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ABSTRACT 

The evolution of Kakinada Bay with Coringa Mangroves at its southern 

shore and Kakinada Spit and Hope Island at its eastern side has occurred 

over the past century. This morphological development of the bay is 

attributed to the biophysical interactions, hydrodynamic forcing like 

waves, winds, tides, currents and sediment dynamics occurring inside the 

bay. The processes governing the short-term (decadal) and long-term 

(century) morphology of the bay need to be studied to develop 

sustainable coastal management plan for the intermediate time-scale. 

This study is an effort to extend the use of process based models to 

longer time scales to provide better understanding of the morphological 

development by the action of various physical processes governing alone 

and in combination.  

This study answers the question if these long-term morphological 

modeling can produce the reliable results by creating nexus of two 

techniques „Remote Sensing and Numerical Modeling‟. The numerical 

modeling hindcast results are validated using remote sensing images. This 

study quantifies the rate of change of the shoreline of the bay using 

remote sensing images in the Digital Shoreline Analysis System (DSAS).  

The trend of erosion and accretion occurring inside the bay was obtained 

using indices End Point Rate (EPR), Net Shoreline Movement (NSM) and 

Linear Regression Rate (LRR). The rate and trend of sedimentation and 

erosion obtained with the satellite imageries are further used to 

statistically compare the transect–wise hindcast and forecast results. Thus 

this study demonstrates the model‟s ability to reproduce the long-term 

morphodynamic development of the bay. 

This study attempts to investigate the action of physical processes on the 

morphological changes of the bay over a period of 100 years. For long 

term morphological modeling various approaches are followed like Input 

Reduction, Model Reduction and Acceleration techniques. Input reduction 
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simulates the long term morphological modeling using schematized input 

data like morphological tide, schematized wave which are representative 

sets of the entire data. Model Reduction follows the approach of giving 

only the most important processes in the model input. Acceleration 

technique approach uses the morphological acceleration factor which 

accelerates the morphological development by the assigned factor. 

Available variants of the morphological predictions have been considered 

for the study.  

The study attempts to answer the hypothesis made to choose the 

appropriate approach between the two statements issued by Lesser 

(2009) and Roelvink (1999). The approach for adopting model reduction 

following the correct use of acceleration techniques as stated by Lesser 

(2009): “In order to use a morphological acceleration technique in a 

coastal situation it is essential to identify which coastal processes play a 

significant role in (residual) sediment transport patterns over the space 

and time scales of interest”. The second approach following the statement 

given by Roelvink (1999) and quoted by Dastgheib A. (2012) as: “If you 

put enough of the essential physics into the model, the most important 

features of the morphological behavior will come out, even at the longer 

time scales”.  

The exercise was varied with different environmental forcing with three 

scenarios: a) Tide only following Model Reduction, b) Tide and Wave 

Combined, c) Tide and Wave combined action with decadal MSL changes. 

The planimetric and decadal volumetric changes, shoreline changes have 

been compared for all the three scenarios. The outcome of the 

morphodynamic modeling from the different sets of physical processes 

will help to isolate the role of each physical process that are making 

difference in the overall morphological changes of the bay. It aims to 

isolate the effect of waves by comparing two simulations one with only 

tide and other with both wave and tidal forcing. The study with obtained 

forecast results will identify the areas under erosion and accretion and 
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quantify the rate of shoreline changes. These results can help further in 

taking steps for coastal management. Thus this study gives an exemplary 

integration of the available techniques that can be helpful for coastal 

development modeling.   
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CHAPTER 1 

INTRODUCTION 

1. Motivation of the study 

1.1 Coastal Morphology 

Coastal morphology is defined as the science or study of origin, evolution 

and natural morphodynamic processes responsible for shaping various 

components of the coastal zone. The coastal ecosystem comprises of 

shoreline between land and sea, tidal flats, wetlands, estuaries, bays, 

mangrove swamps, marine habitats, etc. The coastal ecosystem is subject to 

multiple interactions including marine and terrestrial environment, 

atmospheric and fluvial processes, climate change, increase in sea level, rise 

in temperature, altered precipitation rate and human intervention. The 

formation of the coastal environment largely depends on many factors like 

winds, waves, tides, currents, sediment dynamics, biota and changes in sea 

level. Coastal morphology largely acts as a precursor of the formation of the 

coastal ecosystem. Variation in the hydrodynamic forcing, availability of 

sediments brings about great morphology changes in the coastal system in a 

large period. The key factors affecting coastal morphology are geology, 

composition of sand and rock in the area, fetch of the wave, strength of the 

wind, tidal action, currents, shallow water processes, steepness of slopes, 

weather conditions, precipitation, vegetation cover and human-constructed 

artificial seawalls, breakwaters, etc.  

Coastal morphology affects the coastal region components like Mangroves, 

marine species, benthic habitat, seagrass beds, coral reefs, etc. The regional 

coastal morphology and geomorphological settings variations lead to 

changes in mangrove communities, ecology and marine biodiversity. An 

increase in sea level and water intrusion into the land and mangrove 
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ecosystem, lead to the death of plants as flooding duration increases. An 

increase in storm intensity and degree of exposure often breaks the 

branches and defoliates the mangrove canopy. Coastal erosion leads to loss 

of biodiversity and damage to the mangrove ecosystem as the water 

inundation, salinity and turbidity increase. Disturbance in estuarine water 

quality and mineral composition leads to the death of roots and living plant 

cells due to water submergence in the breathing pores and loss of 

regeneration capacity. These geomorphological processes lead to changes in 

the nearby navigation, channel routing, agricultural activities, drainage 

system and disturb marine life. With a change in coastal morphology, there 

comes a change with coastal hydrodynamics. Water circulation in the coastal 

environment affects watershed draining. Coastal morphology changes with 

human-induced constructions can cause damage to near-shore marine 

ecosystems especially sea coral reefs, seagrass beds, smothering and 

shoaling of benthic habitats, etc. The impacts lead to land-filling, dredging, 

drainage of sediments, waste and pollutants run-off. 

1.1.1 Time Scales involved in coastal morphology 

Coastal morphodynamics vary with time depending upon the interaction of 

hydrodynamic processes, sediment dynamics and topography of the coastal 

region. Dividing the coastal morphodynamics into four groups as per the 

time scale and space span - the process can occur as instantaneous, as an 

event, as an engineering process and finally as a geological process. 

Morphodynamic changes vary from micro to mesoscale spatially and in a 

timespan of microseconds to Millennia. The figure 1.1 shows the temporal 

and spatial scale of morphodynamic processes.  
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Figure 1.1. Spatial and temporal changes involved in morphological 

changes (Source: Cowell and Thom, 1994). 

The figure 1.1 shows the four groups representing the processes occurring at 

the spatial and temporal scale. The processes like ripple formation and 

beach-face formation are instantaneous which occur in fraction of seconds to 

days over spatial scale around 0 to 100m. Further processes like formation 

of surf zone bars, frontal dunes, upper shore face formation may take time 

from day to years over spatial length of few meters. Next the processes 

which may take years to centuries are formation of river mouth inlet and 

transgressive dunes are categorized under engineering processes covering 

spatial scale from meters to kilometers. The larger time zonal 

morphodynamic processes are called geological morphodynamic processes 

like formation of tidal basins, lower shore face formation and development of 

inner continental shelf spreading over more than 10-100 kilometers. 
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There are various processes behind these morphodynamic developments 

which can be classified from their action over spatial and temporal scale as 

shown in figure 1.2. 

 

Figure 1.2. Morphological changes with respect to time and space (Source: 

Kraus et al., 1991). 

The figure 1.2 depicts the processes occurring from micro spaces to sub-

regional and regional scale and in time span of microseconds to decades and 

centuries. These morphological changes occurring at micro time scale and 

spatial scales are influenced by turbulence, winds and waves. Processes 

leading to scour formation, changes in beach profile, dredging, channel filling 

taking time period from hours to days and develop over range of meters to 

kilometers. Next the changes occurring over larger span of time like months 

to years with spatial progradation from some kilometers to 10s of kilometers 

are tides, change in course of sediment path, shift in shorelines, etc. The 

phenomena which take decades and century to occur are the changes in 

weather and coastal currents, collective sediment movement and large-scale 

morphology changes like formation of natural spits, bays, headlands, etc. 
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1.1.2 Processes involved 

The Coastal morphology is largely dependent on various processes that 

influence coastal zone and ecosystem like erosion, transportation and 

deposition. Erosion is the phenomenon of removal of the soil by the action of 

waves, tides and currents, majorly due to lack of direct accumulation and 

induced erosion. Transportation is the phenomenon of movement of broken 

material and its transfer to the other place. The transfer and shift of 

sediment along the shore is called longshore drift acting as link between 

erosion and deposition. Deposition is the phenomenon of dropping of the 

material as the transporting forces lose energy and cease to transport. This 

phenomenon is responsible for creating landforms. Every coastal ecosystem 

is unique as it has its own balance and equilibrium of erosion, transportation 

and deposition. The spatial and temporal interactions of coastal ecosystem 

with the coastal processes lead to varying geomorphology and landforms. 

Other shallow water processes like shoaling, refraction, diffraction, 

reflection, wave breaking, nearshore currents, long shore currents, cross-

shore currents, rip currents, undertow currents also affect the sediment 

transport significantly depending on the site conditions.  

Understanding the coastal processes 

Hydraulic action is one of the major processes leading to coastal erosion. It 

can be understood as mechanism of development of cracks in the cliff with 

building air compression by the action of striking waves. Due to this rock, 

cliffs can get eroded into particles and get dislodged and transported 

elsewhere.  Another process responsible for coastal erosion is attrition. This 

is the phenomenon in which erosion occurs when rock particles break into 

smaller fragments and get eroded due to the continuous striking with itself 

and the bed. Solution is the process in which acid present in the sea 

dissolves rocks made of limestone. Abrasion is another phenomenon leading 
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to coastal erosion also called as corrosion, where waves break off the cliff 

and erode it. Erosion of cliff face is also affected by the pH of the sea. When 

pH becomes less than 7, corrosion process occurs which corrodes the cliff 

face gradually.   

Factors involved 

Waves, tides and wind are the major coastal processes leading to coastal 

morphology changes. Waves are caused by the action of winds over the 

surface of sea water. The friction between the air molecules and water 

molecules lead to the energy shift to water from wind. Wind is defined as the 

movement of air current across the earth, generally in horizontal direction. 

Winds are the major forces behind generation of waves. Winds often blow 

sediments from the land to the nearby coastlines. Waves are the major 

factors for transferring sediments in form of erosion either along the shore 

called longshore drift or normal to the shore called cross shore transport. 

The strength of wave depends upon the intensity of wind. With higher wind 

intensity and velocity, the path covered over which blows is longer, the fetch 

becomes larger resulting in larger waves. Waves and tides involve transfer 

and dissipation of enormous amount of energy capable of spectacular 

changes and transformation in the coastal morphology. Waves erode the 

coastal landforms and rocks by the phenomenon called abrasion. Waves are 

responsible for both accretion and erosion at the coast. Generally small 

waves cause sediments to move towards the coast and consequently their 

deposition. While the larger waves with considerably high force erode the 

sediments and transport them into deep water. Waves along with longshore 

currents are responsible for larger amount of sediments transported in the 

shallow regions.  

Another factor contributing to coastal morphology is tide. Tides can be 

defined as the regular rise and fall of surface of sea water as an action of 
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gravitational forcing exerted by the astronomical bodies Moon and Sun. 

Coastal landforms are modified by the action of tides in the inlet areas and 

the mouth of estuaries where constriction in the coast exists for the tidal 

exchange. Only in such certain conditions, like existence of constrictions, the 

required speed for sediment transportation is generated for the tides. Tides 

also play an energy controlling factor when wave energy arrives at the coast. 

With the rise and fall of tides, there occur changes and fluctuations in the 

depth of water and tidal currents due to which the wave energy across the 

shore gets distributed. 

Apart from waves, winds, tides and currents, the factors responsible for 

altering coastal morphology are climate and geology. Climatic factor like 

rainfall is the form of precipitation that brings sediment influx with stream 

runoffs to coast. Temperature is another factor for physical weathering of 

sediments of the rock cliffs at the coast especially in colder regions, where 

frozen water in between cracks of rocks thaw and later fragment rocks 

yielding sediments.  

1.1.3 Quantification of Coastal Morphological changes 

Coastal zones existing as intersection between land and sea are the complex 

systems with changes occurring at rate of hours to centuries. The coastal 

morphological changes over time and space need to be assessed to 

understand the degree of changes and further likely changes to happen over 

time as these changes have greater consequences on coastal habitats, 

ecosystems and settled communities. With rapid industrialization, urban 

development and human intervention in the coastal areas, climate change, 

rapidly increasing pressure on natural resources and changing landforms, 

there arises need to assess the sustainability of morphology of natural 

landforms. This assessment would help in building effective management 

plans and take steps towards planning preventive measures to sustain the 
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effects of morphological evolution. For quantification of morphological 

changes occurring over a period of time, a combination of techniques and 

methods can be used. The availability of high resolution remote sensing and 

Geographical information system, laser based surveying, numerical 

modeling, high-tech tools and machines for carrying our field work, real time 

aerial video monitoring, statistical analysis and data management tools 

provide a broad spectrum for analyzing the morphological changes.  

Among all these methodologies Remote Sensing and Geographical 

Information systems are the most extensively used techniques for 

quantifying the morphological changes. Remote sensing is the process of 

acquiring information not being physically connected with the object. Using 

high resolution sensor satellite imageries, even small changes of erosion and 

accretion occurring in shorelines can be quantified.  Usage of remote sensing 

helps in identifying regions with land cover changes, the area changed and 

the kind of change. With the help of two different satellite images of 

different time period, the change that has occurred over a period of time can 

be identified and quantified. The high resolution and high spatial coverage 

has ability to capture the rich spectral and spatial diversities in the coastal 

regions. Apart from providing smallest details of the region, the remote 

sensing data is also used in numerical models. The satellite data is often 

used to generate input boundary conditions of the model system, and often 

for validation for the numerical simulation output results. 

In order to gain information for the areas which are inaccessible for human 

intervention to explore and gather data, remote sensing helps to understand 

the region better with the satellite imageries. The high resolution data helps 

in understanding the coastal changes occurring with time as they have high 

spectral information, shape and texture information of the coastal features. 

The data helps us to identify the coastal vegetation species, Mangroves, 
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aquaculture, ecosystem characteristics, etc. Thus remote sensing is a very 

effective method to study and quantify the coastal morphological changes. 

Numerical modeling is one of the most widely applied tools for 

understanding the coastal morphology. Numerical modeling is the process of 

using mathematical model for simulating the natural processes. Numerical 

model mimics a real world environment in the system to predict the change. 

A numerical model is composed of roughly four components viz., 

mathematical model, numerical scheme, algorithms and interpretations. The 

numerical scheme converts the governing equations of mathematical model 

into the discrete equations which approximate the solution of the governing 

equations.  

Numerical models quantify the morphological changes in the coastal 

environment using specified boundary conditions. The model predicts the 

development of the model region with the erosion and sedimentation 

processes occurring as per the model set-up and boundary conditions. 

1.2 Study Area 

Kakinada Bay is a shallow low-lying area spread in 132 km2 located between 

82°14‘ – 82 °22‘E longitude and 16°5‘ -17°N latitude in the Godavari 

estuarine region in the East Godavari district of Andhra Pradesh (Figure 1.3). 

It is surrounded by naturally formed sand spit 21 km long Kakinada sand 

spit at the eastern side with Hope Island at its northern part protecting 

Kakinada Bay from high winds and wave energy. Coringa mangroves and 

three tributaries of Godavari River; Gaderu, Corangi and Mattlapalem are 

present in the southern area, Kakinada port and city in western part and bay 

mouth opened to the sea at the northern side (Figure 1.3) . Kakinada has a 

semi-arid climate with average rainfall 1040 mm per annum and average 
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temperature 28°Celsius. Being a large rice zone and a Special Economic 

Zone it holds great economic importance.  

 

Figure 1.3. Map of Study area showing Coringa Mangroves and Kakinada 

Bay. 

1.3 Present study  

This study aims to predict the long-term progradation of Kakinada bay 

shoreline due to coastal processes occurring in the region. The significance 

of prediction of mangrove coverage due to shoreline migration over long 

time period is to develop efficient management and conservation plans 

which protect the natural environment from human led deforestation and 

degradation and land use and land cover changes.  



11 
 

Application of remote sensing for predicting mangrove coverage in future is 

limited. Mangrove shorelines delineated from past Remote Sensing satellite 

images can be helpful to predict the near-future shift in shorelines. The past 

shorelines give the trend of change of shoreline with areas under erosion 

and accretion with the help of Linear Regression model and End Point Rate 

(EPR). The model validation is done by matching the present satellite 

mangrove shoreline with the predicted shoreline by the model. The limitation 

of this model exists in the positional error. The non-uniform positional error 

at different transects of shorelines may lead to misleading prediction of 

shoreline. Other limitations are recognition of satellite imagery and accuracy 

of chosen method, consideration of ground control points for measuring 

shoreline position, shoreline temporal variability with time of satellite data. 

Often the prediction of shift in shoreline position using trend obtained by 

studying previous satellite imageries applied is not inclusive of the unseen or 

unobserved climatic or hydrological conditions occurring at the ground level. 

Thus spatial modeling is demanding and challenging to efficiently resolve the 

shoreline shift accurately. Remote sensing provides information on change in 

vegetation cover but the limitation exists in describing the ecological 

processes responsible. 

The numerical modeling offers another way for predicting the morphological 

development of the coastal forms. Numerical simulation incorporates a 

model with inputs of observed field conditions to predict the future 

development. The forcing conditions given as input at the model boundaries 

can include the effects of tides, winds, waves, currents, sediments, salinity, 

temperature, etc. The model uses the set of equations to run the flow 

conditions with the input data for predicting the resultant morphodynamic 

form with the model set. Numerical models can help in developing 

management tools for development and conservation of mangrove area. 

Often the numerical modeling suffers some limitation for predicting the 
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progradation of shoreline because of complex interaction of the 

hydrodynamic processes associated with the complex geometry. The other 

limitation of numerical simulation is the lack of data incorporation for depth 

dependency of the vegetation characteristics as stated by Horstman et al. 

(2013) because of which field conditions may not be exactly represented in 

simulated hydrodynamics flow patterns of the area. The sensitivity of model 

towards the critical parameters like bed roughness, viscosity, settling 

velocity is very high, so applicability of a particular value over large study 

area becomes critical. The long-term predictions require large computational 

costs and time which require higher facilities, which becomes other critical 

requirement. The validation of model where sufficient field data is not 

available for calibration limits the usage of numerical simulation for such 

areas.  

However if both the techniques (remote sensing + Numerical simulations) 

can be combined, then they can bring better predictions of morphological 

development with improved reliability.  With the help of remote sensing, the 

satellite imageries are studied and the past development is assessed to 

understand the morphological evolution that has occurred. Analyzing 

satellite imageries and delineating the shorelines of the study area and 

processing them in GIS platforms provide the erosion and accretion trend. 

The rate of sedimentation and erosion obtained helps us to form a historical 

base of our study for understanding the phenomenon. The predicted 

shorelines from numerical simulation can be validated by superimposing 

them with the satellite derived shorelines to improve the overall confidence 

in the prediction. The amalgamation of the information obtained from 

remote sensing with the numerical modeling helps in predicting the future 

development of the coastal forms. The conjunction of remote sensing and 

numerical modeling simulations is beneficial as they contribute in the 

improving the shoreline migration prediction with better confidence.    
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Importance of the Present Study 

The present study is an implementation of union of these two techniques. An 

attempt made to predict the long-term morphological development of 

Kakinada bay using remote sensing and geographical information system 

and numerical modeling using DELFT 3D package.  

This study aims to predict the morphological development of Kakinada Bay. 

It quantifies the changes occurring at the northern boundary of Coringa 

mangrove of Kakinada bay as it is directly exposed to hydrodynamic forcing 

and establishes trend of erosion and accretion using indices of Net Shoreline 

Movement (NSM), End Point Rate (EPR) and Linear Regression Rate (LRR). 

The rate of accretion and erosion obtained will give insight into the trend of 

sedimentation and erosion occurring inside the bay and build a base for 

understanding further morphological evolution of the bay. A numerical 

simulation of the hydrodynamics and sedimentation in the Kakinada Bay 

performed for analyzing the sedimentation and erosion using numerical 

model package DELFT3D. For long-term morphological modeling, process 

based modeling is used which describes the underlying physical processes 

responsible for morphological changes. For reduction of computational time 

and effort, various approaches like Model Reduction, Input Reduction and 

acceleration techniques have been defined by De Vriend, 1966. The model 

uses morphological tide and morphological acceleration factor for reducing 

the long computational time and efforts, followed by validation by 

hindcasting and finally forecasting the long-term morphological changes of 

the bay. The study aims to predict the morphological development of bay for 

next 100 years from year 2019 to 2119, the future pro-gradation of Coringa 

mangrove shorelines into the bay and decadal volumetric changes in the bay 

using the depth averaged DELFT 3D model.  
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Kakinada Spit growth was initiated in late 19th century northward 

(Mahadevan C. and B. Prasad Rao, 1956). A bay-head delta was created by 

rapid filling of the calm back-barrier bay by the riverine discharge. It led to 

continued growth of Kakinada spit northwards with filling of finer sediments 

and colonization of mangroves into the vacant delta and rising floor of the 

bay (Murty M.R. et al., 2011).  

Kakinada Bay being an enclosed bay from the three sides with only opening 

at the northern side with the presence of a breakwater; the action of waves 

inside the bay has been found to be negligible. With the negligible action of 

waves occurring inside the Kakinada Bay, the approach for adopting the 

model reduction technique by choosing only the most important physical 

process by eliminating action of waves from the model is adopted. As Lesser 

(2009) stated the right acceleration techniques usage as: ―In order to use a 

morphological acceleration technique in a coastal situation it is essential to 

identify which coastal processes play a significant role in (residual) sediment 

transport patterns over the space and time scales of interest‖. While at the 

same time statement given by Roelvink (1999) and quoted by Dastgheib A. 

(2012) as: ―If we put enough of the essential physics into the model, the 

most important features of the morphological behavior will come out, even 

at the longer time scales‖ makes this study find which approach to adopt. 

This study attempts to demonstrate the essential processes and physics that 

are required for long-term simulation along with appropriate acceleration 

scheme. 

This study attempts to answer the following questions: 
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a) To which extent the long-term morphological modeling results 

are reliable? 

This study answers the question if these long-term morphological modeling 

can produce the reliable results by creating nexus of two techniques ‗Remote 

Sensing and Numerical Modeling‘. The numerical modeling hindcast results 

are validated using remote sensing images. This study quantifies the rate of 

change of the shoreline of the bay using remote sensing images in the 

Digital Shoreline Analysis System (DSAS). The trend of erosion and accretion 

occurring inside the bay was obtained using indices NSM, EPR and LRR. The 

rate and trend of sedimentation and erosion obtained with the satellite 

imageries are further used to statistically compare the transect–wise 

hindcast and forecast results. Thus this study demonstrates the model‘s 

ability to reproduce the qualitative long-term morphodynamic development 

of the bay. The process based models used for predicting long-term 

morphological development of the coastal regions on the spatial and 

temporal scales are validated and examined. Model inputs and constants are 

calibrated to produce the morphological results which match the real time 

data. The long-term morphological simulation results are validated with help 

of field data and satellite imageries. The reliability of the model is checked 

using statistical methods like Brier Skill Score (BSS). 

b) Which are the most crucial hydrodynamic forcing processes in 

the long-term morphological development of the region? 

The long-term morphological modeling uses the process-based models which 

use various approaches like Model reduction where physical processes to be 

modeled are reduced; Input reduction where the input forcing are 

schematized to the representative input producing results similar with the 

full-time data. For long-term morphological modeling it is imperative to 

identify and distinguish the most crucial hydrodynamic forcing for the 
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morphological development of the bay on larger spatial and temporal scales. 

This helps in understanding the result of excluding different forcing as model 

input over long-term morphological results of the bay. Hence prediction of 

the morphological development for 100 years is attempted over two sets of 

physical processes; one with tidal effects only and another with tides and 

waves. 

c) Can the climate change effects on the development of bay be 

predicted by the long-term morphological model? 

The long-term morphological models can help in examining the climate 

change effects like the sea-level rise. The third set of simulation represents 

the morphological evolution of the bay over the decadal rise in mean sea 

level. Since the morphological change and effect of sea level rise on the tidal 

bay takes long period of decades and century, this long-term modeling will 

certainly help in evaluating the effects of climate change (MSL rise).  

1.4 Scope and Objectives of the Thesis 

This study aims to predict the morphological development of Kakinada Bay. 

With establishment of the trend of the shoreline change and the factors 

responsible for the accretion and erosion, future shoreline changes and 

morphological development of the bay has been predicted using depth 

averaged Delft 3D model.  

1.4.1 Objectives 

The following are the objectives of this thesis:  

1. Prediction of long-term morphological change of Kakinada Bay using 

numerical simulation studies duly validated by Remote Sensing data. 

2. To identify the effects of incremental addition of environmental forcing. 
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1.4.2 Scope of Work 

Scope of the work has been presented here for each objective defining the 

work to be incorporated.  

1.4.2.1 Quantification of the change along the northern boundary of 

Coringa Mangroves using remote sensing and GIS 

Coringa mangrove boundary changes to be quantified using satellite images 

with the help of DSAS. Delineation of Mangrove shoreline boundaries using 

the satellite imageries of years 1977, 1988, 2000, 2006, 2013 and 2019 for 

giving input in DSAS. The past shoreline of year 1977 to be taken as 

reference for building baseline and transects to be casted at 500m interval 

to assess the accretion or erosion occurred applying three statistical indices 

Net Shoreline Movement (NSM), End Point Rate (EPR) and Linear Regression 

Rate (LRR). The accretion and erosion rate obtained will give insight into the 

trend of sedimentation and erosion occurring inside the bay and build a base 

for understanding further morphological evolution of the bay.  

1.4.2.2 Numerical Simulation of the hydrodynamics and 

sedimentation of Kakinada Bay 

Mangrove shoreline propagation can be attributed to the hydrodynamic 

environment and sediment accumulation in the Kakinada Bay. To study the 

waves, tides and currents effect inside the bay on sedimentation using 

numerical model DELFT3D, the Flow model and Wave model to be calibrated 

by tuning various parameters. Validation of flow models to be done by 

comparing the modeled water level, currents, sediment concentrations and 

wave parameters with the field observations. Having studied the effect of 

tides, currents and waves on the occurrence of sedimentation and erosion 

inside the bay, factors to be incorporated in the morphological model are 

decided.    
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1.4.2.3 Prediction of long-term morphological changes of Kakinada 

Bay 

Long-term morphological prediction of Kakinada Bay to be done by forming 

morphological model using model reduction method, input reduction method 

and morphological acceleration methods for reducing the computational time 

and efforts. Input reduction method to be applied forming morphological tide 

and morphological acceleration technique to be used by applying 

morphological acceleration factor. The long-term morphological simulation 

for 100 years was carried out with three sets of simulations for 

distinguishing the effect of different processes and MSL rise. First set of 

simulations took into account the effect of tides only, second set of 

simulations were carried out combining tide and waves and third set of 

simulations were carried out with tides and waves combined with the 

(estimated) change in decadal mean sea level rise. The three simulation 

results were compared with respect to planimetric changes, shoreline 

changes, Depth change and volumetric changes.  

 

1.5 Thesis Layout 

Chapter 1 includes motivation, introduction, objectives and scope of 

the study 

Evolution of Kakinada Bay with Coringa Mangroves, Kakinada Spit and Hope 

Island is explained here. 

Chapter 2 includes the data used and detailed literature review of 

application of remote sensing and GIS, modeling and observed data.  

Techniques to study morphological evolution of Kakinada bay, development 

of sand spit, growth of mangroves and shoreline migration with help of 

remote sensing and GIS, modeling are explained in this chapter.   
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Chapter 3 includes the Quantification of shoreline change inside 

Kakinada Bay using Remote Sensing and GIS 

Shoreline change inside Kakinada Bay is to be quantified using satellite 

images with the help of Digital Shoreline Analysis System (DSAS).  

Chapter 4 includes Numerical Simulation of the hydrodynamics and 

sedimentation of Kakinada Bay 

To study the action of hydrodynamic forcing inside the bay on sedimentation 

and erosion using numerical model DELFT3D, the Flow model and Wave 

model to be calibrated and validated with field observations.  

Chapter 5 includes the Prediction of long-term morphological 

changes of Kakinada Bay 

Long-term morphological changes prediction of Kakinada Bay by forming 

morphological model using input reduction, model reduction and 

morphological acceleration methods. The forecast model to be extended for 

next 100 years with three combination of environmental forcing – (i) Tide 

only, (ii) Tide + Wave, (iii) Tide + Wave + MSL variation.  

Chapter 6 includes results and discussions  

The statistical comparison was made for the shoreline movement obtained 

from numerical modeling and remote sensing. The planimetric changes, 

shoreline changes and volumetric results were compared for all the three 

scenarios: Flow alone, Flow and waves combined and Flow and waves 

combined with decadal rise in mean sea level.  
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CHAPTER 2 

LITERATURE REVIEW & DATA COLLECTION 

2.1 Literature review 

2.1.1 Kakinada Bay 

Kakinada Bay is a shallow region with area around 150km2. It is surrounded 

by Kakinada spit at the eastern side, Coringa mangroves and three 

tributaries of Godavari River; Gaderu, Corangi and Mattlapalem in the 

southern area, Kakinada port and city towards the western side and the bay 

mouth opened to the sea at the northern side (Figure 1.3). This has 

extensive mud flats and Mangroves on the southern side. There are four 

estuaries opening into the bay, Gaderu, Corangi, Mattlapalem and Chollangi 

from southern side of the bay. Kakinada canal opens into the bay at the 

western side of the bay. Semidiurnal tides are dominant in the Kakinada 

bay. The development of Kakinada sand spit changes from time to time due 

to sediment discharges from Godavari River and due to the action of wind, 

wave, tides and current.  

2.1.2 Characteristics of Kakinada Bay 

The climatic and oceanographic conditions of the Kakinada Bay discussed 

below. 

Waves 

Predominant offshore wave directions in Kakinada region are mainly based 

on the monsoon variation. This region is dominated by South west monsoon 

during months of June-September and North east in months of October-

January and fair period in months February to May. Wave heights vary from 

1.0-2.5m and wave period between 5-9 seconds (Chandramohan, et al., 
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1989). During North-East monsoon, wave heights vary from 0.2m to 0.8m 

with wave periods between 5 to 7seconds. While during South-West 

monsoon, significant wave heights vary between 0.4 to 1.2m, with wave 

periods from 6 to 9 seconds. As per the Kakinada port authorities, during the 

North-East monsoon (Oct.-Dec.) the wave height exceeds 2 m for 32% of 

the time and 58% of the waves approach from North-Northwest direction 

which affect the bay as it is exposed in the north and NE to direct deep 

water waves. During South-West monsoon, rough sea conditions prevail and 

wave height exceeds 2m, 68% of the time. The percentage occurrence of 

significant wave height for both south-west monsoon and north-east 

monsoon is presented in figure 2.1. However, since Kakinada Bay is 

protected on the eastern and southern sides by the sand spit, it remains 

largely unaffected.  

 

Figure 2.1. Percentage occurrence of Significant Wave Height Hs (m) for (a) 

South-West Monsoon and (b) North-East Monsoon. (Source: Sharmila et al., 

2015). 
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Tides 

Semidiurnal tides are dominant in the Kakinada region. Based on the 

Kakinada port tidal data for the year 2000 the spring tidal range is about 

1.34 m and the neap tidal range is about 0.53 m (Raju N.S.N. et al., 2004). 

The tidal currents during neap and spring tide range from 0.15 to 0.4m.s-1 

respectively. The tidal amplitude reaching in the mangrove area becomes 

quite low as mentioned by Sreenivas (1998). 

Wind 

As per Kakinada port data, average wind speed in this area is less than 

19km.h-1 and the direction of the wind varies with the period of monsoon, 

South-westerlies prevail most of the year except October– January where 

north easterlies prevail during these months. During summer, the average 

wind speed is around 5-10km.h-1 but more than 15km.h-1 in winters. The 30 

years climatic table observation from year 1931 to 1960 at Kakinada 8m 

above MSL is reported. It reports that the wind speed is 19km.h-1 in the 

month of May during South East-West direction. While in the month of June 

it is 10km.h-1 in South East-West Direction. The wind direction hourly time-

series of Kakinada Bay is presented in figure 2.2. 
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Figure 2.2. Hourly time-series of wind direction against time for (a) South-

West Monsoon and (b) North-East Monsoon (Source: Sharmila et al., 2015). 

Currents 

Currents are indirectly determined by the large-scale circulation in the Bay 

of Bengal governed by the monsoon system. They are predominantly 

northerly during February-July while predominantly southerly during 

September-December. In between these periods, the direction is varying. 

The fully developed coastal current may reach 1m.s-1. The circulation is tidal 

and the spring/flood and ebb/neap currents reach a maximum of 0.25 m.s-1. 

Climate 

Kakinada climate is tropical in the nature with hot and humid weather with 

average relative humidity as 76%. The average rainfall is 157mm per month 

during June to mid-November. The South West monsoon is responsible for 

the major annual rainfall occurring in the region. Maximum temperature in 

the region ranges from 32°C–40°C while minimum temperature varies from 

12°C-21°C. May and June are the hottest months of the year with 

temperature ranging from 38–42°C. December and January are the coolest 

months of the year with temperature around 18-20°C.  
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2.1.3 Evolution of Kakinada sand spit 

Coringa Mangroves and Kakinada spit have grown significantly from 1851 as 

seen from British Admirality charts presented in figure 2.3. Mahadevan and 

B. Prasad Rao (1956) stated that the spit was not existent a hundred years 

ago, grew first towards the northeast of Godavari confluence and then 

towards northwest. They reported that at that time Kakinada Bay used to 

get dry during low tides. Godavari River used to discharge water through a 

opening towards east. Only during low tides a small sand bar used to get 

exposed with shape towards northerly drift. By 1864, this small bar which 

used to get exposed during low tides became a full-fledged sand spit, 

forming Godavari point. During that period this Kakinada Spit took full shape 

as Hope Island. Godavari point grew northwards by 1878 and river 

discharged its water into the Kakinada bay, instead of directly into the sea 

as observed in figure 2.4. They concluded that if a sand spit has to form, 

surplus sediment exceeding the normal limits ought to be supplying by the 

river to the coast. 
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Figure 2.3. Admirality Chart of the survey made in 1851 in the region of 

Godavari distributaries and Kakinada Bay. 

Source: C. Mahadevan and B. Prasad Rao, Growth of the sand bar north of 

the Godavari Confluence, 1956. 

 

Figure 2.4. Admirality Chart of the survey made in 1893 and 1920 in the 

region of Godavari distributaries and Kakinada Bay. 

Source: C. Mahadevan and B. Prasad Rao, Growth of the sand bar north of 

the Godavari Confluence, 1956. 
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By the action of wind, wave and current, sediments brought by river 

discharges get deposited and form new landforms like Mangrove area and 

Kakinada Spit. Morphodynamics of Coringa Mangroves and Kakinada Spit 

initiated in late 19th century had grown progressively northward as stated by 

Mahadevan and Prasad Rao, 1956. In the initial growth years of the spit, it 

had even deflected the course of Gautami distributary to be parallel to the 

coast. A bay head delta was created by rapid filling of the relatively calm 

back barrier bay by the riverine discharge stated by Nagesawara Rao, 2006. 

Bayhead shoreline advanced northwards by at least three km in last 40 

years. Over extension of Gautami river course parallel to the coast cut the 

Kakinada Spit to find a short route to Bay of Bengal. The Kakinada spit had 

continued to grow northwards with filling of finer sediments and colonization 

of mangroves occurred in the delta and rising floor of the bay (Nageswara 

Rao, 2006) (figure 2.5). 

 

Figure 2.5. Growth stages in Kakinada Spit towards northeast of Godavari 

delta. Black arrows indicate location of main discharges of rivers and white 

arrows show the direction of net littoral drift. 

Source: Nagesawara Rao et al., Sedimentation Processes and asymmetric 

development of the Godavari Delta, India, 2005. 
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The Kakinada sand spit has undergone morphological changes with a rapid 

rate of growth of sand spit since from the year 1851 extending its length 

around 18 km. The hydrographic study reveals that the Bay has been 

undergoing rapid siltation. Due to this creeks land has elevated with 

deposition of silt during peak monsoon. With land elevation, the tidal 

flushing becomes weak and only the marginal areas support mangroves 

(Ramasubramanian & Ravishankar, 2004). 

2.1.4 Coringa Mangroves 

Mangroves are trees, shrubs, palms, epiphytes and ferns, which together 

called as the marine tidal forest of tropical and subtropical latitudes 

influenced by tides (Tomlinson, 1986). Mangrove ecosystems are adapted to 

the harsh environmental conditions of hypersaline, soft-bottomed anaerobic 

mud and frequently inundated conditions. They absorb the strong wave 

forces especially during the cyclones. They also prevent erosion caused by 

waves, holding soil strongly with the roots. Mangroves also called as natural 

sinks as they also neutralize sediment runoff from natural and anthropogenic 

activities.   

Coringa Mangroves are located in the southern part of Kakinada Bay named 

after River Corangi situated at 16°44‘ to 16°53‘N latitude and 82°14‘ to 

82°22‘E longitude. Coringa mangroves receive freshwater from the Gaderu, 

Corangi and Mattlapalem rivers, which are tributaries of the Godavari 

Gautami River. The area of Coringa reserve forests is 3156hectares with 

around 15 species of Mangroves mainly Avicennia, Excoecaria, Rhizophora, 

Sonneratia, Bruguiera, Xylocarpus, Ceriops, etc. Coringa Mangroves are the 

second largest mangroves in India‘s Eastern coast with large diversity of 

mangrove species, threatened flora and fauna. The Coringa mangrove region 

has significant economic significance, as it acts as the reproducing zones for 

fish and other marine resources. 
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Coringa mangroves are like living grooves building up sediments, stabilizing 

the ground and fixing mudbanks. As stated by K. Thulsi Rao (2013), it is 

estimated that there is an annual sedimentation rate ranging from 1 and 

8mm in mangrove areas that are expanding in land area, promoting 

accretion. 

Coringa Mangroves hold great importance with their significance in 

environment protection and ecosystem balancing. These have been 

investigated as a highly important ecological repository of resources and 

protect from coastal calamities (Chandra Mohan et al., 1997; 

Satyanarayana, 1997, Rönnbäck et al., 2003). They are highly productive 

intertidal wetland ecosystems that exist as woody halophytes in coastal 

areas with less wave energy which helps in sediment accumulation (Alongi, 

2002). They absorb the strong wave forces, especially during cyclones. They 

also prevent erosion caused by waves, holding soil strongly with the roots. 

Mangroves are also called natural sinks as they also neutralize sediment 

runoff from natural and anthropogenic activities. Coringa Mangroves are 

valuable wetland ecosystems supporting huge biodiversity of flora and fauna 

providing tidal control, shoreline stabilization, and barrier against cyclones. 

Recognizing the biodiversity significance of Coringa mangroves, government 

has declared it as protected area. 

However, there has been a degradation of mangroves owing to the 

conversion of mangrove area into aquaculture, agriculture and industrial 

practices etc., which is a serious environmental concern and needs 

continuous monitoring.  

The Coringa mangrove area is mainly influenced by its surrounding 

oceanographic and hydrological conditions. The Coringa mangrove area 

bordered by Kakinada bay in the north and in south by the Godavari River, 

which are mainly important for growth, stability and survival of the Coringa 
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mangrove area. Hence it is crucial to understand the morphological 

conditions of the Kakinada bay. 

2.1.5 Shoreline Migration 

Shorelines are borders between the land and the sea which keep varying as 

a result of hydrodynamic factors like tides, currents, waves, availability of 

sediments, sea level rise, etc. Mangroves are the halophytic plants growing 

in the confluence of land and sea, protecting coastal erosion with the help of 

their complex root system (Pandey and Nayak, 2013). They accumulate 

sediments and form mudflats (Cook et al., 2004; Jickells & Rae, 1997; 

Sanders et al., 2010) evolving with the action of hydrodynamic forcing with 

time. Long-term shoreline and morphological changes occur with gradients 

in sediment transport involving movement of sand by the action of waves 

and currents. This long-term net sediment movement leads to sediment gain 

or sediment loss which makes either shoreline movement towards sea 

(accretion) or towards land leading to erosion. Quantitative shoreline 

migration is important for understanding morphodynamic processes in 

coastal region.  

Studying extent of shoreline change in past decades using RS and GIS helps 

in understanding how they have been changing owing to various attributes 

like hydrodynamic processes, sediment dynamics. Timely, accurate and 

periodic information of natural resources help in sustainable management 

with the help of either ground surveys; which are very time consuming, 

uneconomical and laborious and often not useful for inaccessible areas. 

Remote sensing has emerged as a powerful tool for surveying and getting 

information of such areas along with synoptic and temporal coverage of 

large area. 

Remote sensing is defined as acquiring information, identification and 

delineation of various objects from distance without being in physical contact 
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and GIS is geographical information system, a tool to process information 

acquired by remote sensing which digitizes processes and analyzes the 

spatial information and converts them into readable format. Remote sensing 

measures electromagnetic energy emerging from sun, which gets reflected, 

scattered by objects on the surface of earth. Different objects reflect 

different amount of energy referred as their spectral signatures which are 

used to identify and differentiate them. Ramasubramanian R. et al., (2006) 

analysed Godavari Mangroves using remote sensing approach describing the 

changes occurred in the mangrove region between 1986 and 2001 by the 

action of waves and floods. During this period 586 ha of new mangrove area 

accreted with alluvium sedimentation from the Godavari estuaries‘ runoff.  

The tidal asymmetry and water movement in Kakinada Bay and mangrove 

creeks is affected by the tidal circulation (Rao et al., 2003). The existence of 

deep tidal channels was attributed to ebb-flood tidal asymmetry. The 

presence of dense vegetation including mangroves in the swamp area 

around the tidal channels and waterways led to the flow retardation led to 

sediment entrapment. Flood current at Coringa and Gaderu River was low 

around 30–40 cm sec-1 while ebb strength was around 50–70 cm sec-1. They 

mentioned that a large mudflat with an area of 12 km2 in the southern side 

of the bay opposite to Coringa and Gaderu Rivers with mean depth less than 

1m was exposed almost during every low tide which led to the significant 

lowering of the flow. They attributed this phenomenon responsible for 

sediment granulometry change after the flow of River Godavari shifted in 

1970s. They informed the levels of silt and clay with diameter less than 

63mm at the Kakinada Bay and Coringa Mangrove adjacent since 1958-

1963. The study for Kakinada Bay and Coringa mangroves waterways by 

Raut et al., (2005) confirmed the complicated circulation hypothesis inside 

mangrove creeks led by Wolanski et al., (1992) which leads to the formation 
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of new sediment transport regimes which would alter the incoming tidal 

water properties. 

Mangrove shoreline is considered as a prominent geoindicator in coastal 

changes (Souza Filho et al., 2006). It stabilizes coastal sediments, 

preventing coastal erosion. Shorelines keep changing with time, either 

landward migration because of erosion or towards seawards by the action of 

hydrodynamic forcing. RS and GIS are important tools for studying the 

spatial and temporal changes of Mangroves boundary changes and coastal 

dynamics (Woodroffe, 1995; Wilton and Saintilan, 2000; Satyanarayana et 

al., 2011). It helps in studying all the inaccessible regions and provides a 

platform to understand the trend of shoreline changing attributed to erosion 

and accretion patterns. These changes in Mangrove boundary and shoreline 

are brought by action of winds, waves and currents, which move 

unconsolidated sediments (Mazda et al., 2002, Morton et al., 2004) 

Some studies have been done combining hydrodynamics and sediment 

transport for understanding the quantitative morphological changes along 

the mangrove shorelines. E. Hortsman, 2012 studied bio-physical 

(mangrove-morphodynamics, mangrove-hydrodynamics) interactions and 

reported that the mangroves act as ecosystem engineer by facilitating and 

enhancing sediment deposition. Balke et al., (2011) stated that colonization 

and establishment of mangroves are affected by the short-term 

hydrodynamics and morphodynamics. Woodroffe, (1982) and Thom, (1967) 

reported mangroves as opportunistic colonizers. Friess et al., (2012) stated 

the requirement of understanding the bio-physical linkages of mangroves for 

their better survival and functioning.  

2.1.6 Factors affecting shoreline migration 

Shoreline stability is affected by various coastal processes like wind, waves, 

tides, currents, nutrients, sediments, sediment transport including erosion 
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and deposition acting as threshold, beyond which changes occur in coast. 

Sediment transport leads to erosion and accretion by accumulation or 

washing off of sediments lead to change in shoreline. The development and 

growth of Coringa mangroves has been largely affected by hydrodynamic 

forcing and sediment transport occurring in Kakinada Bay. Growth of 

Mangroves in Kakinada Bay due to formation of sand bar is attributed to the 

suitable hydrodynamic forcing and frequency of tidal inundation. In order to 

root and grow amply, the seedlings need low energy environments for 

accumulation of suspended sediments. Friess, D.A. and Oliver, G.J.H., 

(2013) attributed physical stressors like temperature, variation in salinity of 

water, light, nutrients, availability of fresh water etc. for the growth of 

mangroves. Hydrodynamic forcing along with water circulation, tidal 

oscillations and sedimentation is largely responsible for mangrove ecosystem 

formation (Massel et al., 1999; Wolanski, 1995; Furukawa et al., 1997).  

Toorman, (2001) suggested that numerical modeling is the most suitable 

technique for studying hydrodynamics and sediment transport in coastal 

region. Furukawa et al., (1997) stated that mangroves trap maximum 

suspended sediments in the stagnant mangrove zones with low energy. 

Dispersal of the bottom sediment is affected by the variation in low and high 

frequency velocities during turbulent flow. Mangrove vegetation offers 

resistance to the wave, flow and bottom friction. The significant wave 

heights reduce with enhanced mangrove coverage (Quartel et al., 2007). 

The results from the mangrove numerical modeling performed by Awang Nor 

(2010) state that mangroves reduce wave heights and current velocities and 

lead to enhanced sedimentation.  

In order to inhabit and to reproduce and regenerate new trees, mangroves 

depend on these sediments. Simultaneously, they feed and protect marine 

life and terrestrial animals by providing nutrients and shelters. Mangroves 

protect the coastal environment from natural calamities and disasters. 
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2.17 Long-Term Morphological Development- approaches for 

evaluation 

In order to predict the long-term morphological evolution of the coastal 

forms, various approaches are available. The most widely used tools are 

remote sensing, statistical methods, numerical modeling, etc. The 

characteristics with advantages and limitations for some approaches are 

presented here. 

2.17.1 Remote Sensing 

Remote sensing is the tool to monitor the multi-temporal changes over large 

spatial area. It provides cost-effective and time saving data with relatively 

accurate information. Remote sensing and GIS is broadly used to analyze 

the changes in mangrove areas which can help in better coastal planning 

and management. Remote sensing technique is useful especially for 

inaccessible area where physical monitoring is difficult. It helps in 

supervising the mangrove restoration programs (Selvam et al., 2003). It 

proves as an essential technique for planning land-cover and land use. They 

are widely used for studying changes in geomorphology of coastal areas 

especially for the areas with absence of field surveys. They are cost-effective 

and reduce manual error.  

Remote sensing images have been widely used to quantify the past changes 

in shoreline. Satellite images have extensively used for studying shoreline 

changes using GIS in India. DSAS is a useful GIS tool to analyze trend of 

accretion and erosion of shorelines using satellite images. It assesses the 

position of shoreline geometry studying satellite imageries from past and 

present. DSAS is an application tool for computing statistics to study the 

trend of change of shoreline positions and its timely development. It 

evaluates the historical change analysis of coastal areas, analyses shoreline 

geometry by delineating shorelines from satellite imageries and aerial 
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photographs. It is also used for predicting the pattern of shoreline behavior 

in future using the trend of historical rate of change assuming the similar 

course of climatic and geographical conditions leading to the happened 

course of events. It analyzes the long-term and short-term shoreline 

development.  

These models use empirical methods towards calculating shoreline position 

geometry changes occurred due to coastal erosion processes. For calculating 

the change in shoreline, several shorelines are delineated from satellite 

images, historical charts, etc. The shoreline change rate is evaluated by 

calculating the distance between each shoreline for a given time period.  

Dolan et al., (1991) described many ways of measure rate of change of 

shoreline like Transect Based method, EPR, LRR and Average of Rates. These 

statistical methods calculate rate of change of shoreline by calculating the 

distance between the shorelines over a particular period of time given as 

change in meters per year along transects. Transect based method use 

transects casted at right angles at the shorelines divided into several 

segments. The rate of change is calculated at these transects.  

Net Shoreline Movement (NSM): NSM denotes the total distance between 

the oldest and most recent shorelines calculated for all transects. It is the 

total movement of between the two shoreline positions and is considered as 

the measure of the end point of the change.   

NSM= Distance (m) between the oldest and the recent shoreline. 

End Point Rate (EPR): EPR is the method which divides the shoreline 

movement distance by the time between the most recent and the oldest 

shoreline (Fletcher, C.H., 2012). EPR usage benefit is the computational 

simplicity as minimum only two shorelines are required. Fenster et al., 1993 

stated that EPR model is the best way to predict the shoreline development 
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for future as it is based on observed periodical rate of change of shoreline 

position.  

EPR= NSM/Time between oldest and most recent shoreline 

Linear Regression Rate (LRR): LRR is the slope of the line determined by 

fitting a least-squares regression line to all the shoreline points for each 

transect. A linear regression rate-of-change statistic can be determined by 

fitting a least-squares regression line to all shoreline points for a transect. 

The regression line is placed so that the sum of the squared residuals 

(determined by squaring the offset distance of each data point from the 

regression line and adding the squared residuals together) is minimized. The 

linear regression rate is the slope of the line (Himmelstoss, E.A., et al., 

2018). 

Dolan et al., (1991) mentioned useful features of LRR method as it is easily 

employable, entirely computational including all the input data irrespective 

of the accuracy and trend change and calculating the change rate applied on 

the accepted statistical concepts. 

Nayak S., 2002; Chandrasekar et al., 2013; Kankara et al., 2015; 

Mageshwaran T. et al., 2015 have studied long-term changes in shoreline. 

Joesidawati M.I. and Suntoyo (2016) compared shoreline changes combining 

two coastlines and five shorelines of beach Tuban using EPR, NSM and LRR. 

They found merging of two shorelines with different times gave detailed 

result over shoreline retreat with average EPR as 15.25m.y-1 and NSM as 

650.11m. Mary et al.,(2017) studied mangrove shoreline changes for 

Krishna and Godavari Delta with shoreline stretches of 65 and 59 km 

respectively, for a period of 37 years and assessed overall erosion rate as 

1.5m.y-1 and 2 m.y-1, respectively. They attributed overall erosion of 

mangrove shoreline for Krishna Delta and Godavari Delta to coastal erosion, 

decreased sediment discharge from rivers and stated that there had been 
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decline in mangrove extent due to over exploitation of natural resources and 

anthropogenic activities like aquaculture.  

Tran Thi, V. et al., (2004) used the edge of mangrove forest as the shoreline 

indicator and NDVI for delineating mangrove shoreline. They quantified 

mangrove shoreline changes for 58 years in Vietnam sampling 1129 

transects and concluded that the mean erosion Linear Regression Rate at the 

eastern sea side of Thailand Gulf was 33.24m.y-1 and average accretion rate 

was 40.65m.y-1. They attributed erosion and mangrove loss to natural 

changes, deforestation and reduction in sediment supply. Alemayehu et al., 

(2014) assessed shoreline changes in Watamu area of Kenya using NSM, 

EPR and Weighted Linear Regression (WLR) tools of Digital Shoreline 

Analysis System. They divided 9.8km shoreline into 245 transects with 40m 

space in between them. They reported mean shoreline changes of EPR and 

NSM as 0.7m.yr-1 and -30.3m.yr-1, respectively. Their EPR and NSM results 

concluded that around 64.4% of shoreline was undergoing erosion while 

accretion had taken place for rest 35.5% of shoreline. They attributed 

erosion to the anthropogenic activities.  

Mukhopadhyay A. et al., (2012) analyzed and predicted shoreline accretion 

and erosion development for 142km long coastline for Puri district in Orissa. 

They used landsat images to delineate shoreline and used EPR to calculate 

the shoreline changes and predict the short term and future long-term 

shoreline development prediction. They concluded that Puri coast is suffering 

erosion and their short term EPR results matched with the satellite data. 

Their long-term prediction of future shoreline matched the past shoreline 

movement scenario. They also concluded that cross validation helps to 

predict the model results with better accuracy.  

Elbagory I.A. et al., (2019) quantified shoreline changes using Landsat 

images in Alexandria, Egypt from year 2000 to 2016. Their study analyzed 
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accretion occurring at most of the shorelines at a rate from 1 to 20m.y-1. 

They used shoreline prediction model from year 2016 to year 2050 using 

Linear Regression Rate and predicted shoreline development accretion 

occurring between 5-60m.  

Barman N.K. et al., (2015) used shoreline trends for future prediction of 

Balasore shoreline in Orissa, India. They calculated short-term and long-

term rate of shoreline movement for 38years from 1975 to 2013 for a 

shoreline of 67km dividing it into 67transects. They validated their model by 

comparing the shoreline prediction results with the shoreline of year 2015. 

They found positional error varying from -4.82m to 212.41m attributing to 

the effects of coastal hazards. They brought out the limitations of the 

method as high positional model error occurring due to some natural 

geological events and coastal hazards and tropical cyclones. Even if the error 

is found at one or two transects, the overall model error increases.  

Frederick A.A. (2011) studied the factors responsible for shoreline erosion 

and determined the rate of shoreline change for Accra situated in Ghana 

between 1990 and 2010 using Landsat satellite imageries. They divided 

entire shoreline into 435 transects with 100m spacing and each transect 

length of 3800m. They used EPR and LRR for determining the rate of 

shoreline change and found out the similar results as erosion occurring at 

rate of -12.34m.y-1 and -12.2m.y-1 respectively. They found out that in 

entire shoreline there was no point where accretion had taken place, whole 

shoreline was getting eroded. They stated that unlike EPR, LRR doesn‘t 

consider years of the shorelines incorporated, while the EPR incorporates the 

changes occurred between the shorelines along with the transect analysis 

generated data. They informed the major reasons responsible for entire 

shoreline subjected to shoreline as sand mining, presence of hard rocky 

structures and climatic conditions affecting shoreline like winds, tides and 

waves. 
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Oyedotun T.D.T. (2014) described DSAS as an important tool for studying 

shoreline geometry changes. Author mentioned the statistical methods NSM, 

EPR, LRR, Shoreline Change Envelope (SCE) and Weighted Linear Regression 

Rate (WLRR) derived from DSAS for comparison of shoreline change over 

time. Author pointed out the limitation of this method to be unable to 

determine the morphodynamics forcing while calculating the rate of change, 

but at the same time coined out the benefit of being an effective tool for 

determining the historical and temporal geometry changes of the shorelines. 

DSAS cannot indicate the forcing responsible for the observed changes is 

coastal areas. Author summarized the effective benefits as identification of 

accretion and erosion occurring in coastal areas and their significant 

mapping and measurement at all historical time scales like annual, decadal 

and more. It yields important information on the morphodynamics of coastal 

shoreline with shift in shoreline position and geometry and their planimetric 

properties variations.  

Kannan R. et al., (2016) detected shoreline changes of Visakhapatnam coast 

from year 1989 to 2015 studying temporal changes for 5-10 years difference 

using Linear Regression Rate and End Point Rate. They studied coastline of 

135km dividing into total 576 transects with a spacing of 200m and 

estimated the geomorphological shoreline shift of the shoreline position. 

They found around 74.6km of shoreline was subjected to average accretion 

rate of 1.08m.y-1 while another 38.4km shoreline was undergoing erosion at 

rate of 1.4m.y-1. They identified region with utmost erosion at the northern 

side of Bheemunipatnam with a rate of -22.39m.y-1 occurred due to Hudhud 

cyclone in October 2014. They identified maximum accretion occurring from 

the period 2012 to 2015 at the northern side of Visakhapatnam Port and 

southern side of Gangavaram Port at a rate of 30.25m.y-1.  

NSM and EPR were used to analyze shoreline changes in Ghana Coast from 

year 1974 to 2012 by Jonah F.E. et al., (2016) observing huge erosion 
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occurring from 1974 to 2005 than from 2005 to 2012. They attributed beach 

erosion to the anthropogenic activities like beach and sand mining because 

of which the high tides and storm water hitting the scarps toe of the lowered 

beach level and further leading to beach recession. They stated that 

continued monitoring of shoreline dynamics is essential and recommended 

the future studies interlinking the land use pattern, anthropogenic activities 

and coastal processes and dynamics together in the coastal areas. They 

recommended the combined activities for better coastal planning and 

investments in coastal constructions. 

Many studies have been carried out assessing the shoreline changes using 

DSAS and indices like EPR, NSM and LRR. The authors and researchers have 

concluded these methods as the best way to understand the trend of 

shoreline dynamics and identification of erosion and accretion areas in the 

shoreline positions. The spatial and temporal rate of shoreline growth or 

recession can be easily studied using this application with help of RS and 

GIS. The high resolution multi-temporal imageries are very effective in 

delineation of coastal shorelines and identify the regions susceptible to 

erosion hazard. The information obtained is highly beneficial for the coastal 

managers, decision makers and policy makers for the better steps to be 

taken for effective management of coastal region.  

The recommendations regarding combining the studies assessing the change 

in coastal shorelines and land use and land cover changes with coastal 

processes and hydrodynamics governing these changes in the coastal area is 

adapted in this study. This study is a comprehensive study making use of 

the available satellite imageries for quantifying the rate of erosion and 

accretion occurring in the Kakinada Bay and using the results for validating 

the forecast model of numerical morphodynamic model for simulating the 

hydrodynamics leading to the morphological development of the bay using 

numerical modeling. 
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2.17.2 Numerical Model Approach 

Numerical method can be defined as a set of combination of a large number 

of mathematical equations representing a real world situation working on 

digital platform for finding an approximate solution to the physical process 

problem. Coastal morphological models combine waves, tides, currents, 

winds and sediment dynamics for a coastal area with updated bathymetry 

for simulating the geomorphological changes of the region for longer time 

period. Process based morphological model for studying coastal landform 

changes and development of coastal structures implements empirical 

observations into mathematical equations related to morphodynamic control 

processes like winds, waves, tides and currents responsible for sediment 

transport. In these numerical modes, hydrodynamic flow calculations are 

done leading to change in the sea bed which gets dynamically updated at 

each computational time step and further calculations are done with the 

updated bathymetry. 

The morphological models are used to simulate and predict the long-term 

morphological evolution of the coastal areas with scales ranging from 

decades to centuries. The computational time, facility and effort required to 

simulate the model for such long time period is very high and unrealistic. In 

order to reduce the long computational time and resources, there arises 

need to develop some methods to overcome these limitations of these 

morphological models. The two general techniques used majorly for the 

efficient use of morphological model are the Input Schematization and 

speeding up of the sediment transport rates. De Vriend et al., (1993) 

described three technical methods to accelerate the long-term morphological 

modeling. First method is Input Reduction Method which uses the approach 

of representing the smaller-scale processes with the reduced representative 

inputs. The second method is Model reduction method which uses the 

approach for model itself reformulating excluding the smaller-scale 
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processes. The third method is behaviour-oriented modeling which is based 

on the approach of using modeling for only interested phenomenon without 

describing the underlying processes. 

Latteux B. (1995) discussed techniques for reduction of computational cost 

of long-term morphological modeling for tidal current situations. He stated 

the need of developing huge computation required for producing the 

accurate simulation composed of long-term simulation representing the slow 

evolution of bed and the short time step to meet the faster changes in 

hydrodynamics along with the numerical stability of the flow model. He 

devised ways for reducing the computational cost as input reduction method 

which selects the representative set of tides for reducing the number of 

natural situations; and increasing the morphological time step in order to 

run the simulation faster. He utilized astronomical tides for input reduction 

as their nature is deterministic and can be predicted with time evolution. He 

mentioned characteristics for using either a single tide as the representative 

tide or a set of representative tides for morphodynamics if it produces the 

same intensity and direction of flood-ebb and residual transport as that of 

the sum of the transports for each tidal class, weighed by its frequency of 

occurrence representing average actual transport which will have similar 

effects as that of the actual set of natural tides. He investigated and 

developed the methods for increasing the morphological time step with their 

adequacy depending on the kind of case; using extrapolation method for the 

bed case where changes occur at around same place while for the 

propagative cases, lengthened tide or expansion method to be preferred.  

Lesser G.R. (2009) described two techniques for reduction of high 

computational time and efforts for morphological modeling. He used Input 

reduction method and acceleration techniques.  Input reduction method uses 

the representative tidal inputs which represents the average condition for 

morphology capturing accurate important residual sediment transport. He 
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explained the interaction of tidal components M2, O1 and K1 for 

morphological studies with their implications on residual sediment transport. 

Hoitink et al., (2003) discussed that tidal constituents M2, O1, K1 are linear 

combinations of two astronomical frequencies and the phenomenon of their 

combination generates a neap-spring cycle of 13.66 days. After forming 

morphological tide with the representative tidal constituents M2, O1, K1, he 

devised a scaling factor to multiply the M2 constituent. The scaling factor 

was applied to overcome the limitation of the simplified tide for not 

satisfying the requirement for creating the similar residual sediment 

transport as the full tide (Lesser, 2009). He added the importance of 

preserving the tidal energy in the simplified tide. This scaling factor can also 

be called as the amplification factor as it brings energy levels high for the 

requisite point overstating the M2, O1 and K1 interaction residual. Lesser 

stated that morphological acceleration factor overcomes the time scale 

difference with hydrodynamic and morphodynamic scale evolution. It is 

multiplied with the hydrodynamic forcing sediment fluxes to and from the 

bed. He added that usage of acceleration factor helps to achieve 

morphodynamic simulation by running simulation only for a fraction of the 

hydrodynamic time scale.  

The limitations and strengths of the morfac approach was investigated by 

Ranasinghe R. et al., (2011) using the long-term numerical morphological 

model using DELFT 3D. They presented two outcomes of their study based 

on the Morfac approach dependencies to the forcing conditions and model 

parameters and secondly proposed the application of Courant-Friedrichs-

Levy (CFL) condition for determination of the critical Morfac. They suggested 

rigorous and methodically assessed approach for determination of critical 

Morfac value for coastal modeling. They carried out comprehensive 

investigation program for checking validation and limitation of Morfac 

approach for higher time scales and developing an effective criterion for 
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determination of critical Morfac using DELFT 3D and X-BEACH. The modeling 

program focused relationship between Morfac and various other factors like 

hydrodynamic forcing, size of grid and time step, simulation time period with 

other critical model tuning parameters, etc. They concluded their 

observations based on the unidirectional flow defining critical morfac as the 

highest morfac value which gives the most trusted morphodynamic 

development with strong dependencies on the size of the grid and Froude 

number but not directly affected by the Courant number. They gave criterion 

CFLMF<0.05 as safe estimate of critical Morfac value. They used Brier Skill 

Score for choosing the critical Morfac as measure of model performance 

indicating BSS value 1 as best match for the simulated bed levels obtained 

from the benchmark simulation with Morfac 1 and simulation with higher 

Morfac value. 

Michiel A.F. Knaapen and Joustra R. (2012) studied usability of Morfac 

approach, reduction of the computational time and loss of accuracy by 

multiplying it with the evolution and time factor leading model jump forward 

in time with rapid water level changes, altering the hydrodynamics. They 

performed two tests using morphological model for stationary currents using 

a trench flume experiment and tidal current using large ranges of 

morphological factors and compared model results with observed 

bathymetry with and without morphological acceleration factor using root 

mean square error (RMSE), bias and the Brier Skill Score (BSS). They found 

that BSS reduced very slightly from Morfac 1 to 130 in case of stationary 

current and with higher Morfac value model became unstable. They reported 

that the Bias result showed that the errors increased with increase in Morfac 

value. In case of tidal current, they found that results could only be 

compared after completion of N number of spring-neap tidal cycle; hence 

they limited their study using factor 5, 10 and 20. Their reported results 

showed that usage of morphological factor changed the model results where 
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Brier Skill Score reduced with increase in Morfac and Bias increased with 

increase in Morfac value. They concluded that usage of  Morfac values 

reduced the computational time but at the same time additional errors get 

introduced in prediction thereby reducing the model performance.` 

Various methods for long-term morphological modeling like input reduction 

method, tide schematization technique, morphological acceleration factor, 

tide-averaging, increase in morphological time-step, etc were reviewed by 

Zeinali S. et al., (2014). They stated the need of developing technique for 

coupling the short term functions of hydrodynamics and sediment dynamics 

for simulating the long-term morphological changes. They studied practical 

methods to reduce the computational time and efforts in morphological 

models. They stated that using input reduction method, representative tide 

can be formed for the input tide which represents the full tidal cycle. They 

discussed the application of morphological acceleration factor for faster 

computations for simulating the long-term morphological development.  

Deltares carried out project for establishing the morphological model for the 

Rhine-Meuse Delta using Delft 3D for simulating the tides and seasonal 

river-discharge variations. They used morphological tide using 

representative tide and multiplying it with scaling factor 1.1 to obtain 

correction for spring-neap cycle. They explained the need for morphological 

acceleration factor (morfac) for scaling up the morphological changes to the 

rate with crucial effect on the flow. Morfac which is discharge dependent 

constant reduces the simulation flow by multiplying with the computed 

sediment transport rates. They used morphological acceleration factor 51 

simulating whole year with fourteen tidal cycles. 

While optimizing the input value of the acceleration factor, there arises need 

to set an upper scale of the value of Morfac as a function of model geometry 

and time step for the schematized tidal flow. Reyns J. et al., (2014) chose a 
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model geometry representing a flume with bar morphology. With shoaling 

contracting the flow in the vertical, higher sediment transportation occurs 

and limits the critical value of Morfac. They varied morfac value from 1 to 

700 in series of short sediment transport simulations considering the 

simulation with Morfac 1 as benchmark simulation. The critical morfac value 

was considered as the highest value which resulted in the similar 

morphology as resulted by the benchmark simulation with morfac 1 at the 

same morphological time. The number of tidal cycles is considered as the 

time unit and output is presented at the end of the hydrodynamic tidal 

cycles. As Morfac is applied in the simulations, morphological simulation 

results are applicable and can be compared only at the end of tidal cycles of 

simulations (Roelvink, 2006, Roelvink and Reniers, 2012). Accuracy of the 

applied Morfac in morphological simulation results was determined using 

BSS which indicates the correspondence of modeled bathymetry obtained 

with the higher Morfac value with the benchmark simulation run with morfac 

1. They quoted BSS value greater than 0.5 sufficiently accurate for the 

complicated cases while 0.99 as cut off score for the lowest Morfac value for 

their experimental idealized case.  

The hindcasting morphodynamic behavior was studied by Dam G. et al., 

(2015) for the Western Scheldt estuary. They simulated two different time 

periods of 110 years and 65 years and compared results with the 

bathymetric maps. The process based model FINEL2D was used with the 

unstructured triangular grid giving seaward astronomical tidal boundaries 

40km away from the coastline taking influence of only tidal effects ignoring 

wave action. They used Morfac value 24.75 for speeding up the 

morphological simulations with one neap-spring cycle representing a 

morphodynamic year. They calibrated model using water level at the tidal 

stations and validated model for tidal currents in both the channels and 

inter-tidal areas with good correlation between the simulated model results 
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and the field data. They used BSS for comparison and concluded that the 

model results getting better with time were independent of the initial bed 

level. They explained the reasoning for low initial BSS value as model takes 

time to adjust the bathymetry with model parameter settings, processes and 

boundary conditions. Roelvink and Reniers (2012) described a method to 

obtain and verify the morphological tide by performing an analysis on the 

sediment transport during a spring neap cycle. 

Moerman E. (2011) investigated methods and morphological modeling 

approaches using DELFT 3D. He applied Input reduction method using 

morphological tide and acceleration method using morphological acceleration 

factor to reduce the computational time. He formed the harmonic water level 

boundary conditions using morphological tide with tidal constituents M2, O1 

and K1 multiplying them with scaling factor 1.08 for tidal energy 

preservation. They calibrated the morphological model simulating five years 

of change and compared the development by comparing the erosion and 

sedimentation results of the river mouth computing bed elevation 

differences. During calibration it was found that the model was over-

predicting the results, hence after several trial-and error pragmatic methods, 

he concluded that using no scaling factor gave more desirable morphological 

results. The morphological acceleration factor was given for each successive 

tide of different offshore wave boundary conditions. They used BSS for 

analyzing model results by comparing the modeled and measured bed level 

changes with initial bed level.  

Van der Werf et al., (2015) described process based model formation for 

Scheldt estuary using DELFT 3D for predicting the morphological 

development of the mouth on account of natural processes and human 

interferences. They developed high resolution model for hindcast simulation 

from year 1985-2011 construction of Zeebrugge harbour studying effects of 

tides, currents, waves, winds and river discharge for the hard non-erodible 
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bed layers. In order to reduce the computational time, they split model 

domain into five online-coupled domains using domain decomposition. They 

used morphological acceleration factor 104 to reduce the computational 

timing in which simulation of one spring and neap cycle of 14 days resulted 

into morphological changes for 4 years. At the same time they used 

Mormerge technique where wave effects were efficiently included by running 

different wave conditions in parallel, sharing same bathymetry updated 

every time step. They compared the bed level changes obtained by 

computations using different morfac values. They computed the volumetric 

changes and concluded that with time, differences became smaller.  

To accelerate the morphological model, two approaches Morfac and 

Mormerge were tested by Wilmink R.J.A. (2015). He developed 

morphological model for predicting 10years of morphological development 

for uniform sandy coastal and offshore area of Ijmuiden using DELFT 3D. He 

used input reduction method forming morphological tide composed of 

harmonic tide of two consecutive tidal cycles. He schematized waves using 

Optimum selection method. The simulation results were compared with the 

reference simulation comparing the reduced and non-reduced input 

conditions using performance indicators Nash-Sutcliffe coefficient (NS) and 

BSS with the resultant value as 0.98 and 0.958 respectively. The resultant 

ten yearly morphological developments showed similarity with the observed 

morphological development. They compared Morfac and Mormerge using 

Multi-Criteria-Analysis (MCA) and found very little differences obtained in 

simulation results using morfac and Mormerge. They concluded Morfac 

performing better when climate with two and six waves used while 

Mormerge performed better in case of ten wave classes used.   

George D.A. et al., (2006) modeled restoration feasibility of Deschutes 

estuary by the action of tidal and storm processes using DELFT 3D. They 

extracted twelve tidal constituents as dominant contributors to tide 
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representing the tidal height of the model boundary. For river 

schematization and reducing the computational time and effort, they 

mentioned need of input reduction technique for representing full year tide. 

They formed harmonic morphological tide using tidal constituents M2 

multiplying it with scaling factor 1.1 and accelerated simulations using 

morfac. They developed models for simulating high tidal heights and flood 

events and validated the hydrodynamics and salinity simulation results. They 

observed similar patterns of erosion and deposition occurred at the restored 

estuary with some localized differences.  

Stark J. (2012) used domain decomposition method creating three coupled 

orthogonal curvilinear grids decomposing model into sea, estuarine and river 

domains as it decreases the computational time. The model boundary was 

surrounded by four open boundaries where sea domain was forced with 

water level boundaries forcing harmonic tidal constituents M2 and C1; the 

north and south end of model were forced with Neumann boundaries 

imposing an alongshore water level gradient making possible for internally 

generated currents to propagate out of the model undisturbed. The model 

boundary was closed with no movement of sand or water passing through 

them. He used tidal schematization for long-term morphological simulation 

using input reduction method applying morphological tide for reducing the 

computational time taking into the account the condition of morphological 

tide leading to the pattern of residual sediment transport similar to that that 

represented by a total spring neap tidal cycle. Author followed Lesser (2009) 

work and applied scaling factor 1.0 to M2 constituent only adjusting time 

period of total tide as 1490 minutes and a period of 745 minutes for M2. To 

speed up the morphodynamic simulation, variable morphological 

acceleration factor were used with the wave climate schematization.  

Various long-term morphological studies have been performed using input 

reduction method and acceleration method for reducing the computational 
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efforts, time and money. The reduction of water level model boundary 

conditions using morphological tide formed with tidal constituents M2 and C1, 

where C1 is composed of O1 and K1 have been widely used and implemented 

for long-term morphological simulations. For tidal energy preservation, the 

tidal constituent M2 has been multiplied with scaling factor for amplification. 

At the same time morphological acceleration factor has been used to 

multiply the hydrodynamic forcing sediment fluxed to and from the bed for 

overcoming the time scale difference with hydrodynamic scales and 

morphodynamic scale development. Morphological acceleration factor has 

been considerably used for reducing the large computational time. Brier Skill 

Score has been used for evaluating the morphological model results which 

compares the modeled bathymetry obtained with the higher Morfac value 

with the benchmark simulation run with morfac 1. The accelerated and non-

accelerated morphological simulation bathymetry results were compared and 

the resultant BSS values showed if the model performed well. 

Sahu A. (2019) studied shoreline response to tidal storms and sea level rise 

using numerical modeling. Flow wave coupled model was developed using 

Delft 3D and validated the model with insitu water level and wave data. The 

model output was given as input in the XBeach model and computed 

shoreline response along the beach and validated with field surveys. The 

effect of relative sea level rise on beach erosion for projected for years 2020, 

2030 and 2070 and was found that consistent beach erosion occurred due to 

relative sea level rise.  

Valchev et al., (2018) formed and validated Delft3D Flow and Wave coupled 

model. They used XBeach for further implementing a coastal forecasting 

system for Varna Beach in Bulgaria. The system formed with coupled wave 

and flow interactions with sea level rise effect and change in coastal 

morphology helped in improved understanding of the effect of storm effects 

on the long-term shoreline evolution. 
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Enriquez A.R. et al., (2016) assessed impacts of sea level rise and waves on 

shoreline migration on the Balearic Islands in Western Mediterranean. They 

chose combination of SWAN – SWASH models to reproduce the shoreline 

variability within a reasonable accuracy. They projected shoreline changes 

under climate scenarios of sea level and wave climate with major 

assumption that the morphology of the beach will not change in the future. 

They assumed that both the beach shape and the profile will be the same 

under the climate conditions at the end of the century. They demonstrated 

that the changes in beach profiles play minor role in shoreline changes due 

to waves and sea level rise. 

Van der Wegen, M. (2013) studied effect of sea level rise on tidal basin 

morphodynamics using numerical modeling. It was found that the sea level 

rise rate led to the disappearance of the intertidal area and basin shifted to 

sediment import system from sediment exporting. This led to disturbance in 

the tidal propagation balance developing tidal asymmetry with emergence of 

M4 overtide and sediment transport shift. The effect of waves was identified 

as sediment supply due to littoral drift towards the mouth of the basin which 

later may get transported into the basin. 

With the reported benefits and limitations and the discussed conclusion of 

various long-term morphological simulation studies carried out with 

techniques implemented for reducing the high computational time and 

efforts, this study shall perform long-term morphodynamic development 

simulations using the two widely accepted and implemented techniques -  

Input Reduction Method and the Morphological Acceleration Method forming 

reduced morphological tide and choosing morphological acceleration factor 

respectively.  
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2.2 Data Collection  

To assess the shoreline migration and predict the morphological 

development of the bay, various data sets of study area were prepared for 

giving input in the model.  

2.2.1 Bathymetry 

Kakinada Bay bathymetry was obtained from field work, C-Map data and 

GEBCO data. Bathymetry Survey was done for Kakinada Bay in April 2016 

using Single Beam Echosounder interfaced with a Digital Global Positioning 

System connected to the on a fishing trawling boat attached with Heave 

sensor which helps for correction of the boat‘s roll, pitch and roll. Single 

beam echosounder is the mostly used Sonar systems indicating water depth. 

It works on the principle of measuring time taken by a pulse traveling from 

the sonar transducer to the surface of the bottom of the sea and again back 

up to the sonar transducer.   

Z=t*c/2          (1) 

Where Z = depth, t = time between signal transmission and reception, c = 

average speed of sound.  

Before starting the bathymetry survey, the grid with transects was made 

with coordinate information for the route to be followed for the data 

collection. This grid data with the coordinates of transects was fed into the 

HYPACK data collection software which helped the boat in following the 

planned track.  Water depth soundings were provided by the variable 

frequency transducer and the coordinates of the depth points were obtained 

from the DGPS that was connected to the transducer with a serial cable and 

an antenna. The data was recorded with the information comprising of date, 

time, latitude, longitude and depth. The depth is given by the equation 1. 
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Tidal corrections were made and data was converted to xyz format, 

uploaded in Delft 3D and interpolated to get the Depth file. 

2.2.2 Water Sample Collection 

Water samples were collected using NINSKIN bottle sampler for suspended 

sediment analysis. A Niskin Bottle is device used for water sample collection 

at a specific depth. Niskin bottle was used to collect one liter of seawater 

sample at surface and the near bottom. It is a plastic cylinder with lids at 

both the ends connected by an elastic cord cable. Water sample collected by 

lowering the open bottle into the water on a wire until it reaches the 

required depth and then a weighted trigger called as messenger gets the 

bottle closed through a small weight encircling the drop line of the sampler 

when sent down the cable. For all the locations, 1litre of sample was 

collected.  

2.2.3 Suspended Sediment Concentration 

The collected water samples were used to analyze the suspended sediment 

concentration at various locations of the bay. The suspended sediment 

concentration was analysed by collecting the sediments in the filter. The 

analysis was done using Gravimetric method after filtration. For the filtration 

purpose Whatmann filtration papers were used which are glass microfiber 

filter with a nominal pore size of 0.45µm. The filter paper was weighed first 

and a well-mixed seawater sample was poured into the crucible. Thereafter 

with the help of weighed standard Whatmann filter paper, it was filtered. In 

order to accelerate the filtration process, a vacuum pump was connected to 

the crucible using a pipe which accelerated the suction speed to fasten the 

process. After filtering the water sample, the filter paper was dried at 103-

105°C for one hour in an oven to a constant weight. After the filter papers 

got completely dried, they were weighed and the initial weight of the filter 
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paper was subtracted from the oven-dried filter paper with sample weight. 

Thus suspended sediment was quantified in grams per liter of sample.  

2.2.5 Data obtained from institutes 

The observed tide, wave and current data was obtained from Kakinada 

Seaports Ltd. for the month of September 2011 (Table 2.1) (Figure 2.6). 

Table 2.1. Data Collection 

S.No. Parameter Location Period Source 

1 Tide 

 

16°58.588'N 

82°16.994 E 

September 

2011  

Kakinada 

Seaports  

2 Wave  

 

16°23.400'N  

82° 55.200'E 

September 

2011  

Kakinada 

Seaports  

3 Current  

 

16°58.800'N   

82° 18.899'E 

September 

2011  

Kakinada 

Seaports  

4 Sediment  

 

Kakinada Bay  February 

2015 

Field Work 
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Figure 2.6. Measured Tide, Waves, Current, suspended sediment 

concentration and ground control points locations for validation. 

2.3 Satellite Data Collection 

The landsat images were chosen for the study as they are freely widely 

available for good spatial coverage with higher resolution and provide mostly 

cloud free images for long span of time. Landsat images for years 1977, 

1988, 2000, 2013 and 2019 were used to analyze decadal shoreline changes 

as shown in table 2.2. These four years were chosen for study to analyze 

decadal progression of mangroves towards the sea. A suite of Landsat 

images including a Landsat Multi Spectral Scanner (MSS) data (1977), a 

Landsat Thematic Mapper (TM) image (1988) and Landsat Enhanced TM Plus 

(ETM+) image (2000) were obtained from landsat.org. Landsat 8 

(Operational Land Imager, OLI) image (2013 and 2019) were obtained from 

Earthexplorer website. There are seven spectral bands in Landsat TM data 

with a spatial resolution of 30 m for bands 1–5 and 7. There are nine 
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spectral bands in Landsat 8 with 30m resolution for band numbers 1–7 and 

9. Cloud cover was less than 10% for these images. All the images were 

obtained at the similar tidal phase to reduce the tidal errors. The landsat 

images were selected with acquisition time at low tide time period of sea 

level so that the maximum coastal zone gets exposed and mangrove 

boundaries could be determined and extracted accurately as much possible. 

For reducing the tide-influenced errors, the tidal conditions at image 

acquisition time were noted down as suggested by Reshma, K.N. and Murali, 

R.M. (2018). Although Mangroves are evergreen and are known to be not 

highly different in their phenology during different times and seasons of the 

year as reported by Nair S. (2017); images were selected picking up the 

best image without cloud coverage from the period of months of October-

March which are months of late winters and early spring as they play critical 

roles in mangrove mapping. These cold months increase the phenology 

signatures of mangroves; hence the accuracy of mangrove mapping 

increases as reported by Li, H. et al., (2019). 
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Table 2.2 Details of multi-temporal satellite data products, acquisition date 

and time and the tidal condition 

S.No Satellite No. of 

Spectral 

Bands 

Path/ 

Row 

Acquisition 

Date 

Acquisition 

Time 

Resolution 

(m) 

Tidal 

Height 

(m) 

1 Landsat  

MSS 

4 P 152 

R48 

08/01/1977 04:40:00 60 0.23 

2 Landsat 

5 TM 

7 P 141 

R48 

12/10/1988 04:40:00 30 0.16 

3 Landsat 

7 ETM+ 

8 P 141 

R 48 

08/12/2000 04:40:00 30 0.38 

4 Landsat 

8 

9 P 141 

R48 

21/03/2013 04:40:00 30 0.27 

 

5 Landsat 

8 

9 P 141 

R48 

27/03/2019 04:40:00 30 0.28 
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CHAPTER 3 

QUANTIFICATION OF SHORELINE CHANGE INSIDE 

KAKINADA BAY USING REMOTE SENSING AND GIS 

 

3.1 Digital Shoreline Analysis System 

In order to study the progression and regression rates of mangrove 

shoreline and its movement, the analysis of rate of change of shoreline was 

computed in the Digital Shoreline Analysis System 4.3 (DSAS), developed by 

the USGS as an ArcGIS extension. DSAS computes the rate of change 

statistics of shoreline using multiple historic shorelines in GIS with respect to 

the baseline position at user specific intervals (Thieler, E.R., 2009). DSAS is 

an effective tool that helps in Historical Trend analysis for examining the 

present and past mangrove shoreline position measuring the changes at the 

casted transects from a defined baseline as it incorporates an identified 

attribute position at different time periods. 

3.2 Methodology 

3.2.1 Shoreline Extraction 

The Landsat MSS, TM and ETM+ imageries obtained for 1977, 1988, 2000 

and 2019 were subjected to correction for the geometric errors using the 

reference image of 2013 Landsat 8 (OLI) in ArcGIS. Geometric rectification 

is done to remove errors as remotely sensed coordinates vary from image to 

image due to earth‘s rotation and panoramic distortions during acquisition of 

images (Elnabwy, M.T. et al., 2020). The process removes the geometric 

anomalies and corrects the coordinates of images with the correct ground 

coordinates with the pixel location. All images were corrected using 10 

ground control points, selected from different features during ground 
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truthing exercise at Kakinada Spit, Kakinada Port, Kakinada Channel and 

Coringa Mangroves (Figure 2.6). Total root mean square error (RMSE) was 

below 1 pixel during rectification of images. Resampling of the geometrically 

rectified images was carried out using Cubic convolution method registering 

all images to the 30m pixel size taking year 2013 as base image. These 

imageries were projected to the Universal Transverse Mercator system 

(UTM) WGS datum-1984 projection zone 44N.  

Mangrove shoreline was digitized using the seaward mangrove forest edge 

as the shoreline indicator. The closed canopy forest cover was used as the 

border for distinguishing mangroves from the mudflats and sea (V. Tran 

Trih., 2014). The Normalized Difference Vegetation Index (NDVI) was used 

for differentiating vegetation from land and the sea. NDVI is considered as 

one of the best extensively used feature for quick and easy detection of the 

living green vegetation cover from other land features. The border pixels 

differentiating between vegetation, land and sea were delineated as 

mangrove shoreline.  

3.2.2 Shoreline Database Preparation  

All shorelines were compiled in the GIS geodatabase with 5 attribute fields 

which include Object ID (a distinct number for each transect), shape (poly 

line), shape length, ID, and date (year). All shorelines were appended into a 

single shape file. A baseline which is a reference datum used in DSAS model 

was casted offshore and parallel to the general orientation of shorelines. It is 

the initial point to cast transects at closest intersection using simple baseline 

cast method, crossing the shorelines and providing change over time. 41 

transects were casted at 500m length interval at right angles from shoreline 

stretch of 20.5km (Figure 3.1). In order to calculate the rate of erosion and 

accretion three mostly used statistical indices EPR, NSM and LRR were 

employed for a period of 43 years.  
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Figure 3.1. Mangrove Shorelines and Transects casted for the study 

 

3.3 Estimates from Digital Shoreline Analysis System- EPR, 

NSM, LRR 

The shoreline migration trend has been successfully studied using the 

statistical parameters EPR, NSM and LRR.  
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Figure 3.2. Shoreline change rate for the period 1977-2019. 

The shoreline rate changes are compared for EPR and LRR. The trend 

differences between indices EPR and LRR is shown in figure 3.2. It indicates 

the consistent variations in the rate of accretion and erosion of the shoreline. 

Accretion zones are demarcated in the figure from transects 1-29. The 

shoreline is receding at transect 30 and from 32-41 transects. The average 

accretion rate is found to be 14.98m.y-1 while the erosion rate has been 

found as -2.8m.y-1. Transects 30 and 31 have been relatively stable and 

very less shoreline change has occurred in this area with the lowest 

shoreline index values. 

Figure 3.2 illustrates that Coringa mangrove shoreline has accreted in 

general over the period of 36 years. The major area accreted is at transect 

25 with the end point rate at 30.46m.y-1 and linear regression rate at 

33.51m.y-1, while the region with the least accretion is at transect 30 with 

the end point rate at 0.49m.y-1 and linear regression rate at 0.22m.y-1. EPR 

and LRR with maximum erosion are at transect number 37 at -4.19m.y-1 and 

-3.56m.y-1 respectively. The average accretion rate of EPR and LRR for the 

whole shoreline stretch is 14.98m.y-1 and 15.50m.y-1 respectively while the 

average erosion rate of EPR and LRR is -2.8m.y-1 and -2.63m.y-1 
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respectively. Thus it has been found that there has been pro-gradation of 

mangrove shoreline towards the sea for a major part of the shoreline at high 

shoreline change rates as shown in table 3.2. 

 

Figure 3.3. Shoreline change rates (End Point Rate and Linear Regression 

Rate) 

The mangrove shoreline change rate obtained by the statistical methods EPR 

and LRR is very similar throughout the study area. The comparison of EPR 

and LRR results as shown in figure 3.3 presents the R2 value for the period 

1977-2019 as 0.995 which is highly correlated. The graph infers that the 

dependent and independent variables are in good correlation. 

 

Figure 3.4. Shoreline change at each transect was expressed by the Net 

Shoreline Movement (NSM) for period 1977-2019. 
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The average accretion rate for the period was found to be 14. 98m.y-1 (EPR), 

15.5m.y-1 (LRR), and erosion rate was -2.8m.y-1 (EPR) and -2.63m.y-1 

(LRR).  

The mangrove shoreline movement in the study period has changed 

differently in the bay dividing it into two different zones of accretion and 

erosion. The results have shown the mangrove shoreline movement 

significantly accreting from the western side of the bay till half of the 

southern side of the bay. While thereafter, the shoreline has undergone a 

recession for the other half of the southern part of bay reaching the spit. 

Mangroves have undergone significant progradation at the western side of 

the bay with maximum movement over transects 9, 20 and 21 with a 

distance of 983.41, 1144.22 and 1144.57m respectively (Figure 3.4). At the 

southern portion of the bay, maximum distance accreted by mangrove 

shoreline is 1266.55m at transect 25. The different behavior of two different 

parts of the mangrove shoreline stretch undergoing accretion and erosion in 

the western and the eastern side of the bay observed in the entire period is 

presented in table 3.2. The results indicate the hydrodynamic forcing leading 

to the sediment deposition at the western part of the bay.  

Table 3.1. Overall Shoreline Changes from year 1977-2019 

Shoreline Statistics Erosion Accretion 

Average End Point Rate (m.y-1)   -2.8       14.98 

Average Linear Regression Rate (m.y-1)  -2.63       15.50 

Average Net Shoreline Movement (m)  -116.57       622.5 

 

Table 3.1 shows that the mangrove shoreline stretch is significantly 

prograding with the high rates of shoreline accretion, while quite less 

shoreline stretch has receded at a very less rate of shoreline erosion.  
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Table 3.2 Shoreline change rate comparison between the Western and 

South-Eastern part of the bay from year 1977-2019 

Statistics Western Part of 

the Bay 

South-Eastern Part   

of the Bay 

Number of Transects 25 15 

Number of Transects undergoing 

Erosion 

0 11 

Number of Transects undergoing 

Accretion 

25 4 

Mean Shoreline Change (m.y-1) 16.96 1.41 

Erosion Rate (m.y-1) 0 -2.8 

Accretion Rate (m.y-1) 16.96 7.06 

Maximum Erosion Rate (m.y-1) 0 -4.19 

Minimum Erosion Rate (m.y-1) 0 -1.24 

Maximum Accretion Rate (m.y-1) 30.46 17.23 

Minimum Accretion Rate (m.y-1) 7.76 -1.24 

 

The overall results presented in table 3.2 show that there has been 

significant accretion in the southwest of the Bay, while there was some 

erosion of mangrove shoreline towards the southern end of Kakinada spit. 

25 transects are considered in the western side of the bay, where all 

transects have undergone accretion with the highest rate of 30.46m.y-1 at 

transect number 25. Rest 15 transects at the south-eastern part of the bay 

have been relatively stable and some have been under erosion with the 

maximum erosion occurred at transect 37 with an average erosion rate -

4.19m.y-1. Very less accretion has occurred in the south-eastern part with 

the highest accretion rate of 17.23m.y-1 at transect 26 and least accretion 

rate of 0.49m.y-1 at transect 30.  
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CHAPTER 4 

NUMERICAL SIMULATION OF THE HYDRODYNAMICS AND 

SEDIMENTATION OF KAKINADA BAY 

 

4.1 Numerical Modeling 

To study the hydrodynamics and sedimentation inside the bay, process 

based model has been set up using Delft 3D. Deltares and Delft University of 

Technology developed Delft3D modeling system. It provides computation of 

hydrodynamics in coastal areas. Delft 3D is a computational fluid dynamics 

model that helps in hydrodynamic, sediment dynamics, wave dynamics 

study.  

4.1.1 Numerical Grid 

Delft 3D uses the orthogonal curvilinear or rectangular grid in horizontal 

plane to compute Delft3D equations. Delft 3D uses Arakawa C-grid for 

discretization of hydrodynamics variables like water level and velocities (u 

and v). The water level points are defined in the cell centre while the 

components of velocity are perpendicular to the faces of the grid cell. 

Five components Bed level point (zb), water level points (ζ), velocity points 

in horizontal and vertical directions (u and v), suspended and bed level 

transport rates in both vertical and horizontal directions. Water level points 

are locations for computation of water depth, sediment concentration and 

sediment transport rates. The staggering becomes important when 

specifying the boundary conditions and interpreting the results. The spatial 

arrangement of variables of the Delft 3D model in horizontal plane is 

presented in figure 4.1. 
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Figure 4.1. Spatial arrangement of variables of the Delft 3D model in 

horizontal plane. (Source: Jagers, 2003). 

Modeling approach followed in Delft 3D is the calculation of the 

hydrodynamic flow on a boundary fitted grid to which bathymetry, initial 

conditions and boundary conditions are applied. Sediment transport is 

calculated using the flow and wave model with the applied sediment 

transport formula. The morphological development of the model is 

dependent on the sediment transport. The processes of flow, waves, 

sediment transport and updation of morphological development are all 

executed at every time step according to the ‗online‘ approach (Roelvink, 

2006, Figure 4.2) 
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Figure 4.2. Overview of Delft 3D calculation steps (Source: Roelvink, 2006) 

 

Delft3D-FLOW and WAVE modules are used in this study. Delft 3D Flow 

module is the main component of Delft 3D package. Delft3D-FLOW simulates 

the non-steady flow, sediment transport and morphology (Lesser et al., 

2004, Deltares, 2010a).It simultaneously computes and updates the flow 

hydrodynamics, sediment transport and morphological changes along with 

the calculation of salinity, heat and tracer, etc. Delft 3D-Flow includes many 

processes like waves, tides, wind, density driven flows, salinity and 

temperature gradient stratification, atmospheric pressure changes, drying 

and flooding events, etc. (Lesser et al., 2004).   Delft3D-WAVE simulates the 

short waves evolution with the application of SWAN-model (Booij et al., 

1999). The action of tidal and meteorological forcing on the boundary fitted 

grid is calculated by computing the non-steady flow and transport process 

(Deltares, 2011a). This numerical model solves the unsteady shallow-water 

equations based on finite differences computing the continuity equation, 

horizontal momentum equations and transport equation. 
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Delft 3D Model 

Delft 3D package is comprised of various models like Flow model, Wave 

model as described here. 

4.1.2 Flow Model 

Delft 3D Flow model calculates non-steady flow by action of wind, wave and 

tides composed of horizontal momentum equations, continuity equations in 

2-D depth-averaged dimension. The horizontal momentum equations are 

represented as Eq. 2 and 3: 
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where U, V are depth averaged velocity (m.s-1), g is the acceleration due to 

gravity (m.s-2), d is the water depth below the reference plane (m), f is the 

Coriolis Parameter (1.s-1), Fx,y is the x and y component of external forces 

(N.m-2), ρw is mass density of water (kg.m-3), v is diffusion coefficient (eddy 

viscosity)  (m2.s-1), η is water level variation above plane of reference (m) 

and τbx,y is x and y component of bed shear stress (N.m-2). 

The depth averaged continuity equation is represented below as Eq. 4: 
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These equations are computed on a finite difference grid along with the 

boundary conditions of water level and horizontal velocities. 
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4.1.3 Delft 3D SWAN model 

Delft 3D SWAN model is used here which is a stand-alone application used to 

simulate wind-generated waves in coastal areas. SWAN stands for 

Simulating WAves Nearshore. The Delft3D WAVE module (SWAN - 

Simulating WAves Nearshore) simulates the evolution of random short-

crested waves in water bodies like tidal inlets, estuaries among others. 

SWAN model is fully spectral in frequencies and directions and the wave 

computations are absolutely stable (Deltares, 2011b).  

The short wave energy, Ew is computed by the energy flux balances using 

Eq. 5. 

   

  
 

           

  
 

           

  
                                                (5) 

Where cg is the group velocity, ϴ is the angle of incidence of x-axis, x is the 

cross-shore distance, y is alongshore distance, and Dw is dissipation of wave 

energy. 

4.1.4 Sediment Transport 

The Delft 3D sediment transport module computes suspended load transport 

of cohesive sediments and both bed load and suspended load transport of 

both cohesive and non-cohesive sediments (figure 4.4).  

Sediments are classified as mud, sand and silt fractions where mud is 

classified as cohesive bed load transport, sand is classified as non-cohesive 

bed load and suspended load transport and silt is classified as transition 

between cohesive and non-cohesive sediments (Deltares, 2014) shown in 

figure 4.3.  
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Figure 4.3. Sediment Classification in Delft 3D (Source: Deltares, 2014). 

 

Figure 4.4. Classification of Sediment Transport modes in Delft 3D (Source: 

Deltares, 2013). 

Advection-diffusion equation is used to calculate suspended sediment 

transport as suggested by Deltares (2012) presented in Eq. 6: 
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Where c is suspended sediment concentration (kg.m-3); u, v and w are 

velocity components in x, y and z directions respectively (m.s-1); ws is the 



70 
 

settling velocity of the sediment (m.s-1), and Dh and DV are horizontal and 

vertical eddy diffusivity (m2.s-1). 

Partheniades-Krone formulations are used to calculate erosion (Er) and 

deposition rates (Dr) (kg.m-2.s-1) for cohesive sediments as shown in Eq. 7 

and 8:  

Er=M(
τ 

τ    
  )for τ > τ   𝑒(elseEr=0)                         (7) 

Dr= wscb(1-
τ 

τ    
) for τ  <τcr,d  (else Dr=0)     (8)   

Where M denotes the erosion parameter (kg.m-2.s-1), τ  is bed shear stress 

(N.m-2), τcr is critical bed shear stress for initiation of the erosion (N.m-2), Cb 

is the near bed sediment concentration (kg.m-3) and τcr,d is the critical bed 

shear stress for deposition (N.m-2). At the simulation end, time-integrated 

deposition and erosion rates are subtracted to calculate the net deposition 

representing the morphological changes.  

Settling velocity Ws is calculated using Eq. 9: 

   
                 

   
                  (9) 

          

Where S is the relative density obtained using Eq. 10: 

S= ρs/ρ           (10) 

Where, ρs is sediment density, ρ is the fluid density, g is the acceleration 

due to gravity,   is the kinematic viscosity coefficient and dsphere is the 

equivalent spherical settling diameter. 

Critical bed shear stress τ     is calculated using Eq. 11: 

τ                               (11) 
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where, ϴcr is the critical Shield‘s parameter for incipient motion of sediments.   

4.2 DELFT 3D Model Description & Set Up 

For hydrodynamic modeling, the working domain is composed of data groups 

like grid, bathymetry and thin dams. Grid formation is the initial and the 

most crucial step which uses the grid generator program of Delft3D 

modeling suite called RGFGRID which helps in generating a grid using either 

Cartesian or spherical co-ordinates of the requisite resolution. In this study 

grid for hydrodynamics and wave modeling was set up using the Cartesian 

coordinate system in the horizontal. The grid represented the study area by 

curvilinear orthogonal grid (M*N) in horizontal plane using 433 * 487 grid 

cells with grid size dx and dy 10m and 40 m near bay shoreline and 

Kakinada Spit and 58m and 60m in the bay respectively as shown in figure 

4.5. The grid size was chosen ensuring the feasible computational time and 

effort taken for the large morphodynamic simulations covering the whole 

area of Kakinada Bay and the outer sea. Grid criteria was maintained by 

keeping orthogonality of grid less than 0.4, aspect ratio between 1 to 2 and 

smoothness less than 0.1. The bathymetry of the study area is presented in 

figure 4.6. 
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Figure 4.5. The computational grid for the Flow and Wave model. 

 

Figure 4.6. Interpolated Bathymetry of Flow and Wave model. 
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With Cartesian coordinate system, the latitude and orientation of the model 

grid was specified which helps in determination of Coriolis force of that 

location. The number of layers was set to 1 for the depth averaged 

computation.  

Bathymetry of the study area was non-uniform and space varying obtained 

by combining the echo sounding measurements and the available 

bathymetric charts and data for the most elaborate depth data bringing 

them to the same reference level.  The depth values of the grid were 

interpolated using volume preserving triangulation interpolation method with 

the help of QUICKIN program to obtain bathymetry resembling the natural 

bathymetry closely with equality of averaged bathymetric features. In order 

to reduce the noise and the wave frequency disturbances, the bottom 

gradients were smoothened.   

Thin dams are the infinitely thin objects defined at the velocity points 

prohibiting the exchange of flow between the two adjacent computational 

cells which represent small obstacles like breakwater or dam. Time frame 

defines the date and time of the start and end of the simulation. Time step 

used in the simulation was 0.5 minutes based upon the Courant number 

maintaining the model stability.   

The data group provides option for specifying the processes and their initial 

conditions and the boundaries which influence the hydrodynamic 

simulations. The transportation process of suspended cohesive sediments 

was selected as the factor given as input for updating the bathymetry. Initial 

conditions at the beginning of the simulation were specified into the model 

for computations to start at. The optimum initial values depend on the 

boundary conditions and the timing of the start of the simulation. A uniform 

value of 0.02Kg.m-3 was given as initial sediment condition. 
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Boundary condition for the model was defined with their location and type 

with all inputs affecting the simulation. Boundary conditions for water level 

variations due to tides have been imposed at the offshore model. 

Astronomical water level forcing was given as boundary from the three 

offshore open boundaries (North, East and South). The astronomical tides 

are generated from the gravitational effect of Earth, Sun and Moon without 

any atmospheric influence.  

The astronomic tidal forcing at the model boundaries for the initial 

calibration is defined by thirteen (13) astronomical tidal constituents (M2, S2, 

N2, K2, K1, O1, P1, Q1, MF, MM, M4, MS4 and MN4. The astronomical water 

level boundary condition is computed using eq 4.1. 

zs(t)  Ao + ∑    
          𝑓                                    (4.1) 

where, zs(t) is water elevation (m), Ao is mean value of water elevation time-

series (m), Ai is the amplitude of the ith constituent (m), fi is the frequency of 

the ith constituent (m) and    is phase of the ith constituent. 

The open boundaries were kept far to prevent the boundary effects. Hence 

the size of study area was kept 25km by 30km. The tidal prediction of water 

level at the model boundary was derived from the Global Ocean Tide Model. 

The suspended sediment concentration taken as boundary concentration was 

based on the measurements made on the field site and taking reference 

from the literature review. The bed material sediments were cohesive and 

silty clay bed.  

4.3 Numerical stability 

Courant number indicates the numerical stability of Delft 3D flow model 

which should be equal or less than 1. This criterion is fulfilled by specifying 

the hydrodynamic time step of the flow model. It defines relation between 

the propagation speed and the time step. The total computational time is 
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determined by the time step. The Courant number criterion is presented in 

Eq 4.2 (Deltares, 2014). 

    
  √  

           
   →         

               

√  
          (4.2) 

Where, Δ𝑡 is time step (s), g the acceleration due to gravity (m.s-2), H is the 

maximum water depth (m) and min {       is the smallest grid size (m). A 

time step of 30seconds is given as input in this study. The courant number 

obtained was 0.8. 

Small courant number can be obtained by either decreasing time step or 

increasing the grid size. 

4.4 Model Calibration and Validation 

In order for a model to represent an original field, various parameters like 

bed roughness, eddy viscosity, eddy diffusivity, etc were defined with a 

certain value that would represent the actual field. For this various 

simulations were performed by giving various values for tuning these 

parameters so that the obtained flow model results are in well agreement 

with the data obtained by field work. This procedure is termed as Model 

calibration. 

4.4.1 Calibration-Resolving unknown model parameters 

Various physical parameter constants were defined for the model. The 

hydrodynamic constants like acceleration due to gravity and water density 

were defined as 9.81m.s-2 and 1000Kg.m-3 respectively. The calibration 

parameters like Bottom roughness, eddy viscosity and diffusivity were varied 

in the calibration simulation runs according to their potential ranges for the 

best sought agreement with the local observed tidal level, current velocities 

and suspended sediment concentrations. Each of the calibration simulation 

was for a period of 14days. The accuracy of the computed water level and 
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current velocities with respect to the observed data was expressed through 

the R2 and RMSE values.  

Chezy coefficient and Horizontal Eddy Viscosity and Diffusivity were used to 

finely tune and calibrate the current and tidal phase. Chezy bed roughness 

formulation is a hydraulic bed roughness parameter which parameterises the 

energy dissipation at the seabed for formulating the bottom boundary 

closure. The horizontal Eddy Viscosity is a spatially variant but time constant 

parameter which closes the 2-D momentum equations which can damp the 

variance in modeled flows. Increased viscosity values reduce the modeled 

amplitude of maximum flows and tidal elevations. 

For the calibrated hydrodynamic model, the best agreement obtained for 

uniform Chezy‘s bottom roughness coefficient was 74 in horizontal direction 

‗U‘ and 71 in vertical direction ‗V‘. The calibrated values for both horizontal 

eddy diffusivity and viscosity were 1m2.s-1. Figures 4.8 and 4.9 shows the 

computed water levels and current velocities generally agree well with the 

observed field data.  

4.4.2 Model Validation 

In order to develop confidence in the model, simulation results were 

validated by comparing with the observed data. 

4.4.2.1 Flow Model 

The Delft3D flow model was calibrated for period of 15 days from 15th 

August 2011 to 30th August 2011. The modeled water levels were compared 

with the in-situ observation results (Figure 4.7). Hydrodynamic simulations 

were run with the astronomical tidal constituents forced at the open 

boundaries.  
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Figure 4.7. Calibration of Flow model by comparing the observed and 

modeled water levels at the Tide Gauge of Kakinada Port from 15th August to 

30th August 2011. 

The figure shows that the model was well calibrated. Water levels were 

compared for modeled and observed data. The Regression Coefficient value 

was found to be 0.9578. Once model was calibrated, simulation was 

performed for validating the model. 

The validation simulation began on 25th August 2011 and ran for 36days till 

30th September 2011 with a time step of 30s. The initial 5days were for 

reducing the numerical instabilities for the initial model adjustment period. 
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Figure 4.8. Observed and modeled water levels at the Tide Gauge of 

Kakinada Port from 1st September to 30th September 2011 

Figure 4.8 shows the comparison between the observed and modeled water 

level for month of September 2011 at the tide gauge location of Kakinada 

Port. The regression coefficient R2 value obtained after comparison was 

0.945 and the Root Mean Square Error value was 0.091m. 

 

Figure 4.9. Observed and modeled current speed for the period 9th 

September to 24th September 2011 

Figure 4.9 shows the comparison of the two weeks modeled and the 

observed current speed for the observed location. The results were obtained 
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after calibrating the model and setting the value of Chezy‘s roughness 

coefficient as 74 and 71 in x and y directions. The regression coefficient R-

squared value 0.675 was obtained. The Root Mean Square Error of 

0.099m.s-1 was achieved which shows good performance as the RMSE value 

is less than 0.1 for the tidal current speed predictions (Williams, J. and L. 

Esteves, 2017). They mentioned that the RMSE value provides quantitative 

measurement of accuracy of model prediction and RMSE value less than 0.2 

demonstrate significant fit.  

 

Figure 4.10. Observed and modeled current direction for the period 9th 

September to 24th September 2011. 

Figure 4.10 shows the time series comparison of the modeled and observed 

current direction. The regression coefficient R2 value obtained is 0.838. The 

disagreement between the modelled and computed current direction could 

not be reduced with variation of control parameters without affecting the 

current magnitude (which is agreeing reasonably well with the observation).  

Hence it was decided to move ahead with this combination. It was concluded 

that model is capable of simulating hydrodynamics of the bay with 

reasonable accuracy and can be used to simulate the morphodynamics for 

predicting the morphological development of bay. 
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4.4.2.2 Wave Model Validation 

The numerical wave model Delft 3D-WAVE (SWAN) model was utilized for 

carrying out wave simulation for Kakinada Bay (Figure 4.5 and 4.6). The 

wave conditions from the offshore boundary of the model were propagated 

to the nearshore areas. The time-varying wave parameters like wave height, 

wave period and wave direction were taken as wave model boundary input 

specified in the Wavecon file. Wave model uses JONSWAP spectral shape for 

input, which uses a unimodal sea state. The Delft3D SWAN Model was 

calibrated by tuning JONSWAP bottom friction coefficient. Depth-induced 

breaking model of Battjes and Janssen (1978) was used to simulate wave 

dissipation. Depth induced breaking alpha and gamma parameters were 

investigated for calibration of model. The alpha breaking parameter controls 

the rate of dissipation and Gamma breaking parameter controls the ratio of 

wave height to water depth at which wave breaking occurs. In shallow 

waters predicted wave heights are sensitive to JONSWAP and gamma 

breaking parameters. 

Wave model has been validated by comparing the observed wave data 

obtained from Kakinada Seaports for years 2006-2008 at the deeper ocean 

at 2310m depth with the waves generated from the NIOT Wave model. NIOT 

has published Wave Atlas for entire North Indian Ocean from 1988 to 2012, 

which has been utilized for wave simulation. The NIOT Model was used for 

Boundary input generation of wave boundary conditions and the wave 

parameters Wave Height, Wave Period and Wave Direction. NIOT model is of 

regional coverage (entire North Indian Ocean) and had been compared with 

number of locations with observed data. The results of NIOT atlas have been 

taken as basis for comparison in this work in the absence of other sources of 

data. 
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The comparison has been made between NIOT simulated waves with the 

observed data and presented in figure 4.11.  

Wave parameter comparison of observed and Model data off 

Kakinada coast 

 

 

 

 Figure 4.11. Comparison of Wave Height, Wave period and Mean 

Wave Direction between the observed and simulated wave data. 

Figure 4.11 shows the comparison of wave height, wave period and mean 

wave direction between the simulated wave from NIOT Wave Atlas and 
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observed data obtained from Kakinada Seaports. From the figure 4.11, it 

was observed that wave parameters were in reasonable agreement.  

After calibrating the wave model with the simulated waves, it was simulated 

using the NIOT simulated waves at the boundary for year 2011 (figure 

4.12). Wave climate near the entrance of the bay and inside the bay (figure 

4.13) were extracted from simulation results (figure 4.14).  

Simulated wave data near model boundary 

 

Figure 4.12. Time-series of year 2011 simulated significant wave height, 

wave period and mean wave direction near the model boundary. 
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Figure 4.12 shows the time-series of waves simulated near model boundary 

for year 2011. The simulated wave parameters show that the significant 

wave height near the model boundary range from 0.5 to 1.5m.   

 

Figure 4.13. Location of simulated waves 

Figure 4.13 describes the location of the simulated waves extracted near the 

model boundary, near the entrance of the bay and inside the bay. These 

locations are chosen to see how the significant wave heights from the model 

boundary change by the time it reaches the bay mouth and inside the bay. 
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Figure 4.14. Simulated significant wave height time-series at the model 

boundary, mouth of the bay and inside the bay for year 2011. 

Figure 4.14 shows the significant wave heights extracted from the simulated 

wave heights for the three locations inside the model. The waves are 

extracted near the model boundary, at the mouth of the bay and inside the 

bay. It is observed that the wave climate at the mouth and inside the bay is 

comparatively less than the boundary. It is observed from the figures that 

the approximate reduction of significant wave height inside the bay is 90%. 

This reduction shows that the wave influences inside the bay are very less 

and the sediment transport inside and near the southern end of the bay are 

more influenced by tide. Hence, waves were not included in the first set of 

morphological model. 
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Figure 4.15 Significant Wave Height entering inside the Kakinada Bay 

Figure 4.15 show that waves inside the bay are very less. The action of wave 

has been reduced considerably due to the presence of breakwater. With 

significant wave height observed at the model boundary around 2m, it has 

considerably reduced to 10% at the southern part inside the bay (about   

20cm). The wave amplitude has lessened and with the gentle flow it may not 

affect sedimentation as no churning occurs inside the bay. Rajyalaxmi T. et 

al., 1986 stated that the bay is protected by the eastern edge of the sand 

spit from the action of waves thereby limiting its effects inside the bay. 

Bhavanarayana (1974) explained the wave mechanism inside the bay. He 

mentioned that as the waves enter the bay, they are refracted in such a way 

that they reach the southern and the south-western sides; but ultimately 

before reaching the shore, they lose much of their energy to produce 

significant long shore currents. Hence Model Reduction approach was 

followed computing simulation with tides alone and omitting waves, 

describing only the important physical processes.  
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4.4.2.3 Sediment Model Calibration 

The sediment model was calibrated by getting closest agreement for the 

computed and observed suspended sediment concentration. The sediment 

transport largely depends on the sediment and grain size distribution of the 

seabed. Sediment model was run by giving sediment boundary conditions for 

cohesive silt sediments. For Bed shear stress calculation, Van Rijn (2007a) 

roughness predictor was used. Sediment in the Kakinada Bay is 

predominantly silty clay as reported by Reddy and Rao (1996) with a D50 

size taken as 85 µm. The sediment substrate is highly cohesive due to 

presence of high percentage of silt, clay and organic matter. Specific 

sediment density was set as 2650 kg.m-3 while dry bed density as 500kg.m-

3. Critical bed shear stress for sedimentation was given uniform value of 

1000N.m-2, and critical bed shear stress for erosion was uniform value of 0.5 

N.m-2. The value of critical bed shear stress for sedimentation is much 

higher than the maximum bottom shear stress induced by the waves and 

currents. This configuration has been proposed and widely used in 

engineering applications with low concentrations of suspended cohesive 

sediment (J.C. Winterwerp, W.G.M. van Kesteren, 2004; Santaro P. et. al., 

2017).  

The settling velocity was obtained as 0.1mm.s-1. Minimum water depth value 

was given as 0.1m for sediment transport calculation. The transversal and 

longitudinal calibration factors for bed slope effects were chosen as 1.5 and 

1 respectively. The modeled suspended sediment concentration was 

compared with observed data and the values were in reasonable agreement. 

Sediment model has been run by giving sediment boundary conditions for 

cohesive silt sediments. Sediment data modeled was validated for 

suspended sediment concentration obtained from fieldwork (Figure 4.16). 



87 
 

 

Figure 4.16. Comparison of Suspended Sediment Concentration (kg/m3) 

for field data with the modeled values inside Kakinada Bay. 

The figure 4.16 shows the comparison of suspended sediment concentration 

between the observed and modeled data inside the Kakinada Bay. Variation 

has been observed in two locations S3 and S4 largely attributed to the 

widely spread suspended sediment concentration locations inside Kakinada 

Bay and the dynamic sediment discharge from the three tributaries made 

the variation of the field sediment concentration data with the model.  

Thus, Hydrodynamics and sediment dynamics inside Kakinada Bay is studied 

and calibration and validation of flow and sediment models in Delft 3D 

performed with observational data. 
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CHAPTER 5 

PREDICTION OF LONG-TERM MORPHOLOGICAL CHANGES  

5.1 Introduction 

In the present thesis, an attempt been made to assess the shoreline 

migration of Coringa Mangroves using remote sensing imageries and DSAS 

on GIS platform. The trend obtained showed the deposition and erosion 

pattern of the bay and their rates for the time period 1977-2019. Having 

assessed the trend of shoreline migration, this study further aimed to predict 

the morphological development of bay for next 100 years from year 2019 to 

2119. Morphological modeling was done using flow model of DELFT 3D. The 

model was calibrated by validating the simulation results with the observed 

values.  

Kakinada Bay being an enclosed bay from the three sides with only opening 

at the northern side with the presence of a breakwater; the action of waves 

inside the bay has been found to be negligible. With the negligible action of 

waves occurring inside the Kakinada Bay, the approach for adopting the 

model reduction technique by choosing only the most important physical 

process by eliminating action of waves from the model is adopted. As Lesser 

(2009) stated the correct use of acceleration techniques as: ―In order to use 

a morphological acceleration technique in a coastal situation it is essential to 

identify which coastal processes play a significant role in (residual) sediment 

transport patterns over the space and time scales of interest‖. While at the 

same time statement given by Roelvink (1999) and quoted by Dastgheib A. 

(2012) is ―If you put enough of the essential physics into the model, the 

most important features of the morphological behavior will come out, even 

at the longer time scales‖ makes this study find which approach to adopt. 
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This study attempts to find out the essential processes and physics that are 

required for long-term simulation along with appropriate acceleration 

scheme. With reasonable confidence achieved after comparison, the forecast 

model to be extended for next 100 years with three combination of  

environmental forcings – (i) Tide only, (ii) Tide + Wave, (iii) Tide + Wave + 

MSL variation.  The decadal volumetric changes are compared to understand 

the differences caused by incremental of addition of forcing. 

5.2 Morphological Modeling with Tides only 

The forecast model was formed with tides alone as the forcing for predicting 

morphological development of the bay for 100 years. In order to reduce the 

computational time and efforts for running simulations for longer time 

periods, morphological model was formed using input reduction method and 

acceleration method. Morphological tide was formed using constituents M2 

and C1 and morphological acceleration factor was chosen using sensitivity 

analysis by comparing the accelerated and non-accelerated simulation 

results. The morphological model was validated by performing hindcast 

simulation for 30 years from 1988 to 2019 and the resultant shoreline was 

compared with the satellite derived shoreline. The DSAS results were used to 

compare the trend of accretion and erosion obtained by morphological 

modeling. Once morphological model was validated, forecast simulation was 

performed for 100 years from 2019 to 2119. 

5.2.1 Morphological Tide Formation 

Morphological model was formed in Flow model of Delft 3D. For prediction of 

long-term changes in morphological model, running model for long time 

period is difficult due to computational facility and time constraint. Thus 

morphological study has used Input Reduction process and morphological 

acceleration factor (Morfac). Input reduction method is applied by creating 
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the morphological tide comprising of tidal constituents M2 and C1. Here M2 is 

principal lunar semi-diurnal constituent and C1 is fictitious constituent 

formed by following equation 5.1 and 5.2: 

C1 Amplitude-  C1=sqrt(2K1O1)             (5.1)               

C1 Phase-  ØC1= (ØO1+ ØK1)/2          (5.2)             

The interaction of tidal constituents M2, O1, and K1 for inducing sediment 

transport is applicable for the areas where the relation presented in eq. 5.3 

holds good as suggested by Hoitink et al., (2003). 

2×𝑂1×𝐾1 > 𝑀2×𝑀4                            (5.3)               

The above condition was checked at two locations A and B at the open 

boundaries as shown in figure 5.1 in order to verify the inclusion of the tidal 

constituents O1 and K1 in the morphological tide. 

 

Figure 5.1. Location of offshore Tidal constituents 
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Amplitudes for the tidal constituents M2, M4, O1 and K1 at A and B points 

(Figure 5.1) were generated from Global Tide model and these values were 

given in the equation 5.3 for computing the relation required for inclusion of 

O1 and K1 tidal constituents in the morphological tide. 

Table 5.1. Amplitude for Tidal constituents at model boundary A and B 

Tidal 

Constituents 

Amplitude for 

Kakinada (A) 

Amplitude for 

Kakinada (B) 

M2 0.42752053 0.42798 

M4 0.00220777 0.00222 

O1 0.03898091 0.03902 

K1 0.10773287 0.10782 

2 O1K1 0.00839905 0.00841 

M2M4 0.00094386 0.00095 

 

For both the locations A and B, the value of 2O1K1 was found greater than 

the value obtained by M2M4; hence the tidal constituents O1 and K1 were 

included in the morphological tide. 

Morphological tide with tidal constituents M2 and C1 was formed, where C1 is 

combination of O1 and K1 tidal constituents. The M2 and C1 period was set to 

745 and 1490 minutes respectively. This was done for obtaining same 

residual sediment transport during interaction of C1 with M2 while using tidal 

components O1 and K1 with what would have been obtained using the 

astronomical tide. 

 

 



92 
 

5.2.2 Scaling Factor for the morphological tide 

An amplification factor was introduced to the tidal constituents to improve 

the results by preserving total energy by multiplying scaling factors to M2 

and/or C1 constituents suggested by Lesser (2009). Applying this scaling 

factor will bring up energy level to conserve and overstate the residual 

transports to required level due to interaction of M2, O1 and K1. Scaling 

factor helps in conserving the total tidal energy. 

Lesser gave following equations 5.4 and 5.5 for calculation of scaling factors 

for multiplying the tidal constituents: 

1. F1, when scaling factor is applied to both M2 and C1: 

  f1= sqrt[(M2
2 + N2

2+S2
2+K1

2+O1
2) / (M2

2+ C1
2)]           (5.4)                

2. F2, when scaling factor is applied only to M2 

f2= sqrt[(M2
2 + N2

2+S2
2+K1

2+O1
2)-C1

2/ (M2
2)]                     (5.5)                          

The scaling factor values were obtained as f1=1.125 and f2=1.119. These 

values were multiplied with (M2+C1) and M2 tidal constituents and 

simulations were run but cumulative sedimentation and erosion obtained 

were not matched with the simulation results obtained using astronomical 

tides. This could be attributed to the introduction of error to the M2+O1+K1 

residual due to the usage of scaling factors. When scaling factor is 

introduced to both the M2 and C1 constituents, error becomes proportional to 

the cube of amplification factor, while when applying only to the M2 

component, error introduced into the M2+O1+K1 residual will be linear with 

the amplification factor (Lesser, 2009). Deriving correct spatially and time 

varying F2 factor using any analytical expression would be complicated 

hence a pragmatic method would be required for determining an optimum 

scaling factor. Hence a trial and error comparison method was adopted as 

suggested by Lesser (2009) for a range of scaling factors like 1.02, 1.09, 

1.1, 1.2 and 1.3 applied on the basis of the residual transport representation 



93 
 

of a full spring-neap cycle of the astronomical tide. The cumulative 

sedimentation and erosion matched well using scaling factor 1.3 for various 

points when compared with the astronomical tides.  

The final morphological tide comprising harmonic tidal constituents M2, O1 

and K1, with M2 multiplied by scaling factor 1.3 was formed. The harmonic 

water level boundary conditions used at the boundary points are shown in 

Table 5.2. 

Table 5.2. Harmonic tidal boundary conditions for the morphological tide 

Tidal 

constitue

nt 

Frequency 

(Deg/hr) 

Amplitude 

Begin (m) 

Phase 

Begin 

(Deg) 

Amplitude 

End (m) 

Phase End 

(Deg) 

C1 14.496 0.09164633 246.97626 0.091741 247.0007 

M2 28.993 0.42752053 79.216638 0.424308 78.905544 

 

The frequency of C1 diurnal constituent was set as 14.496 deg/hour which 

indicates a 24h 50min time period. The M2 frequency has been set as 28.993 

deg/hour, which indicates a 12 h 25 min time period.  

5.2.3 Calibration of Morphological Tide  

Water level has been compared for model with the harmonic morphological 

tide including M2 and C1 as input boundary condition and run with full 

astronomical tide for month of September 2011 (Figure 5.2). Current 

velocity has been validated comparing astronomical tide with morphological 

tide with tidal constituents M2 and C1 (Figure 5.3). 
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Figure 5.2. Time-series of water level comparing astronomical tide and 

morphological tide. 

 

Figure 5.3. Time-series of current speed comparing astronomical tide and 

morphological tide. 

The time-series graphs obtained comparing the water level and current 

speed using astronomical tide and morphological tide (figures 5.2 and 5.3). 

The graphs show the morphological model with the reduced morphological 

tide has been calibrated.  
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5.2.4 Sensitivity Analysis of Morphological Acceleration Factor 

Sensitivity analysis of morphological acceleration factor was carried out. 

Morphological models were run for a month using morfac values 10, 20, 30 

and 40. To arrive at an optimal morfac value, the sedimentation and erosion 

results were compared with model run with no acceleration factor, that is - 

with morfac 1.  

The optimal morfac value was decided on the basis of sensitivity analysis of 

morphological factor carried out with the Brier Skill Score (Sutherland et al., 

2004). They mentioned that BSS provides quantitative analysis of skill of 

model, where skill is accuracy of prediction by model relative to baseline 

prediction. Formulation of BSS is represented in Eq. 5.6. 

BSS=  
        

        
                                                               (5.6) 

Where Y is predicted value, X is observed value; B is the baseline prediction 

for evaluating the model prediction and < > indicates the arithmetic mean. 

BSS with value 1 implies the morphological change predicted by model is 

perfectly identical to the benchmark simulation. 

Morphological models were run with morfac values 10, 20, 30 and 40 

predicting one month bed level morphological evolution. Bed level results 

were compared with benchmark simulation results with morfac 1 for six 

transects casted in North-South and West-East directions as shown in figure 

5.4. BSS score for simulation with morfac 20 and 30 was greater than 0.9 

for all transects as presented in table 5.3. In order to run morphological 

model for less time for simulating larger time period, morfac value was 

chosen as 30; as higher the acceleration factor, lesser the computational 

time. Hence morfac 30 was chosen as morphological acceleration factor for 

further hindcast and forecast simulations.   
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Figure 5.4. Transects casted for validation of hindcast model results 

 

 

 

 

 

 

 

 

 



97 
 

Table 5.3. BSS for various Morfac values at the transects 

Transects BSS for 

Morfac 20 

BSS for 

Morfac 30 

BSS for 

Morfac 40 

T1 0.94 0.93 -2.15 

T2 0.97 0.99 -3.45 

T3 0.94 0.94 -3.55 

T4 0.95 0.98 -3.38 

T5 0.86 0.89 -2.61 

T6 0.94 0.95 -2.75 

 

Validation of morphological model was done by comparing the accelerated 

long-term morphological simulation with brute force simulation as a 

reference (Wilmink, 2015). Brute force model incorporates the harmonic 

morphological tide with morphological factor one run for one month, while 

morphological model was run with acceleration factor thirty for one day (plus 

spin time of 720minutes). The morphological acceleration factor thirty was 

validated by comparing both non-accelerated brute force and accelerated 

morphological simulations at 30days time period. The resultant water depth 

was compared for six transects casted in horizontal and vertical directions 

and it was found that the results were in good agreement. 

  



98 
 

Table 5.4. Statistical results for comparing Bathymetry along Transects for 

brute force and accelerated morphological model simulation 

Transects Regression 

Coefficient 

Bias (m) 

 

Standard 

Deviation (m) 

T1 0.9999 -0.062 0.036 

T2 0.9980 0.0197 0.019 

T3 0.9997 0.037 0.038 

T4 0.9999 -0.05 0.097 

T5 0.9996 -0.05 0.088 

T6 0.9997 -0.029 0.059 

 

The statistical results Regression Coefficient values, Bias and Standard 

Deviation as shown in table 5.4 obtained after comparing the resultant water 

depth for the transects show that the brute force simulation and accelerated 

morphological model are in reasonable agreement and morphological model 

can be used further for forecasting for long-term morphological 

development. 

5.2.5. Validation of Morphological prediction with Remote Sensing 

Data 

In order to develop confidence in morphological model, the model was 

validated by tuning the model parameters for obtaining good agreement 

between the predicted results of morphological model and remote sensing 

data. The morphological development results from the model were used to 

extract the predicted shorelines to compare with the shorelines extracted 

from the satellite imageries of that year. For this the Landsat imageries were 
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used to delineate the shoreline and superimpose on the image with the 

model predicted shoreline. 

5.2.5.1 Calibration of Morphological model 

The calibration of morphological factor as suggested by Lesser (2009) has 

many degrees of freedom approach available to adopt with many potential 

possibilities to tune the morphological model by calibrating the underlying 

process models. The morphological model is composed of flow model and 

sediment transport model is calibrated and validated by tuning the 

calibration settings for the individual process models like Chezy bed 

roughness, eddy diffusivity, sediment grain size, bed slope factors, 

morphological tide which affect the resultant morphology.   

Another approach adopted for calibrating the morphological model was 

qualitatively measuring the morphological changes captured by the hindcast 

simulation for a defined period using the morphological tide and 

morphological acceleration factor on the calibrated process model. 

Morphological model was calibrated by comparing the shoreline obtained 

from the hindcast modeling simulation resultant bathymetry with the 

shoreline delineated from the satellite shoreline. Both the satellite derived 

shoreline and simulate shoreline were superimposed on the satellite imagery 

of resultant year and the morphological changes were compared. 

5.2.6. Hindcast Modeling 

Hindcast simulation was performed using morphological tide and 

morphological acceleration factor for time period 1988-2019 for calibrating 

the morphological model by assessing the accuracy of long-term 

morphological simulation by comparing the simulated and satellite imagery 

derived shoreline. For running this morphological simulation, the initial 

bathymetry of initial year 1988 was given as input and model was run for 



100 
 

one year with morfac 30 to predict the morphological development of next 

30 years resulting into morphology of year 2019. The obtained hindcast 

results were used to extract the predicted bathymetry and further from the 

extracted resultant bathymetry, land-water shoreline was delineated. This 

model delineated simulated shoreline was compared with the satellite 

shoreline by superimposing them together on the satellite imagery of the 

year the prediction was done for. The resultant simulated shoreline was 

validated with the satellite imagery derived shoreline of year 2019 by 

superimposing them on the satellite imagery of the resultant year 2019 as 

shown in figure 5.5.  

 

Figure 5.5. Simulated Shoreline as result of hindcast simulation predicted 

for year 2019 

Figure 5.5 shows the satellite shorelines for years 1988 and 2019 and 

simulated shoreline for year 2019 obtained after hindcast simulation 
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superimposed on landsat satellite image of year 2019. The satellite and 

simulated shorelines for year 2019 have matched well. The figure shows 

there has been considerable accretion from year 1988 to 2019 at the 

western side of the bay which is in accordance with the satellite imageries 

and is well simulated by the morphological model. While at the eastern side 

of the bottom of the bay, morphological changes are very less.  

5.2.7. Validation of Hindcast Model 

The hindcast model result was quantified using Brier Skill Score (BSS). For 

validating the morphological simulation results obtained using input 

reduction and morphological acceleration factor, Lesser (2009) suggested 

the set up of BSS as:  

BSS =   
        

      
                (5.7) 

Where Y is the prediction model result and Z is the benchmark brute-force 

simulation result. This sets the baseline result B the same as initial 

bathymetry or baseline model with no morphological changes. 

BSS was calculated for six transects casted in North-South and East-West 

directions as shown in figure 5.6. 
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Figure 5.6. Transects casted for validation of hindcast model results 

The hindcast result was quantified using Brier Skill Score equation 5.6. Total 

six transects were casted; three in the West-East direction and other three 

in the North-South direction. The resultant bathymetry was compared with 

observed bathymetry and the baseline prediction. 

Table 5.5. Brier Skill Score for Hindcast Results 

Transects BSS 

T1 0.9411 

T2 0.9863 

T3 0.9144 

T4 0.9511 

T5 0.9837 

T6 0.9783 
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Table 5.5 shows the Brier Skill Score for the six transects casted in the 

North-South and West-East direction. The BSS obtained for all 6 transects 

show good agreement obtained between the hindcast results and the brute-

force simulation. Morphological model is validated well as hindcast simulated 

morphological results are reasonably matching well with the satellite 

imageries. Morphological model is used for forecasting development of bay 

for the next 30years from year 2019 to 2049. 

Thus obtaining the reasonable simulation results and comparing the 

predicted morphological changes, the morphological model was reasonably 

calibrated and validated. 

5.2.8. Forecast modeling 

Forecast model was simulated using the reduced morphological tide and 

morphological acceleration factor thirty. It was run for one year to simulate 

the morphological development for thirty years from year 2019 to 2049. 

Shoreline was delineated from the resultant bathymetry of forecast 

simulation predicting for year 2049 and superimposed with shoreline of year 

2019 on Landsat satellite imagery of year 2019 as shown in figure 5.7. 
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Figure 5.7. Simulated shoreline forecasted for year 2049 

The figure 5.7 shows that there has been considerable accretion from year 

2019 to 2049 at the western part of the bay. There is slight shoreline 

movement towards sea at the bottom of the bay in eastern side. Accretion 

has occurred southwards of the groins of the Kakinada channel which is in 

similar pattern with trend shown in past satellite images. Major accretion has 

occurred at the western part of bay and this forecasting simulation predicts 

shoreline movement in same direction. There is very slight progradation 

towards sea at the eastern side of the bottom of the bay. It gives insight 

that sediments getting deposited below the Kakinada channel are not getting 
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washed out. This will lead to development of land towards sea and formation 

of mudflats subsequently. While in the centre of the bay, there is not much 

change observed. Forecasting simulation gives similar accretion trend as was 

found from hindcast simulations and satellite imageries. Both simulations 

and satellite imageries show accretion at the western part of the bay. 

After this, the action of tides alone on the morphological development of bay 

over 100 years has been studied upto year 2119. The result of longshore 

sediment transport as action of waves over the period of 100 years needs to 

be studied which may bring out the complete scenario of morphological 

modeling of long-term period. Hence second set of simulation is run with the 

combined action of tides and waves. 

5.3. Forecast Modeling with Tides and Waves 

The second simulation was run by incorporating waves with the tidal forcing. 

The flow model takes wave forcing into account and develops wave stirring 

and wave-induced currents. Once the individual wave and flow models are 

calibrated, they can be coupled together. The coupled model simulation can 

be run online or offline. In online coupling, the wave simulation runs with the 

initial boundary forcing conditions and then the wave generated forcing 

output is communicated to the flow model. This flow model runs for the 

specified time step period with the resulting waves generated forces and 

then after this computation, updated bathymetry and water levels are taken 

as input by the Wave model. While in offline coupling, the wave related 

parameters are computed first and then they are taken as initial values 

throughout the flow model simulation. The online coupling is better and 

more accurate as the model takes the updated bathymetry every time step 

and hence the errors are reduced. The individually calibrated flow model and 

wave model were coupled online.  
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5.3.1. Wave Schematization 

For simulating the long-term morphodynamic evolution, input reduction is 

required for preventing high computational time while using the full time 

data (Latteux, 1995). Input reduction is used for tidal and wave input 

boundary conditions validated by comparing the reduced input simulation 

results with the brute-force simulation results.  

Wave Schematization is the input reduction technique for the long-term 

morphological model where full time wave series are schematized into the 

representative wave classes which represent the full time wave series and 

reproduces the similar residual sediment transport rates and pattern. 

A wave climate is the wave condition at a particular region for a time period. 

It varies temporally with short variations depending on the meteorological 

conditions; hence wave schematization is required. This is done with the 

goal for reduction of wave classes while maintaining reliability of 

morphological changes as compared to the real time data. 

Methods of Wave Schematization 

There are various methods followed for wave schematization like Fixed Bins 

Method, Opti-Routine Method, Energy Flux Method, Potential Sediment 

Transport Method, CERC Method, etc (Dobrochinski J.P.H., 2009). Wave 

Schematization follows division of wave climate time series composed of 

Wave Height, Mean Wave Period and Wave Direction into the wave height 

directional bins and then calculating the representative wave classes. The 

criterion on which the division of wave classes is based is different for each 

wave schematization method like wave energy flux, sediment transport, or 

selecting waves which contribute to more residual sediment transport and 

the bottom change. This study uses the Energy Flux Method to schematize 

the wave climate. 
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5.3.1.1 Energy Flux Method  

Energy flux method divides real time wave data into the representative wave 

classes based on the Wave Energy Flux of each record of the wave climate in 

the time series. It uses the following equation 5.8. 

Ef = (ρ g Hs
2 / 8) Cg                                                (5.8) 

where, Ef is Energy flux, ρ is water density (1025kg.m-3), g is the 

acceleration due to gravity (9.81m.s-2), Hs is the significant wave height and 

Cg is the group wave celerity (m.s-1) of the deep water. 

Where, T is the wave period (s). 

 

Figure 5.8. Scatter plot of Incoming Wave Direction versus Significant Wave 

Height with the wave data time series for year 2011 to be schematized. 

The time-series of year 2011 year wave data was schematized using Wave 

Heights and Wave Directions. The figure 5.8 shows the scatter plot with 

distribution of wave parameters of year 2011. It shows the incoming wave 

direction versus significant wave height of the time series wave data of year 

2011. Energy Flux for whole time-series wave data was calculated using the 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0.00 50.00 100.00 150.00 200.00 250.00 300.00

H
s 

(m
) 

Incoming Wave Direction (degrees) 



108 
 

equation 5.8. The number of directional bins and wave heights are decided 

to be 3 each. The range of the bins is defined in order to generate the same 

energy holding bins and representative wave classes. The incoming wave 

direction is used to delimit the wave classes with the same total energy flux 

of each wave class. The wave energy flux was divided into 3 directional bins 

as 1/3 of the total energy for each bin as shown in figure 5.9. The 3 

obtained directional bins were further sub-divided into 3 wave height classes 

each as shown in figure 5.10. The resultant 9 representative wave classes 

obtained have 1/9 of total energy flux (sum of wave energy flux of all the 

wave cases).  

 

Figure 5.9. Formation of Directional Classes using Energy Flux Method. 
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Figure 5.10. Nine representative wave classes selected using Energy Flux 

Method. Number of directional bins set to 3, number of wave height bins per 

directional group set to 3. 

Final wave classes generated are each a case with representative wave 

parameters (table 5.6). The representative wave classes calculated using 

Energy Flux method has Wave Height, wave direction and wave time period 

obtained as per the mean energy flux, direction and wave period of the class 

respectively. 

5.3.1.2 The Potential Sediment Transport Method 

This method divides wave data manually into a number of wave classes and 

directional bins on the basis of potential sediment transport of the 

representative wave conditions. The representative wave height is calculated 

using the CERC formula (Eq 5.9) which has the same potential sediment 

transport as the whole wave data.  

Hrep.
2.5∑Pi = ∑ Pi Hi

2.5            (5.9) 

Hrep = (∑ Pi Hi
2.5 / ∑Pi )

1/2.5                   (5.10) 
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Where 

Hi is the significant wave height in the bin ―i‖ and Pi is the probability of 

wave height in the class. 

The representative wave direction and period are calculated using equations 

5.11 and 5.12 respectively. 

Dir rep = mean (diri)                   (5.11) 

Trep = mean (Ti)                           (5.12) 

Where, 

diri is the wave direction and Ti is the wave period in bin i calculated based 

on the statistical analysis. 

The representative wave classes formed using the Potential Sediment 

Transport Approach is presented in table 5.9. 

Season-Wise Wave Climate Schematization 

The wave climate is schematized season-wise where wave classes are 

formed on basis of their occurrence in two seasons. The wave climate in 

Kakinada coast and Bay of Bengal is characterized by South-West Monsoon 

and North-East Monsoon. Waves predominantly approach from the South 

West during March-October and from the North East during November to 

February. The longshore transport is towards the northeast during the 

months March to October and southwest during the months November to 

February (Chandramohan et al., 1988). The representation of wave classes 

selected differed with the seasons. The probability of occurrence was given 

for each wave class for morfac calculation. 

For the period March-October, wave climate for year 2011 was assessed and 

wave direction was found varying from 74° to 256° in this period. While for 

the period November-February, wave direction was found varying from 72° 

to 180°. The wave climate was divided into 5 directional wave classes for 
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March-October and 4 directional wave classes for period November-

February. The wave climate for March-October period was divided into 5 

classes with a difference of 36degrees between each class. While the wave 

climate for November-February period was divided into 4 classes with a 

difference of 28 degrees between each class. 

Representative Wave Height for each wave class was calculated using 

equation 5.12 and representative wave direction and wave period were 

calculated using equation 5.13 and 5.14 respectively. The season-wise 

representative wave classes for Energy Flux Method are presented in the 

tables 5.7 and 5.8. The season-wise representative wave classes for 

Potential Sediment Transport Approach are presented in tables 5.10 and 

5.11 for both the seasons. 

5.3.1.3. Application of Schematized Wave Classes with Morphological 

Acceleration Factor 

The schematized wave classes obtained as input reduction technique must 

be collaborated with the acceleration factor irrespective of the method used 

to schematize the waves. The schematized wave classes are combined with 

the acceleration factor to turn the simulation into the morphological 

simulation for the desired time period (Lesser, 2009 and Dastgheib A., 

2012).  

The representative wave classes were combined with the morphological tide 

using Variable Morfac approach. The random phasing between tide and wave 

is accounted by simulating each wave condition with the fixed hydrodynamic 

duration of morphological tide which is 12hours 25 minutes =745minutes. 

Morphological acceleration factor definite for each representative wave class 

matching their duration with their occurrence probability is applied. Morfac 

thus helps to accelerate the morphological development occurring during 

one tide to the development which would happen during the complete time 
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period of the specific wave condition in a year. Hence 9 morphological tides 

are needed to simulate the morphological development for one year where 

each tide attributes to one wave condition. The morphological acceleration 

factor was varied for each wave class as per the occurrence of the 

representative wave class in the wave data time-series. Each wave class has 

specific morphological acceleration factor calculated using Eq. 5.13. 

Morfac = (Pc * T)/Tmor.tide              (5.13) 

Where, Morfac is morphological acceleration factor, Pc is Probability of 

occurrence, T is the time period of the morphological simulation and Tmor.tide 

is hydrodynamic duration of morphological tide. Probability of occurrence is 

the number of days the representative wave height occurs in the particular 

year.  

The morfac calculation for a representative wave period that occurs for few 

days in a year is calculated as per equation 5.13(a) (Lesser, 2009) 

Morfac = (No.of Days X 24 X 60) / 745                 (5.13(a)) 

The morfac calculation for a representative wave period that occurs for only 

few hours in a year is calculated as per equation 5.13(b) (Lesser, 2009). 

Morfac = (No.of hours X 60) / 745                                             (5.13(b)) 

The advantage of this approach as quoted by Lesser, 2009 is higher 

acceleration factor is applied to the wave conditions which are more common 

and smaller and where morphological changes are less; while lower 

acceleration factor is applied to the highly active morphological changes 

occurring larger wave conditions.  
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Table 5.6. Schematized Wave Classes using Energy Flux Method without 

seasons 

Wave  

Classes 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction (deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.66 4.3 133 18 1.45 

2 0.80 3.7 148 30 2.41 

3 0.81 4.3 170 24 1.93 

4 0.95 4.4 120 25 2.01 

5 1.08 4.5 172 25 2.01 

6 1.09 3.8 164 19 1.53 

7 1.10 4.4 114 7 0.56 

8 1.29 4.6 174 7 0.56 

9 1.60 4.4 139 1 0.08 

 

Table 5.7.  Representative Wave Classes for South-West Monsoon (March-

October) using Energy Flux Method  

 

March-

October 

Rep Wave 

Height (m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.70 4.5 151 16 1.28 

2 1.08 4.9 151 25 2 

3 0.91 4.3 173 14 1.12 

4 1.26 4.4 174 12 0.96 

5 1.03 3.8 192 2 0.16 
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Table 5.8. Representative Wave Classes for North-East Monsoon 

(November-February) using Energy Flux Method  

November-

February 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.87 3.5 86 11 0.88 

2 1.57 4.4 88 7 0.56 

3 0.58 4.1 132 10 0.8 

4 1.02 4.3 117 3 0.24 

 

Table 5.9. Schematized Wave Classes using Potential Sediment Transport 

Approach without seasons 

Wave  

Classes 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction (deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.87 4.1 122 24 1.45 

2 0.80 3.7 148 30 2.41 

3 0.81 4.3 171 24 1.93 

4 0.95 4.4 120 25 2.01 

5 1.08 4.6 172 25 2.01 

6 1.09 3.8 164 19 1.53 

7 1.10 4.4 114 7 0.56 

8 1.29 4.6 174 7 0.56 

9 1.60 4.4 139 1 0.08 
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Table 5.10. Representative Wave Classes for South-West Monsoon (March-

October) using Potential Sediment Transport Approach 

 

March-

October 

Rep Wave 

Height (m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.99 3.8 97 16 7.73 

2 0.74 4.5 135 14 6.76 

3 0.96 4.5 168 17 8.21 

4 0.99 3.7 193 16 7.73 

5 1.03 3.2 234 17 8.21 

 

 

Table 5.11. Representative Wave Classes for North-East Monsoon 

(November-February) using Potential Sediment Transport Approach 

November-

February 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 1.063 3.8 88 22 10.63 

2 0.76 3.8 115 17 8.21 

3 0.66 4.2 128 17 8.21 

4 0.68 3.1 172 17 8.21 

 

 

5.3.2. Comparison between the approaches of wave schematization 

The wave schematization method for forecast simulation was selected by 

comparing the bruteforce simulation results with the hindcast results of 

Energy Flux Method (EFM) and Potential Sediment Transport Approach 

(PSTA) Method with and without seasons.  
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5.3.2.1. Flow Wave Coupled Hindcast Modeling 

The flow and wave coupled model was validated using Hindcast modeling. 

The model was simulated for 30years from 1988 to 2019 using 

morphological tide, schematized waves and variable morphological factors. 

The representative waves were formed using EFM and PSTA method with 

and without seasons. 

Hindcast simulation was performed for period 1988-2019 using the 

schematized waves obtained from both the methods. The results were 

compared by resultant shoreline superimposition, Brier Skill Score and 

change in volume of the bay. The shoreline comparison was made by 

superimposing the shorelines obtained from hindcast simulation from both 

the wave schematization methods and the observed shoreline for year 2019. 

Brier Skill Score was calculated using the predicted simulation result with the 

benchmark simulation result using equation 5.7. The volume of the bay was 

compared for hindcast simulation results obtained from both wave 

schematization methods with the brute force simulation. For brute force 

hindcast simulation, the model was run with the full yearly wave climate for 

period 1988-2019. The resultant volume of the bay for year 2019 was 

compared with the simulation results as presented in figure 5.12 and table 

5.13. The resultant shorelines for year 2019 were compared with the 

observed shoreline for year 2019 as shown in figure 5.11. 

Shoreline Changes 

The shoreline comparison was made by superimposing the shorelines 

obtained from hindcast simulation from all four set of wave schematization 

method simulations and the observed shoreline for year 2019 (by Satellite 

Remote sensing imageries). For brute force hindcast simulation, the model 

was simulated for one year with the observed wave data for during the 
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period 1988-2019. The resultant shorelines for year 2019 were compared 

with the observed shoreline for year 2019 (Figure 5.11). 

 

Figure 5.11. Comparison of hindcast shorelines using different wave 

schematization methods   
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The figure 5.11 shows the shorelines obtained for year 2019 as result of 

hindcast simulation results comparing the EFM and PSTA wave 

schematization methods with and without applying seasonality. The figure 

shows migration of shoreline from year 1988 to 2019. The 2019 hindcast 

resultant shorelines are compared with the satellite derived 2019 shoreline. 

The results show that though both the schematization methods have 

generated good results, the shoreline obtained from Potential Sediment 

Transport Approach is matching reasonably well with the observed shoreline. 

At the same time application of seasonality in wave schematization resulted 

in better results. The inclusion of seasons seem to moderate the end 

quantity as both EFM and PSTA methods seems to over predict in the 

absence of seasonal variation 

5.3.2.2 Brier Skill Score 

BSS provides quantitative analysis of the skill of model, where skill is the 

accuracy of prediction by model relative to baseline prediction (Sutherland et 

al., 2004). The BSS varies in a scale of 0.0-1.0 with higher values indicating 

better match. 

The wave schematization methods were compared by calculating Brier Skill 

Score for the hindcast simulation results. The bathymetry obtained using 

both the methods was used to calculate the Brier Skill Score using equation 

5.7. Six transects were casted in North-South and East-West Direction as 

shown in figure 5.6. 
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Table 5.12. Brier Skill Score computed for hindcast results obtained using 

Energy Flux and Potential Sediment Transport wave schematization Methods 

with and without seasons. 

Transects BSS EF  

without seasons 

EF with 

seasons 

PSTA without 

seasons 

PSTA with 

seasons 

T1 0.9555 0.9906 0.9181 0.9415 

T2 0.9100 0.9883 0.8884 0.9063 

T3 0.9199 0.9760 0.9259 0.9700 

T4 0.9281 0.9550 0.9090 0.9100 

T5 0.9822 0.9911 0.9632 0.9914 

T6 0.9783 0.9836 0.9681 0.9702 

 

Table 5.12 shows the comparison of BSS values for hindcast modeling 

simulation results obtained using EFM and PSTA wave schematization 

methods with and without seasons. Both the methods have resulted in good 

reasonable BSS values. The Flow-Wave Coupled model is reasonably 

validated. The results showed that application of seasonality in forming 

representative wave class has improved the wave schematization results.  

 

5.3.2.3. The Bay Volume Comparison 

The water volume of the bay at MSL as top datum obtained from simulations 

with both the wave schematization approaches with and without seasons 

was compared with the bruteforce simulation taking full yearly wave climate 

as input (Table 5.13).  
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Table 5.13. Comparison of Bay volume obtained from Hindcast Simulation 

using Wave Schematization Methods with the Brute Force Hindcast 

Simulation 

Hindcast Simulation  

For period 1988-2019 

Volume of the Bay Mm3 

Predicted Year (2019) 

Brute-Force 303.76 

Energy Flux Method (EF) Without Seasons 371.37 

Energy Flux Method (EF) With Seasons 328.21 

Potential Sediment Transport Approach 

(PSTA) Without Seasons 

328.19 

Potential Sediment Transport Approach 

(PSTA) With Seasons 

300.11 

 

 

The table 5.13 shows the volume of the bay obtained after hindcast 

simulation using wave schematization methods. The result shows that the 

Potential Sediment Transport Approach with seasons has yielded the closest 

match of volume with the brute-force simulation. The results also show that 

adding seasonality while forming the representative waves, the results have 

improved. Figure 5.12 shows the graphical representation of the volume 

comparison of all the methods with the brute-force simulation. 
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Figure 5.12. The hindcast volume comparison for year 2019 obtained from 

EFM and PSTA wave schematization methods with the Brute Force hindcast 

simulation for period 1988-2019. 

Figure 5.12 shows that the volume obtained for year 2019 from Energy Flux 

Method and Potential Sediment Transport Approach are compared with and 

without seasons with the Brute-Force hindcast Simulation. The volume 

results show that the simulation with waves schematized using Potential 

sediment Transport Approach with seasons has yielded better results. The 

volume of the bay obtained with the simulation with Potential sediment 

Transport Approach matches closely with the Brute Force simulation. Overall 

comparison of all the methods suggests that the inclusion of seasonality in 

the wave schematization improves the result. 

From the shoreline migration results, Brier Skill Score and the volume of the 

bay result, it was concluded that the potential sediment transport approach 

has yielded better results. Thus for further morphological simulations 
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predicting evolution of bay for next 100 years, the representative waves 

schematized using the Potential Sediment Transport Approach was used.   

5.3.3 River Discharge Schematization 

There are four creeks in the Kakinada Bay discharging water into the 

Kakinada Bay. Kakinada Channel, Matlapalem Creek, Corangi River and 

Gaderu River are four main source of water discharge into the bay. The 

discharges from these sources vary very less and slowly over a year, hence 

contributing not much to the morphological changes of the mouth of the 

creek and the surroundings. These discharges are not affected by the action 

of waves as they are located at the southern bottom of the bay, very far 

from the mouth of the bay and enclosed from the three sides. Hence very 

simple schematization method has been used for input reduction of river 

discharges. The mean level of the river discharge is taken as constant source 

input condition (Lesser, 2009). 

Table 5.14 Schematized River Discharge Data 

Source of Discharge Flow (m3.s-1) Sediment (Kg.m-3) 

Gaderu 1.5 0.01 

Corangi 0.6 0.01 

Mattlapalem Creek 0.4 0.01 

Kakinada Channel 0.2 0.01 

 

These discharge values mentioned in table 5.14 was given as input in the 

morphological model as discharge source into the bay. 

5.4 Forecast Modeling with Tides, Waves and Mean Sea 

Level Rise 

The third simulation was run by incorporating decadal mean sea level rise in 

the flow and wave coupled model. The NASA sea level projection tool was 
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used to download the sea level rise data from the 6th Assessment Report 

(AR6) of International Panel of Climate Change (IPCC). These sea level 

predictions have considered processes specifically with which predictions can 

be done with the medium confidence (Chen D., et al., 2021). There are 5 

Shared Socioeconomic Pathway Scenarios (SSPs) out of which SSP3-7.0 

case was selected to project sea level rise for this study. SSPs3-7.0 is a 

medium to high reference case with no added climate policy. It refers to high 

aerosols emissions. 

The decadal data was available for Kakinada region. The value of mean sea 

level rise was added in the input bathymetry of the model. Total Sea Level 

Rise for each decade is presented in the table 5.15. 

Table 5.15. Total Sea Level Rise for each Decade 

              Year          Sea Level Rise (m) 

2029                0.09 

2039                0.13 

2049                0.19 

2059                0.25 

2069                0.25 

2079                0.25 

2089                0.52 

2099                0.63 

2109                0.63 

 

The decadal mean sea level rise was added in the bathymetry as input for 

every decade simulation in the flow and wave online coupled model. The 

forecast morphological model was simulated for 100 years from 2019 to 

2119 with tides, waves and decadal mean sea level rise as the inputs.  
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5.5 Development of the Bay over 100 years  

The morphological development of the bay is studied for the bay for 100 

years. Three scenarios were studied with different forcing: 

a) Tides only 

b) Tides and Waves coupled 

c) Decadal MSL changes with coupled Tides and Waves model 

Morphological development of the bay was predicted using the calibrated 

and validated morphological model for 100 years from year 2019 to 2119 

with three scenarios: Tides alone, tides and waves combined and decadal 

sea level rise with combined tides and waves. The morphological results 

obtained with these three variants were compared studying Planimetric 

Variations, Volumetric variations, Shoreline changes, Suspended sediment 

concentration and depth variations. 

5.5.1 Planimetric Changes of the bay 

The planimetric changes of the bay were analyzed comparing the resultant 

water depth obtained for all three scenarios after long-term morphological 

modeling for 100 years (Figures 5.13, 5.14, 5.15 and 5.16). 
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Figure 5.13. Initial Bathymetry         Figure 5.14.Simulated Bathymetry 

  (Year 2019)                                    (Year 2119)  Tides alone as forcing 

 

      

Figure 5.15. Simulated Bathymetry  Figure 5.16. Simulated Bathymetry  

(Year 2119) Tides and Waves        (Year 2119) Tides, Waves and MSL 

The figures 5.13, 5.14, 5.15 and 5.16 show the planimetric variation of the 

bay with effect of tides, the combined effects of waves and tides and decadal 

mean sea level rise with combined effects of waves and tides. The figures 

show the simulated depth of the bay of year 2119 obtained from 

morphological simulation with the three variants of forcing.  
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The difference between the initial and the final simulated bed level is 

presented in figures 5.17, 5.18 and 5.19. 

      

Figure 5.17. Difference between the initial year 2019 and final predicted 

2119 year bathymetry. (Tides alone) 

  

Figure 5.18. Difference between the initial year 2019 and final predicted 

2119 year bathymetry (Tides and Waves combined) 
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Figure 5.19. Difference between the initial year 2019 and final predicted 

2119 year bathymetry (Tides and Waves combined with MSL effects) 

It is observed that with the addition of waves, considerable sedimentation 

has occurred inside the bay and below the head of the spit. The change in 

geometry of the bay is highly determined by the tidal propagation inside the 

bay as suggested by Escoffier (1940). The morphology of bay is highly 

governed by the longshore sediment transport as the combined action of 

tides and waves as wave induced longshore currents bring sediments along. 

Waves induced radiation stresses lead to the wave orbital motion which 

initiates the sediment movement in suspension.  Waves increase the bed 

shear stress which leads to the stirring of sediments from the seabed bottom 

and leads to the sediment remobilization and littoral transport. This 

longshore sediment transport from the Godavari River to the mouth of the 

Kakinada Bay is due to the wave action. Waves bring the longshore 

sediment transport from the Southern direction towards North and from 

northern direction towards south. The net transport attributed to the 

predominant flow of sediment transport towards the northeast 
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(Chandramohan et al., 1988). Thus, considerable sedimentation has 

occurred inside the Kakinada bay.  

It is observed that with the coupled action of tides, waves and mean sea 

level, there is widening of the mouth of the bay and a shift of the Kakinada 

Spit towards offshore as compared with the initial bathymetry and simulated 

bathymetry with tides alone. The offshore extension of bay is the result of 

the wave-induced longshore current leading to the net longshore drift 

(Dastgheib A., 2012), pushing the spit in the direction of the wave-induced 

current as suggested by Sha and Van den Berg (1993). With offshore shift of 

spit, there has occurred deepening parallel to the spit at the eastern side of 

the bay. The morphological changes as observed in the figures suggest that 

the shift is limited towards offshore direction, while there is stability inside 

the bay. Since Kakinada Bay is highly tide-dominated energy regime, the 

residual sediment transport only reshapes the morphology inside while the 

overall shape of the bay remains the same. 

 

The depth profiles obtained after 100 years of morphological simulations 

with the three variants are compared. Three transects were casted inside the 

bay for depth profile comparison. Two transects T1 and T2 in the West-East 

direction (from the western side of the bay to the eastern side of the bay) 

and one transect T3 in the North-South direction were casted inside the bay 

(figure 5.20).  
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Figure 5.20. Transects casted for comparison of morphological simulation 

results obtained from the three variants. 

5.5.2 Depth variation across the Cross-Sections of the bay 

Transect 1 is the cross-section at the mouth of the bay in the West-East- 

direction. The length of this transect is nearly 5km.  

 

Figure 5.21. Resulting cross-section of year 2119 comparing Tides alone, 

Tides and Waves combined and sea level rise with combined tides and waves 

along Transect 1. 
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The figure 5.21 shows the depth result of year 2119 of all three simulations 

compared with the initial depth of the cross-section of year 2019. F in the 

graph denotes tides alone, FW denotes tides and waves combined and FW 

MSL denotes tides and waves combined with increase in mean sea level. The 

figure 5.21 suggests that the curves show the depth change at the mouth of 

the bay in the West-East direction. The overall graph suggests there is high 

increase in depth with the mean sea level rise as compared to tides alone 

and tides and waves combined. While with tides and waves combined, the 

depth of the cross-section is slightly more than with only tides in action 

which suggests erosion has occurred. The initial part of the curve shows that 

there is a slight decrease in the depth with tides and tides and waves 

combined simulation from the initial bathymetry which suggests that 

deposition has occurred. While in the centre of the curve, there is similar 

pattern of depth variation is observed. The right side of the curve shows 

there is increase in the depth due to the deepening of channel. The last part 

of the curve shows that the mouth of the bay has widened when compared 

with the initial depth. This suggests the offshore extension of spit over a 

period of 100 years with the combined action of three forcing.  

 

Figure 5.22. Resulting cross-section of year 2119 comparing Tides alone, 

Tides and Waves combined and sea level rise with combined tides and waves 

along Transect 2. 
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The figure 5.22 shows the change in depth along the transect 2 inside the 

bay for year 2119 comparing the three forcing with the initial depth. 

Transect 2 is casted in the West-East direction in the middle of the bay. The 

graph suggests that considerable amount of sedimentation has occurred 

inside the bay resulting into decrease in the depth from the initial conditions. 

The right side of the curve in the graph suggests the offshore extension of 

the spit.  With tides alone, at the right branch of the curve, the increase in 

depth suggests the deepening near the spit that has taken place with 100 

years of morphological evolution. While with the combined action of tides 

and waves and with MSL rise, there is comparatively lesser increase in depth 

near the spit which suggests that with wave action and MSL rise, the 

sedimentation has counteracted the occurrence of deepening near the spit. 

 

Figure 5.23. Resulting cross-section of year 2119 comparing Tides alone, 

Tides and Waves combined and sea level rise with combined tides and waves 

along Transect 3. 

The figure 5.23 shows the change in depth along the transect 3 inside the 

bay for year 2119 comparing the three forcing with the initial depth. 

Transect 3 is casted in the North-South direction (figure 5.20). Left part of 

the curve shows the deepening of the mouth of the bay with rise in sea level 

as compared to the initial bathymetry. The centre part of the curve denotes 
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the changes in the middle portion of the bay. The figure shows that with the 

action of tides alone and combined waves and tides, lot of sedimentation has 

occurred resulting into the reduction of the depth. While the depth obtained 

with sea level rise with combined action of tides and waves, depth of the bay 

has increased. The right side of the curve shows the change in the depth of 

the southern bottom of the bay. This also has shown the similar trend of 

considerable sedimentation leading to lowering of depth in the centre and 

the southern part of the bay, while simulation with rise in sea level shows 

the increase in the depth. 

5.5.3 Shoreline changes 

The change in the shoreline boundary of the bay including the western side 

mangroves, southern portion and the spit has been compared for the three 

variant simulations. Shorelines were delineated for morphological prediction 

of Kakinada Bay from 2019 to 2119 for all three variants: Tides alone, Tides 

and Wave and Tides and Wave with decadal Mean Sea Level Rise. The 

figures 5.24, 5.25, 5.26 and 5.27 show the change in bay from year 2019 to 

2119. 
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Figure 5.24. Resulting shorelines of Kakinada Bay for year 2119 comparing 

Tides alone, Tides and Waves combined and sea level rise with combined 

waves and tides. 

Figure 5.24 illustrates the simulated shorelines of Kakinada Bay for year 

2119 obtained after 100 years of the morphological simulation comparing 

three different forcing models: Tides alone, Tides and Waves combined and 

Decadal Mean sea level rise with the combined tides and waves with the 

initial shoreline of year 2019. F in the figure denotes tides alone, FW denotes 

tides and waves combined and FW MSL denotes tides and waves combined 

with increase in mean sea level. The figure shows that the Spit has moved 

slightly towards offshore from year 2019 to 2119 for all three variants. 

There is thinning of head of spit with addition of waves over 100 years as 

compared to the tides alone.  
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Figure 5.25. Resulting Shoreline of Kakinada Bay for year 2119 with Tides 

alone as forcing. 

 

Figure 5.26. Resulting Shoreline of Kakinada Bay for year 2119 with tides 

and waves as forcing. 
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Figure 5.27. Resulting Shoreline of Kakinada Bay for year 2119 with tides 

and waves with MSL Rise as forcing. 

The figures 5.25, 5.26 and 5.27 show the bay evolution after 100 years with 

tides alone, tides and wave combined and decadal mean sea level rise with 

tides and wave combined as forcing respectively. It shows that in figure 5.25 

with tides alone as forcing, there is considerable accretion at the western 

side and southern part of the bay. There is very slight migration of head of 

the spit towards offshore direction. The figure 5.26 shows that with the 

combined action of tides and waves, there is considerable accretion at the 

western part of the bay, but very slight accretion at the south-eastern part 

of the bay. The change in spit morphology as obtained shows there is 

thinning of the spit at the head and in the spit length. The spit has extended 

offshore at the eastern side. The extension of spit is attributed as the result 

of the net longshore drift caused by the wave-induced longshore current 

(Dastgheib A., 2012) pushing the spit in the direction of the wave-induced 

current as suggested by Sha and Van den Berg (1993). Figure 5.27 illustrate 
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the effect of rise in mean sea level on the morphology of the bay. It is 

observed that at the north-west part of the bay, shoreline has moved 

towards the land suggesting the submergence of land due to land erosion 

under the effect of sea level rise. While at the rest part of the western side 

of the bay, considerable accretion has occurred. At the southern part of the 

bay, there is a slight shift of the mouth of the Gaderu River towards the right 

side. At the eastern corner of the spit near its foot, accretion of land is 

observed alongwith the offshore extension of spit. With rise in sea level, the 

offshore extension of spit head and the spit length has occurred leading to 

the widening of the mouth of the spit. 

5.5.4 Suspended Sediment Concentration across the Cross-Sections 

of the bay 

Transect 1 is the cross-section at the mouth of the bay in the West-East 

direction (figure 5.20). The distance of this transect is nearly 5Km.  

 

Figure 5.28. Resulting Suspended Sediment Concentration for year 2119 

comparing Tides alone, Tides and Waves combined and sea level rise with 

combined tides and waves along Transect 1. 

The figure 5.28 shows the resultant sediment concentration for year 2119 

obtained from three simulations at transect 1 from West-East direction of 
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the bay compared with the initial sediment concentration of year 2019. The 

figure suggests that the curves show the sediment concentration change at 

the mouth of the bay from the western part of the bay to the eastern part of 

the bay. The figure 5.28 suggests there is high increase in sediment 

concentration for the simulation with combined effect of tides and waves as 

well as the simulation with added effect of mean sea level rise. The results 

show that with addition of waves, in comparison with the 2019 SSC, almost 

uniform increase in SSC is seen. This shows that the wave induced current 

have brought sediments along by the action of longshore sediment 

transport. 

 

Figure 5.29. Resulting Suspended Sediment Concentration for year 2119 

comparing Tides alone, Tides and Waves combined and Mean sea level rise 

with combined tides and waves along Transect 2. 

The figure 5.29 shows the resultant sediment concentration for year 2119 

obtained from three simulations at transect 2 casted in West-East direction 

compared with the initial sediment concentration of year 2019. Transect 2 is 

casted in West-East direction at the centre of the bay (figure 5.20).  
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The figure 5.29 shows that overall sediment concentration in the centre of 

the bay has decreased considerably as compared to the initial sediment 

concentration. The figure suggests the sediment concentration in the centre 

of the bay is comparatively higher for the simulation with combined action of 

MSL rise with waves and tides. The left branch of the curve with tides alone 

as forcing shows high sediment concentration at the western part of the bay 

which is decreasing along transect in the centre of the bay. While the right 

branch of the same curve with tides alone as forcing shows the sediment 

concentration increases as the transect moves near the spit. The figure 

shows that with addition of waves along with tides, the sediment 

concentration at the centre of the bay is quite less which decreases slightly 

further towards the right side of the transect moving towards the spit. The 

decrease in sediment concentration with waves and tides as forcing suggest 

action of wave induced currents in stirring and eroding the sediments from 

the bay. 

 

Figure 5.30. Resulting Suspended Sediment Concentration for year 2119 

comparing Tides alone, Tides and Waves combined and Mean sea level rise 

with combined tides and waves along Transect 3. 
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The figure 5.30 shows the resultant sediment concentration obtained for 

year 2119 from three variants as input forcing simulations at transect 3 

casted in North-South direction (figure 5.20). The left branch of the curve 

denotes the northern part of transect at the mouth of the bay where with 

combined action of waves and tides and mean sea level rise with waves and 

tides have shown high sediment concentration. While as the transect moves 

down the bay in the centre and the southern part of the bay, the sediment 

concentration has considerably reduced. The sediment concentration with 

tides alone as forcing is changing very less throughout the transect distance. 

Sediment concentration at the mouth of the bay is nearly in equilibrium till 

its length across the centre of the bay, while a sudden drop in the 

concentration is observed at the centre, further increasing till the southern 

bottom of the bay.  

The sediment concentration graphs suggest that the action of wave is highly 

concentrated at the mouth of the bay, where sediments are brought by the 

action of the longshore transport.  

 

5.5.5. Volumetric Changes 

The sand volume of the bay was computed for 100 years of morphological 

prediction of the bay. The volume was compared for three variants from 

year 2019 to 2119. The volume of the bay was computed using SURFER, 

where depth points over grid points were interpolated using Kriging 

interpolation method. The sediment volume of each year for all three variant 

simulation results were computed using positive or cut volume calculated for 

the space between the grid surface and arbitrarily chosen datum of Z=-20. 

The area of bay taken for volume calculation is shown in figure 5.31. The 

polygon defines the spatial boundaries for which volume was computed.  
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Figure 5.31. Polygon taken for calculation of volume of the bay 

 

Table 5.16. Comparison of sediment volume of the bay from 2019 to 2119 

Year Sediment Volume  

Tides only 

(Million m3)  

Sediment Volume  

Tides & Waves  

(Million m3) 

Sediment Volume  

Tides & Waves 

with MSL changes  

(Million m3) 

2019 350 350 350 

2029 339 318.72 320.89 

2039 330 277.77 320.89 

2049 324.58 273.33 318.21 

2059 317.21 273.33 307.30 
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2069 312.78 271.83 304.31 

2079 312.78 271.03 315.86 

2089 309.17 269.87 312.86 

2099 308.07 269.29 309.83 

2109 307.70 270.60 307.66 

2119 307.70 301.15 275.03 

 

 

Figure 5.32. Sedimentation Volume of the Bay 

The figure 5.32 shows that sediment volume of the bay has varied with 

different forcing. With tides alone, there is very slight decrease in the 

volume of the bay. Initially there is a steep slope but at the later branch of 

the curve, the curve is maintained. The branch of the curve from the 

beginning to the right in the figure can be referred as morphologically stable 

which happened because of the balance achieved due to the deposition of 

sediments The volume exchange with tides alone as forcing is nearly 

constant as mixing leads to flushing in the bay (Dyer, 1973). 

When the flow-wave action is combined as forcing action, there is a steep 

decrease in the volume. After a swift adjustment to the slope profile, the 

volume has attained a quasi-equilibrium stage. With added waves, wave-
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induced current and additional bed shear stresses come into action 

(Dastgheib, A., 2012). In the initial stages of evolution, the high water depth 

is lowering which leads to increase in the wave induced bottom shear stress. 

Hence the waves start resuspending the bottom sediments and lowers down 

the bottom elevation. The reduction of volume with addition of waves is 

explained by Dastgheib, A., (2012) as with larger tidal range, bed shear 

stress generated by waves becomes insignificant and leads to decreased 

sediment stirring. Further in the figure the volume has reached a dynamic 

equilibrium which attributes to the fact that there has been a balance 

achieved between the erosion and deposition occurring inside the bay. The 

figure shows that the tidal flat at the branch of the curve from the peak to 

the right has attained the dynamic equilibrium and has become 

morphologically stable. While at the end of the curve there is a sharp 

accretion peak obtained due to sediment deposition. The vertical peak 

achieved by the tidal flat is the result of the self-reinforced process with high 

accretion dynamics. The rise in volume is explained by the phenomenon that 

processes play part in filling up the basin as all elevations lower than the 

peak are not stable. Once maximum bottom shear stress is reached at low 

elevation, the maximum height of waves is limited by the dissipative 

processes like bottom friction, white capping and wave breaking (Fagherazzi, 

S., et al., 2007). 

With Flow and Wave combined action and decadal MSL rise, the 

sedimentation volume curve as shown in the figure suggests that the volume 

of the bay for a larger time hasn‘t varied much except for a dip in 2060 and 

2070. After this to the right of the branch of the curve, there is very slight 

dip in the volume followed by a steep volume decrease at the end by 2119. 

The high sea level rise with combined effect of tides and waves led to 

sediment erosion. This phenomenon can be described as when the newly 
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deposited sediments show shallowing of bay as water volume decrease with 

time. 

5.5.6 Statistical Analysis of Simulated Shoreline 

To develop correlation between the DSAS statistical results and the 

morphological model results, the 2049 year predicted shoreline from tides 

alone simulation was given in the database (Figure 5.5). Statistical analysis 

was performed for calculating the rate of shoreline change from year 1977 to 

year 2049.  

5.5.6.1 EPR and NSM of forecasted shoreline 

The shoreline for year 2049 was extracted from the morphological model 

forecasting result. The shoreline was added in the DSAS database to 

calculate the shoreline change trend from year 1977 to 2049. There were 41 

transects casted for 20km shoreline and End Point Rate and Net Shoreline 

Movement was calculated for a period of 72years. The average EPR accretion 

rate obtained was 10.6m.y-1 and the average EPR erosion rate 1.01m.y-1 for 

period 1977-2049. Net Shoreline Movement  showed shoreline considerably 

accreted for more than 1km at transects 1 to 9, 20 to 22.  
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Figure 5.33. Simulated shoreline for year 2049 with satellite derived 

shorelines 

Figure 5.33 shows the year 2049 simulated shoreline accreting considerably 

at the western side of the bay from year 1977 which in the similar trend as 

obtained by DSAS. 
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Figure 5.34. Transect wise End Point Rate (m.y-1) for 1977-2049 for 20Km 

stretch. 

EPR results (Figure 5.34) show considerable accretion predicted majorly 

from transects 1-26 from 1977-2049 at the western side of the bay. 

Shoreline movement obtained from DSAS and the morphological model are 

in the similar trend.   

 

Figure 5.35. Transect wise Net Shoreline Movement (m) for 1977-2049 for 

20Km stretch 

Figure 5.35 shows the NSM from year 1977 to 2049 accreting majorly at the 

western side of the bay. Shoreline has accreted for more than 1km at 
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transects 1 to 9, and 21 to 23 in 72 years span of time while very slight 

erosion at the eastern side of the bottom of the bay. 

The statistical results obtained after evaluating the trend obtained for 

shoreline migration from numerical modeling is in similar trend with the 

statistical results obtained using remote sensing and GIS on DSAS platform. 

The numerical modeling results show similar pattern of accretion and erosion 

as was found while assessing the shoreline migration using satellite 

shorelines incorporated in DSAS. The western side of bay has clearly been 

accreting while there is slight erosion occurrence at the southern bottom of 

the bay.  

5.5.6.2 Statistical comparison of Shoreline obtained from Remote 

Sensing and Forecasted shoreline obtained from Numerical Modeling 

The statistical comparison was made between the Remote Sensing and 

Numerical Modeling techniques. The shorelines derived from satellite 

imagery and the simulation results obtained using numerical modeling was 

compared. Both the shorelines were taken in DSAS and End Point Rate over 

a period 1977-2019 was compared presented in figure 5.36.  The End Point 

Rate was compared for the hindcast simulated shoreline obtained for year 

2019 with the satellite shoreline for year 2019.  
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Figure 5.36. End Point Rate comparison for shoreline derived from remote 

sensing and numerical modeling for year 2019. (RS denotes Remote Sensing 

and NM denotes Numerical Modeling). 

The figure 5.36 shows the End Point Rate figures obtained comparing the 

two shorelines. It shows that at the left branch of the curve representing the 

initial transects, the EPR is slightly higher for the hindcast numerical 

simulation result. The End point rates show that there is considerable 

shoreline movement at the western part of the bay while slight erosion is 

found in the southern part of the bay near the foot of the spit. Both the 

shorelines derived from the satellite imagery and numerical modeling are in 

close correlation. The Regression coefficient obtained was 0.9931. Thus the 

results develop good confidence in the numerical modeling results. 

Thus the nexus of these two studies gives an exemplary integration of the 

available technologies that can be helpful for various coastal development 

modeling. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The evolution of Kakinada Bay along with its morphological features like 

Coringa Mangroves, Kakinada Spit and Hope Island over a period of century 

is attributed to the action of physical forcing, hydrodynamics, wave action 

and sediment dynamics. The aim of this research to predict the long-term 

morphological development of Kakinada bay over spatial extent of 

kilometers and temporal scales of century has been successfully achieved.  

6.1 Summary 

This study has quantified the rate of change of the shoreline of Kakinada Bay 

using the Landsat imageries for years 1977, 1988, 2000, 2013 and 2019 in 

the DSAS. The trend of erosion and accretion occurring inside the bay was 

obtained for a mangrove shoreline length of 20.5 km. 41 transects were cast 

at an interval of 500 m for calculating the change and their migration 

distance using three statistical indices EPR, NSM and LRR. Results showed 

that there was considerable growth of mangroves in the bay leading to the 

seaward migration of the mangrove shoreline from the year 1977– 2019. 

The study observed the difference in the mangrove shoreline migration 

dynamics in the South-eastern (near the southern part of the spit) and the 

western part of the Kakinada Bay. The results help in identifying the regions 

prone to mangrove degradation and enable management planning for the 

protection of the eroding stretch of the mangrove shoreline. 

Coringa Mangrove shoreline change analysis for 42 years from 1977 to 2019 

enhanced by remote sensing, GIS and statistical analysis contributed a 

better understanding of the temporal and spatial rate of change of mangrove 

shoreline. Shoreline rate of change evaluated by the statistical methods EPR 

and LRR showed a strong correlation between the two. Quantitative 



149 
 

estimates of shoreline changes reported the higher average accretion rate 

along the mangrove shoreline stretch throughout the period of four decades. 

About two-thirds of the mangrove shoreline accreted at the western side of 

the bay, while shoreline recession at the eastern side of the bottom of the 

bay was observed. The forcing mechanism of the mangrove shoreline 

migration was out of the scope of the present study and the work can extend 

these results using numerical modeling techniques. 

In the present study an attempt has been made to assess the shoreline 

migration of Coringa Mangroves using remote sensing imageries on DSAS 

platform. The trend obtained showed the erosion and accretion pattern 

inside the bay and their rates for the time period 1977-2019. Having 

assessed the trend of shoreline migration, this study further aimed to predict 

the morphological development of bay for next 100 years from year 2019 to 

2119. Morphological modeling was done using flow model of DELFT 3D. The 

model was calibrated by validating the simulation results with the observed 

values. In order to reduce the computational time and efforts for running 

simulations for longer time periods, morphological model was formed using 

model reduction, input reduction method and acceleration method. Model 

reduction method was applied by taking only the most important processes 

as input, hence one simulation was performed with tides alone as input 

forcing. Input reduction method was followed by forming the morphological 

tide and representative schematized waves. Constant and variable 

morphological acceleration factors were formed applying acceleration 

method. For the combined action of tides and waves, online flow and wave 

coupled model was formed. 

Morphological tide was formed using constituents M2 and C1 and 

morphological acceleration factor was chosen using sensitivity analysis by 

comparing the accelerated and non-accelerated simulation results. 

Representative waves were schematized using Potential Sediment Transport 
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Approach. The morphological model was validated by performing hindcast 

simulation for 30 years from 1988 to 2019 and the resultant shoreline was 

compared with the satellite derived shoreline. The DSAS results were used to 

compare the trend of accretion and erosion obtained by morphological 

modeling. Once morphological model was validated, forecast simulation was 

performed for 100 years from 2019 to 2119 for three variants. Three 

different simulations were performed with tides alone, tides and waves 

combined and decadal sea level rise with combined effect of tides and 

waves. The planimetric variations, shoreline changes, depth variations, 

suspended sediment variations and volumetric changes of the bay were 

compared for three simulation results.  

6.2 Conclusions drawn to the research questions 

In order to achieve the aim of this research, the study was done step wise 

with two objectives and few questions addressed. Conclusions derived 

reaching these objectives and addressing questions are summarized here. 

a) To which extent the long-term morphological modeling results 

are reliable? 

This study answers the question if these long-term morphological modeling 

can produce the reliable results by creating nexus of two techniques ‗Remote 

Sensing and Numerical Modeling‘. The morphological model is validated by 

running the hindcast model simulating the morphological development of 

bay for 30years from 1988 to 2019 with three sets of simulation. The 

hindcast simulated results were compared with the remote sensing satellite 

derived shoreline for simulation with tides only, tides and waves combined 

with waves schematized with Energy Flux Method and tides and waves with 

waves schematized with Potential Sediment Transport Method. The 

simulated and satellite derived shorelines for year 2019 were superimposed 
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together on satellite imagery of year 2019. The model predicted results were 

evaluated using Brier Skill Score (BSS) for six transects compared with 

benchmark shoreline and the results were found to be in close agreement 

with BSS value greater than 0.9 for all six transects. The validation of both 

models with tides alone and with tides and waves combined show that with 

addition of wave, model is validated better overall. Hence with the 

reasonably validated hindcast morphological model, the long-term 

morphological modeling results are considered reliable.  

b) Which are the most crucial hydrodynamic forcing in the long-

term morphological development of the region? 

The long-term morphological modeling uses the process-based models which 

use various approaches like Model reduction where physical processes to be 

modeled are reduced; Input reduction where the input forcing are 

schematized to the representative input producing results similar with the 

full-time data. For long-term morphological modeling it is imperative to 

identify and distinguish the most crucial processes leading to the 

morphological development of the bay on larger spatial and temporal scales. 

This helps in understanding the effect of exclusion of less significant 

processes from the model over long-term morphological results of the bay. 

The study has made a successful attempt to answer the hypothesis made to 

choose the appropriate approach between the two statements issued by 

Lesser (2009) and Roelvink (1999). The approach for adopting model 

reduction following the correct use of acceleration techniques as stated by 

Lesser (2009): ―In order to use a morphological acceleration technique in a 

coastal situation it is essential to identify which coastal processes play a 

significant role in (residual) sediment transport patterns over the space and 

time scales of interest‖. The second approach following the statement given 

by Roelvink (1999) and quoted by Dastgheib A. (2012) as: ―If you put 
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enough of the essential physics into the model, the most important features 

of the morphological behavior will come out, even at the longer time scales‖.  

This study investigated the morphological modeling results of two 

approaches incorporating the ‗most important processes‘ and the ‗essential 

physics‘. Hence the morphological modeling for 100 years is performed over 

two sets of physical processes; one with tidal effects only and another with 

tides and waves. The forecast results were compared for both the 

simulations comparing the planimetric variations, shoreline variations, 

volumetric changes, suspended sediment concentration, depth changes. It 

was found that with addition of waves, the longshore transport was brought 

into the action bringing considerable amount of sediments at the mouth of 

the bay. Though wave action is less inside the bay, addition of wave as 

forcing brought improvement in the model results.  

Addition of waves with tidal simulation has brought out wave-induced 

currents leading to longshore sediment transport bringing more sediment in 

the system. The study concludes that incorporating underlying processes in 

numerical simulation is the most appropriate approach as it gives more 

insight into the behavior of the system. Adding the effect of interaction of 

wave current on sediment transport brought out a relatively more complete 

mechanism of the long-term morphological evolution. 

c) Can the climate change effects on the development of bay be 

predicted by the long-term morphological model? 

The long-term morphological models can help in examining the 

anthropogenic activities leading to climate change effects like the sea-level 

rise. The third set of simulation brought out the morphological evolution of 

the bay over the decadal rise in mean sea level combined with waves and 

tides action. Since the morphological change and result of mean sea level 

rise on tidal bay takes long period of decades and century, this long-term 
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modeling has investigated the effects of human intervention led climate 

change on the long-term morphological modeling. Adding waves and sea 

level rise has a substantial effect on the bay. With the increase in mean sea 

level, there occurs decrease in frictional effects, tidal amplification alteration 

and dampening of shallow water effects. Adding all forcing like waves, tides, 

and sea level rise in the model brought out a more complete morphological 

development. The study shows that morphological model has reproduced the 

complete change in bay morphological features and has quantitatively 

assessed the sea level rise effect in the coastal system.  

Thus the study has achieved its objectives as the long-term morphological 

model of Kakinada Bay is predicted using numerical simulation duly 

validated with remote sensing data. The numerical model shoreline results 

obtained with hindcast simulation are compared with the shoreline derived 

from the satellite imageries and performance of the models is evaluated 

using Brier Skill Score. With confidence achieved in the model results, 100 

years of morphological development from year 2019 to 2119 is simulated 

and compared for three different scenarios. The incorporation of 

environmental forcing as model inputs is optimized by identifying their 

incremental effects over the morphological development over 100 years.  

6.3 Utility/application of results in prediction of mangrove 

coverage 

The nexus of remote sensing and numerical modeling is an efficient 

combination of two studies that help in studying the trend of spatial and 

temporal morphological development of the coastal forms and predicting 

their long-term future development. The scheme of coupling of satellite 

imageries and numerical modeling is rarely adopted   for studying the 

coastal development and shoreline migration studies large time scales. This 

study has used remote sensing images for studying the trend of evolution of 
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mangrove shoreline of Kakinada Bay using the statistical indices of DSAS 

and used it to validate the morphological model results. The integration of 

remote sensing and numerical modeling helps in understanding the 

dynamics of the coastal environment and improving the coastal development 

monitoring capability by filling the spatio-temporal data gaps and predicting 

the short and long-term development of the coastal forms and effectively 

plan the coastal protection and their management strategies.  

The remote sensing data provides large spatial coverage and temporal 

resolution, but it has certain limitations of cloud cover and satellite revisit 

time. Though numerical models are used to simulate the shoreline migration 

based on the action of hydrological parameters, it needs validation for 

matching the simulation results with the actual shoreline migration. 

Concurrently, a hindcast model was established to calibrate the numerical 

model result with the satellite data. The simulated mangrove shoreline 

obtained by the hindcast modeling in this study showed alike pattern with 

the satellite derived mangrove shoreline. The remote sensing analysis and 

numerical modeling results showed that the mangrove shoreline migration 

and bay development is basically based on the tidal currents and the 

sediment transport.  

Hence, both the methods have their own advantages. Nexus of these two 

can efficiently use their respective advantages like longer time series and 

high resolution data collaborated with the high computational power 

techniques and platforms. Thus it becomes a crucial method for monitoring 

the shoreline migration and predicting the evolution and development of the 

coastal area over large areas and longer time period.   

6.4 Scope for future study 

The study has tried out an approach on how remote sensing and numerical 

modeling can integrate to model a coastal ecosystem and help in predicting 
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the future development of the coastal area. The validation of numerical 

model results with the remote sensing data can very well build up the 

confidence in the simulation performed. The well calibrated and validated 

model simulation results can predict both the short and long-term evolution 

of the coastal forms. Hence it will give an insight in identifying the potential 

area susceptible to erosion and reduction of size of the landforms. 

Phenomenon like erosion and accretion leading to shoreline migration can be 

identified and measures for protection of the coast can be taken. Thus the 

conservation measures for the predicted endangered ecosystems can be well 

planned for their better management. 

The incorporation of all possible physical processes in long-term 

morphological modeling brings out more complete dynamics of evolution. 

Simple schematization techniques for input reduction and acceleration of 

morphological modeling will help in reducing the long computational timing 

and effort. A sensitivity analysis for each additional forcing parameter on the 

overall evolution could be helpful to optimize the computational efforts. 
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APPENDICES 

 

Table 1. R2 value for various flow model calibration parameter values 

S.No. Chezy 

Coefficient 

(Horizontal) 

Chezy 

Coefficient 

(Vertical) 

Eddy 

Diffusivity 

Eddy 

Viscosity 

R2  

Water 

Level 

R2  

Current 

Velocity 

1 67 67 0.5 0.5 0.5489 0.612 

2 71 71 0.8 0.8 0.9658 0.6697 

3 72 71 0.8 0.8 0.9397 0.772 

4 74 71 1 0.8 0.9359 0.617 

5 74 71 1 1 0.9452 0.675 

6 74 74 1 1 0.9422 0.7028 

 

Table 2. Delft3D WAVE (SWAN) Model Parameters 

Wave Model Parameters Range Default Best Run 

Parameter 

Wave generation model   3rd generation 

SWAN 

Rate of dissipation due 

depth induced breaking 

(Battjes & Janssen, 1978) 

  1 

Breaking Parameter 

Gamma (Hb/db) 

0.55-1.2 0.73 0.73 

Breaking Parameter Alpha 0.1-10 1 1 

Collin‘s bottom friction 

coefficient 

  0.016 

JONSWAP Friction Value 

(m2.s-2) 

- 0.067 0.067 
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Triads-Energy Transfer 

from low to high 

frequencies in shallow 

water 

- Off On 

Dissipation due to white-

capping 

  Komen et al, 

1994 

Diffraction Smoothing 

Coefficient 

0-1 0.2 0.2 

Diffraction Smoothing 

Steps 

1-999 5 5 

Wind Growth - On On 

JONSWAP Peak 

Enhancement Factor  

- 3.3 3.3 

Wave Induced Set Up   Yes 

Refraction   Yes 

 

Table 3. Delft 3D FLOW Model Definitions 

Model Definitions Default Value Model Value 

Number of Layers 1 1 

Horizontal Eddy Viscosity 1 1 

Vertical Eddy Viscosity 1 1 

Model for 3D Turbulence k-epsilon  

Gravity (m.s-2) 9.81 9.81 

Water Density (Kg.m-3) 1025 1025 

Chezy Coefficient (Roughness value) 65 74 in x 

direction, 71 in 

y direction 
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Table 4. Morphological Model Parameter Settings 

Parameter  Description  Value  

FLOW  

Grid cell size  10-50 m  

𝛥𝑡  Computational time step  30 seconds  

𝑇𝑃𝑒𝑟 𝑜𝑑  Simulation period  15 Days  

𝐶  Chézy roughness coefficient  U=74; V=71 √m/s  

  𝑏,2𝐷  Stress formulation  Fredsøe (1984)  

lrov  Slip condition  Free  

𝜐𝑣  Horizontal eddy viscosity  1 m2.s-1  

𝜐𝑑  Horizontal eddy diffusivity  1 m2.s-1 

 

MOR  

𝑇𝑆𝑃𝐼𝑁  Spin up time  720 minutes  

𝑓𝑀𝑂𝑅𝐹 𝐶  Morphological scale factor  30  

SED  Type of sediment  Cohesive  

𝑐0  Initial sediment concentration  0.02 kg.m-3  

𝐶𝑅𝐸𝐹  Density for hindered settling  1600 kg.m-3 

𝜌𝑠  Specific density  2650 kg.m-3 

𝐶𝐷𝑟𝑦𝐵  Dry bed density  500 kg.m-3 

𝑤𝑠  Sediment settling velocity  0.1 mm.s-1  

 𝑒  Critical bed sheer stress for 

erosion  

0.5 N.m-2  

 𝑑  Critical bed sheer stress for 

deposition  

1000 N.m-2 

𝑀  Erosion parameter  0.002Kg.m-2.s-1  

Δ𝑧𝑠  Initial sediment layer thickness  0.2 m  

Effect of 

sediment on 

No  
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density  

 

Table 5. Schematized Wave Classes using Energy Flux Method  

Wave  

Classes 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction (deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.66 4.3 133 18 1.45 

2 0.80 3.7 148 30 2.41 

3 0.81 4.3 171 24 1.93 

4 0.95 4.4 120 25 2.01 

5 1.08 4.5 172 25 2.01 

6 1.09 3.8 164 19 1.53 

7 1.10 4.4 114 7 0.56 

8 1.29 4.6 174 7 0.56 

9 1.60 4.4 139 1 0.08 

 

Table 6.  Representative Wave Classes for South-West Monsoon (March-

October) using Energy Flux Method  

 

March-

October 

Rep Wave 

Height (m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.70 4.5 151 16 1.28 

2 1.08 4.9 151 25 2 

3 0.91 4.3 173 14 1.12 

4 1.26 4.4 175 12 0.96 

5 1.03 3.8 193 2 0.16 
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Table 7. Representative Wave Classes for North-East Monsoon (November-

February) using Energy Flux Method  

November-

February 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.87 3.5 86 11 0.88 

2 1.57 4.4 88 7 0.56 

3 0.58 4.1 132 10 0.8 

4 1.02 4.3 117 3 0.24 

 

Table 8. Schematized Wave Classes using Potential Sediment Transport 

Approach  

Wave  

Classes 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction (deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.87 4.0 121 24 1.45 

2 0.80 3.7 148 30 2.41 

3 0.81 4.3 170 24 1.93 

4 0.95 4.4 120 25 2.01 

5 1.08 4.5 172 25 2.01 

6 1.09 3.8 164 19 1.53 

7 1.10 4.4 114 7 0.56 

8 1.29 4.6 174 7 0.56 

9 1.60 4.4 139 1 0.08 
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Table 9. Representative Wave Classes for South-West Monsoon (March-

October) using Potential Sediment Transport Approach 

 

March-

October 

Rep Wave 

Height (m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 0.99 3.8 97 16 7.73 

2 0.74 4.5 134 14 6.76 

3 0.96 4.5 168 17 8.21 

4 0.99 3.7 193 16 7.73 

5 1.03 3.2 234 17 8.21 

 

 

Table 10. Representative Wave Classes for North-East Monsoon 

(November-February) using Potential Sediment Transport Approach 

November-

February 

Rep Wave 

Height 

(m) 

Rep Wave 

Period (s) 

Rep Wave 

Direction 

(deg) 

Pc 

Duration 

(Days) 

Morfac 

1 1.063 3.8 88 22 10.63 

2 0.76 3.8 115 17 8.21 

3 0.66 4.2 128 17 8.21 

4 0.68 3.2 172 17 8.21 

 

Table 11. Sample R Calculation for Morfac Values 

S.No. Morfac R2 

1 MOR 10 0.8400 

2 MOR 20 0.8612 

3 MOR 30 0.9081 

4 MOR 40 0.8344 
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The table 11 shows the R2 value for shoreline distance obtained for the 

transects casted from each morfac value compared with the bruteforce 

simulation with no morfac. 

 

 

Figure 1. Scatter Plot of Incoming Wave Direction versus Wave Period with 

the wave data time series for year 2011 to be schematized. 

 

 

Figure 2. Scatter plot of Incoming Wave Direction versus Significant Wave 

Height with the wave data time series for year 2011 to be schematized. 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

0.00 50.00 100.00 150.00 200.00 250.00 300.00

W
av

e 
P

er
io

d
 (

s)
 

Wave Direction 

Tp 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0.00 50.00 100.00 150.00 200.00 250.00 300.00

H
s 

(m
) 

Incoming Wave Direction (degrees) 


	Garima Sharma Thesis Initial Pages
	Garima Sharma Thesis 16Oct22

