. Such 

a numerical models along with well correlated sediment transport study 

can provide a very useful contribution to the development of the coastal 

region, by providing a detailed description of the hydrodynamic field –

including the wave induced circulation – and a continuous test of 

hypotheses. A properly validated hydrodynamic model and sediment 

transport study of the Gulf would be of interest for coastal defense, 

management and economic purpose. 

In the near future, an attempt will be made to collect/gather high-

resolution special and temporal data along several depth levels exactly as 

required by the COSMOS model and the model will be run hourly, daily, 

and on a monthly basis for a couple of years. It is hoped that such an 
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exercise will produce near reality hydrodynamic data for exact predictions.  

Similar modeling will also be carried out at different enclosed marine water 

bodies such as Khambhat Gulf, Zuari-mandovi estuary and other coastal 

lakes to understand processes involved and water quality management. 

---------------------   ------------------------------ ------------------ 
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