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Abstract

India has a coastline of around 7517 km and the coastline of the Indian subcontinent is

infinitely complex with number of headlands and bays, open and barrier sandy

beaches, Islands, rocky shores and marshy land. The coastal morphology is moulded

by geological, meteorological and oceanographical factors as well as anthropogenic

factors. One of the dominant oceanographic parameter causing the shoreline change is

the fluid flow in the nearshore region which is mostly induced by the onshore

propagating gravity waves. Gravity waves (Period: 1-30 s ) generated by the coupling of

the wind and water at the ocean surface are the prominent feature influencing the

nearshore region and the coastline. Based on the gradient of wave steepness, gravity

waves in the ocean are divided into (i) wind-seas due to the local wind, and (ii) swells

generated elsewhere due to remote wind systems and propagating over large

distances.

Wave processes such as wave refraction and breaking are responsible for large fluid

motions not only to drive currents, sediment transport and bed evolutions process, but

also influence the air–sea exchange of momentum, mass and heat, and it is of

significant importance for practical applications such as ocean remote sensing, coastal

and ocean engineering, and navigation among others. In-situ measurements on the

wave transformation and wave characteristics in the nearshore and surf zone is a

tedious task because it requires a continuous and concurrent array of instruments in

the region of heavy fishing and bio-fouling. In an environment of irregular waves and

continuous physical processes, breaking is a random, sporadic and infrequent process,

so the distribution of wave breaking is neither uniform nor continuous processes.

Hence, the probability of wave breaking right at the deployed wave gauges is very low.

Wave breaking also has a major role in the energy and momentum balance over the

water surface and time and appears to control the equilibrium and ultimately wave

growth/decay.
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Wave breaking is a consequence of i) depth reduction, ii) limiting wave steepness and

ii) energy redistribution due to nonlinear wave-wave interaction. So it is important to

include all these processes while estimating the nearshore/surf zone wave parameters

and breaking wave characteristics, instead of using wave ray tracing method, which

only consider the effect of bathymetry or refraction.

The aim of this work is to study the nearshore waves and longshore currents based on

the coupled wave-flow model at the selected locations. Considering the large variations

in the geographical and oceanographical features of the east and west coast of Inda,

one location each in the east and west coast of India is selected for the study. This

study used the data collected from different depths: waves at 14 m water depth using

directional waverider buoy for nearshore wave analysis, and wave, current and water

level at 7 m and 1.5 m water depth with the help of S4 and current meter for validation

of numerical model.

Objectives
The objectives of the present study are;

To study the seasonal and annual variations of nearshore waves

To estimate the role of nearshore waves in the refractive pattern and breaking

wave characteristics

Comparative study of wave transformation and longshore current along

Puducherry and Ratnagiri, east and west coast of India

Chapter 1: Introduction. Covers the general description of waves, wave

transformation and wave-induced current and importance of wave and current study in

the nearshore waters. It also includes the review of research work carried out along the

coastal waters on gravity waves in global and regional scenarios. Details of the study

area, important scientific objectives of the study, are also presented in this section.
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Chapter 2: Data and methodology. Second chapter focuses on the various dataset

used in the study. This includes the measured wave data collected from nearshore

waters using directional waverider buoy and surf zone and outer surf zone wave

measurements using the bottom mounted S4 current meter for the validation of wave

transformation model. The partition of wave spectra into wind-sea and swells has been

carried out using Portilla et al. (2009) method and wave parameters associated with

each partition are calculated from the spectral moments. The influence of long period

waves on ocean–atmosphere interface has been studied using inverse wave age

(Hanley et al., 2010). Winds measured using AWS (Autonomous Weather Station) and

ASCAT (Advanced SCATterometer) and re-analysed winds from NCEP (National

Centres for Environmental Prediction, USA) are analysed in various stages of the

study. Cyclone track data obtained from JTWC (Joint Typhoon Warning Centre, USA)

also analysed. Water level and current velocity measured using the S4 current meter

from the surf zone region is used for the water level and current validation with Delft-3d

flow output. Bathymetry is derived from Eco sounder survey at the study locations and

from NHO chart.

Chapter 3: Nearshore waves. In this chapter, the seasonal and diurnal variation of the

nearshore waves at the study locations is discussed. The wave climate of the

nearshore locations are influenced by locally and remotely induced and seaward

propagating waves. Locally generated waves are influenced by the diurnal variation in

winds called the sea breeze–land breeze system. The sea breeze induced wave

climate over the east coast is observed mainly in the SW monsoon, whereas over the

west coast it is in the pre-monsoon season. The study indicates that the wave climate

over the east and west coast of India mainly depends on the weakening of seasonal

winds and strengthening in the sea breeze system. Besides the sea breeze induced

wind-sea, the extension of NW winds and waves called Shamal from the Arabian Gulf

region also contribute to the waves in west coast of India. Influence of wave energy

and wind pattern due to summer Shamal (May – Aug) events have been studied using

measured waves and winds over the Arabian Sea.
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The swells are another important wave system influencing the nearshore wave climate.

Earlier studies on nearshore waves indicate that swells dominate the wave spectra at

Puducherry and Ratnagiri respectively. So the low-frequency part of the spectra are

analysed and identified the presence of SW long period swells propagating from the

Southern Ocean even during the strong SW monsoon season together with SW

monsoon intermediate period (8< pT <13 s ) waves at Ratnagiri. The presence of these

long period waves are dominant during the pre and post-monsoon seasons. Whereas

at Puducherry, long-period waves is observed mostly during the summer (SW)

monsoon season and are negligible in the winter (NE) monsoon period. This chapter

also discusses the influence of waves in the ocean-atmosphere boundary layer by

employing the inverse wave age as an indicator. The monsoon and cyclone induced

wave characteristics at Puducherry are also discussed.

Chapter 4: Extreme wave conditions: Cyclones and freak waves. Two important

types of extreme waves in the north Indian Ocean are freak wave due to random wave

climate and waves due to tropical cyclones. So this chapter discusses the extreme

wave conditions by analysing the freak waves over the west coast of India and tropical

cyclone induced waves over the east coast of India. During the study period, a

maximum wave height of 6.9 m and 8.4 m are observed at the nearshore regions of

Ratnagiri and Puducherry respectively.

Chapter 5: Numerical simulations. This chapter covers the setting-up of the Delft-3d

wave-flow coupled numerical model to study the wave transformation and longshore

current for the study locations. Model calibration and validation of model results on

water level, wave height and current speed have been carried out with in-situ

measurements.

Chapter 6: Nearshore wave transformation and wave breaking. This chapter

discusses the waves in the surf zone. Spatial and temporal variations in wave

transformation and seasonal and annual variation of breaking wave parameters and
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breaker type are also studied. A comparison study between breaking height obtained

from the numerical model and the breaking height estimated using empirical equation

(Komar et al., 1972) at Ratnagiri and Puducherry is carried out. The study shows that

attenuation of wave height during propagation in the shallow water is more at Ratnagiri

than at Puducherry.

Chapter 7: Longshore current. This chapter is devoted to the description of seasonal

and annual variation of the longshore current at the study locations. At both locations

northerly current are predominant. Maximum northerly (0.66 1ms ) and southerly

(0.78 1ms ) current is observed at Puducherry during December and November

respectively. A comparative study is conducted between the longshore current

estimated based on two empirical equations (Galvin et al., 1964; Longuet‐Higgins,

1970) and the dimensionless empirical coefficients are revised for the study area for

better agreement with model results.

Chapter 8: Summary and conclusions. The results described above are summarized

and the conclusions of the study are presented. Scope for future work is also

presented.
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Chapter 1

Introduction

1.1 Overview
Nearshore zone is a complex and dynamic environment, and it extends from the

shoreline to offshore up to a water depth where the wave motion significantly affects

the bottom topography (Davidson-Arnott et al., 1999). So this region acts as a coupling

region between the inner continental shelf and the coast. The dynamics of the

nearshore zone is driven by the oceanographic processes such as waves, currents and

water levels. Waves play a dominant role in the nearshore zone. They are the major

factor influencing the planning and design of coastal structures and determining the

geometry and composition of beaches. As waves propagate through the nearshore

area, wave speed decelerates with bottom friction. The reduction in wave speed will

result in changes in directional as well as non-directional characteristics such as wave

height and wave length that leads to nearshore wave transformation such as wave

refraction, wave diffraction and finally dissipate by breaking or reflection from shoreline

or cliff. Within the nearshore, region waves are found to be the driving mechanism for

not only the longshore currents, sediment transport, but also heat budget (Gregory et

al., 2014) and air entrainment (Deane, 1997) due to wave breaking in a region called

surf zone. The surf zone is the region in the inner nearshore extending from the beach

to the location where the waves start to break. Without proper understanding of the

nearshore processes, sediment transport change in the coastal morphology under the

nearshore conditions remains limited (Davis et. al., 1984).

1.2 Ocean surface waves
Ocean surface waves, the most widely observed phenomenon, are caused by the

vertical perturbation of particle on the ocean surface. These waves are generated by

different mechanisms such as the variations in atmospheric forces such as pressure or

stress induced by the winds, earthquakes, the gravitational force between the earth
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and other celestial bodies. These undulations of the sea surface from chaotic motions

to long gentle swells are characterized by the generation forces. Ocean wave climate is

characterized by different types of waves ranging from very small period ripples to long

period tsunamis, dominated by the gravity waves with frequency between 1 and

0.03 Hz . The generation and characteristics of wind waves are determined by the wind

speed, fetch (distance over which the wind blows) and the duration of the wind

(Holthuijsen, 2007).

Basic characteristics and Relationships: A wave is a profile of the surface elevation

between two successive downward or upward zero-crossings of the elevation

(Holthuijsen, 2007), so surface waves are highly nonlinear and irregular, which can be

represented by the simplest way using a sinusoidal, long crested, progressive wave

(Figure 1.1).

)sin( tkxa   (1.1)

Where ω is the wave frequency (rad/s) is equal
T

2 , k is the wave number

2 .

Figure 1.1 Nature of regular and irregular waves in the ocean (WMO 1998)
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The horizontal distance between two successive crests (highest point on the wave) or

troughs (lowest point on the wave) is called wavelength (  ). The time interval between

two successive crest or troughs passing a fixed point is represented by wave period

(T ). The number of crests which pass a fixed point in 1 s or the reciprocal of wave

period is called frequency ( f ) in Hz . The vertical displacement between mean sea-

level and crest or trough is called amplitude ( a ). The vertical distance between

successive trough and crest is called wave height ( H ). For a simple sinusoidal wave

aH 2 . The speed at which the wave profile travels is known as the wave celerity ( c ),

i.e. the speed at which the crest and trough of the wave advance. It is commonly

referred to as wave speed or phase speed. The steepness of a wave is the ratio of the

height to the length ( 
H ).

The relationship between wave frequency and wave number is known as the

dispersion relation

)tanh(2 khgk (1.2)

g is the acceleration due to gravity and h is the water depth.

In deep water, water depth ( h ) is much greater than wavelength (  ) then )tanh(kh

tends to 1 while, in the shallow water, water depth is much less than wavelength which

results that )tanh(kh tends to kh. Waves are associated with potential energy due to

change of position and kinetic energy by the movement of wave particles (Holthuijsen,

2007). The total energy of the waves is equally divided between potential and kinetic

energy (Bouws et al., 1998). Transfer of energy is associated with a speed of wave

group rather than individual waves. Total energy associated with a wave (E) is equal to

the sum of both potential and kinetic energy.

E = 2

8

1
gH or 2

2

1
ga (1.3)

Classification of waves: Munk (1951) classified the surface waves into various types

according to their wave period. A spectrum would include peaks at the tidal periods of

24 and 12 hours. At the lower end, there is some structure for different capillary waves.
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Beyond these extremes, there is a broad hump spanning between periods 1 and 30 s

with a peak around 10 s called gravity waves.

Figure 1.2 Classification of waves in the ocean according to period (www4. ncsu.edu )

Besides the classification based on the wave period or frequency of the wave,

Sverdrup et al. (1947) classified waves into two regimes as wind-sea and swell based

the influence of wind energy. According to Sverdrup et al. (1947), the wind-sea is

defined as waves generated by the direct action of wind and swell as waves that have

emerged from a storm area and travel through regions of calm or weak winds. Wind-

sea associated with wave generation and growth where wave phase velocity is lower

than the wind speed, whereas swells are developed wind-seas that are moving out of

the region of wave generation. Wind-seas are highly correlated with the local winds

while swell field generated by strong winds, less correlated to the local winds and can

travel very long distances across the world ocean.

Another type classification is based on the influence of depth ( h ) on the propagation of

waves. According to this assortment, waves are divided into three as; 1) Deep water

waves: if the ratio between water depth ( h ) and wavelength is more than 2.These type

of waves are unaffected by the bottom friction, so the fluid particles vibrate in a circular



6

path. 2) Intermediate water waves: if the ratio h is in between ½ and 1/20 is called

intermediate waves. If the waves reach the intermediate mark and progress towards

shore the waves feel the bottom and orbital motion will become more and more

elliptical., 3) Shallow water waves: if the ratio h is less than 1/20. When waves

propagate into shallow water, decrease in wave speed with water depth cause a

simultaneous decrease in wavelength and increase in wave height without any change

in wave period. This will results in the wave breaking in the surf zone.

Figure 1.3 Classification of waves according to water depth in the ocean

Wave spectrum: The irregular or random nature of sea surface is owing to the

presence of a large number of simple wave trains. A way of representing wave record

is by decomposing it using harmonic or Fourier analysis into different components

based on their frequencies, amplitudes, directions and phases.





n

j
jj tjat

1
00 )sin()(  (1.4)
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)(t : Recorded elevation of the water surface at time t; 0 mean elevation; Angular

0 wave frequency; j number of wave component; n the total number of

components. Irregular seas give broad spectra with many peaks which are either well

separated or overlapped depending on the wave climate persisting over the region.

1.3 Wave propagation in shallow water
When waves propagate into a shallow water, the waves will begin to feel the sea

bottom and as a result, it starts to lose the speed with bathymetric changes. In shallow

water waves propagate at the same speed of group speed ( sg cc  ), while in the deep

water waves propagates at a speed (
2

gT
cs  ) two times the group speed

( sg cc
2

1
 ). In the shallow waters, the speed will become only related to square root

of the water depth ( ghcs  ). This altercation in wave speed leads to wave shoaling.

Wave shoaling: According to linear wave theory, for a freely moving waves over a

gentle slope conserve its energy flux towards the coast if generation and dissipation

are absent.

  0gEc
dx

d
(1.5)

Even if the energy flux remains constant, bottom friction due to a decrease in water

depth will slow down the wave propagation implies to increase in wave height and

wave energy decrease in group velocity (Holthuijsen, 2007). This increase in wave

height when waves approach the coast is known as wave shoaling.

dKHH 0 (1.6)

Where subscript 0 denotes values at deep water condition and dK is the shoaling

coefficient.

g

g
d c

c
K 0 (1.7)
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In deep water dK = 1.0.

Wave refraction: When waves inclined to the bottom contours propagates towards the

coast, due to the increase in the bottom friction in shallow depth, the front part of the

wave decelerates and cause the crest to changes its direction and align parallel to the

bottom contours and is called wave refraction. Wave refraction is a function of wave

speed. So any change in wave speed in the shallow region will result in refraction. The

property of wave refraction plays an important role in focusing or defocusing wave

energy in front of headlands or bays or the generation of wave-induced currents.

Snell’s law is used to estimate the wave refraction.

const
c


sin
(1.8)

In which c is the wave speed and  is the angle of wave propagation

Wave diffraction: Wave diffraction is the scattering of incident wave field by a surface

piercing obstacle such as an island, offshore structures or breakwater into the shadow

zone. The amount of energy diffracted around the obstacle or the sharpness of the

bending depends on wavelength. For waves with a smaller wavelength, the diffraction

effect will be negligible.

Wave friction and percolation: Friction and percolation are a way of energy dissipation

for the propagating waves in the nearshore. Decrease or loss in wave energy will result

in a decrease in wave height owing to the direct relationship between wave height and

energy. Neglecting the friction effect will result to an overestimation of shallow water

wave heights. Percolation is important for coarse sand while friction is important for fine

sand and in the presence of sand ripples (Komen et al., 1996)

Wave reflection: Propagation of incident/refracted waves back to the ocean after

finding an obstacle or coastline is called wave reflection. This phenomenon of waves is

one of the important aspects of wave agitation studies (Elchahal et al., 2008;

Hamanaka, 1997; Isaacson et al., 1990). Wave reflection is important in locations

where the shoreline composed of steep cliffs and sheltered area (Ardhuin et al., 2012).
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Wave breaking: As the wave propagates toward the coastline, bottom friction increases

the wave height and decrease the wavelength as a result wave steepness increases.

Wave steepness is the ratio between wave height and wave length. If the wave

steepness reaching the limiting values of 7/1/ H , then the wave breaks. Another

type of wave breaking is the depth induced breaking )7.0/( hH based on breaker

parameter )( , the ratio of wave height to water depth. Depending upon the bed slope,

breakers are classified into spilling, plunging, collapsing and surging breakers. Spilling

and surging breakers occur over gentle and steep slope beaches while plunging and

surging breakers occur in moderately steep beaches.

1.4 Currents
Flow motion of water in the nearshore region is an important factor in controlling and

driving complex nature and nearshore morphology of the region. Different type of

nearshore currents is driven by different mechanisms as an oblique incidence of wind-

generated waves, gradients in water levels and wave heights, tides, and wave

diffraction or direct wind shear. In the littoral zone, the area starting at the shoreline

and extends just beyond the breaker zone, water flows in parallel (longshore currents)

and vertical (cross-shore currents) to the shore-line.

Radiation stress: Waves propagating through the ocean possess momentum directed

in the direction of propagation, which is proportional to the square of the wave

amplitude. Radiation stress is defined as the excess flow of momentum due to the

pressure of the waves (Longuet-Higgins et al., 1964). Radiation stress is the driving

force for many oceanographic processes such as set-up, surf beats and interaction of

wave with steady currents. When a wave hits the force exerted on the obstacle is equal

to the momentum flux. According to Longuet-Higgins et al. (1964), the principle and

transverse components of radiation stress can be expressed as

  



0

0
2

hh
xx dzpdzupS



 (1.9)
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 (1.10)

p is hydrostatic pressure of water.

0p is the hydrostatic pressure of water in rest

2u is the flux of horizontal momentum

By solving the above equations, the magnitude of radiation stress is given by

(Holthuijsen, 2007)

EnnSxx 





  )(cos

2

1 2  (1.11)

EnnSxx 





  )(sin

2

1 2  (1.12)

   EnS xy  sincos (1.13)

   EnS yx  cossin (1.14)

In the case of normal wave incidence, the shear stress will be zero while for an inclined

incidence shear stress will be non-zero and driving the wave induced currents.

In deep water conditions 1kh sinh term vanishes

ESxx 2

1


(1.15)

0yyS (1.16)

In shallow water, condition 1kh sinh is equal to 1

ESxx 2

3
 (1.17)

ES yy 2

1
 (1.18)

Longshore current: The longshore currents are forced by the oblique incidence of

waves. When a wave propagating towards the shore line, the increase in momentum
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transport induces horizontal variations in radiation stress which is equivalent to the

opposite force acting on the water body in x  xF and y-direction  yF are given by

y

S

x

S
F xyxx

x 






 (1.19)

y

S

x

S
F yyxy

y 







 (1.20)

These forces cause currents and changes in the mean water level. The velocity of

these currents is decreased to zero just outside the breaker line. Longshore current

moves the sediment along the coast.

Cross-shore current: The to and fro displacement of water particle generated by the

wave propagation is induced by the cross-shore current and are important in the cross-

shore sediment transport and subsequently in the evolution of the nearshore profile.

Two types of cross-shore currents exist in the nearshore zone are, Rip currents and

Undertow. Rip currents are narrow currents that flow seaward. The velocity and the

extension of the current system depend on the height of the incident waves, whereas

undertow is the steady compensatory return flow towards offshore below the splash

zone to balance the mean mass flow in the surf zone.

1.5 Literature survey
The hydrodynamics of shallow coastal zones are often extremely complicated, as

evident by the distortion and breaking of waves, and the presence of near-shore

currents induced by wave breaking. Waves, the most complex physical phenomena,

are the major influencing factor in the planning and design of coastal structures and

determining the geometry and composition of beaches. A real-time wave, tide and

nearshore prediction system can provide valuable information for planning operations

in littoral areas that include the location and generation of rip currents and surf

conditions (Allard et al., 2008). To get detailed knowledge about longshore current

velocity, it is important to know the wave characteristics.
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1.5.1 Waves
The study of ocean waves has a very long history starting from Sir Isaac Newton in

1687 (Craik, 2004). The milestone in the progress of gravity waves is the development

of linear wave theory of unidirectional and monochromatic waves by Airy (1841). This

theory represents the swells. Sir George Stokes (1847) extends the linear wave theory

proposed by Airy into second order nonlinear terms which improve the agreement with

observations in the deep and intermediate waters. The concept of wind wave

generation is introduced by Sir William Thomson (Lord Kelvin) in 1871 based on the

Kelvin Helmholtz-instability. While the first attempt to describe the wind wave

generation and growth is made by Jeffrey in a series of paper (1925; 1926) based on

pressure difference, after known as the sheltering theory for wave generation. After

that in the 20th-century researchers from different parts of the world hypothesize

theories on wave generation and growth by winds (Belcher et al., 1993; Kudryavtsev et

al., 2001; Miles, 1957; Phillips, 1957; Sverdrup et al., 1947).

At every region in the open ocean surface, swells and wind-seas co-exist, but may be

at different proportion and it depends on the local winds and arrival of swells (de Farias

et al., 2012). Partitioning of wave spectra into different wave systems are important to

improve the theoretical study of wave growth, evaluation of wave model performance

(Ardhuin et al., 2009; Donelan et al., 1985) and in engineering applications (Earle,

1984). Different researchers use different period or frequency criteria for partitioning

wave regime either into wind-sea or swell based on some properties of wind and

waves. (Pierson et al., 1964) used a period of 10 s (0.10 Hz ) to separate wind-sea

from the swell. Several studies made use of different techniques for separation of wind-

sea and swell (Hanson et al., 2001; Portilla et al., 2009; Violante-Carvalho et al., 2002;

Wang et al., 2001).

Nearshore areas such as coastal regions, gulfs and bays are influenced by the mixed

wave regime of wind-sea and swells (Chen et al., 2002; Hwang et al., 2011). The

domination of wind-sea over the nearshore region is due to the influence of local wind
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system called sea breeze (Verhagen et al., 1999). Verhagen et al. (1999) studied

wave growth due to sea breeze in Cartagena (Colombia) region and estimated the

duration of wave action based on that of the sea breeze. The effects of the sea breeze

may be present up to 10 hrs after the cessation of the sea breeze (Pattiaratchi et al.,

1996). It has been shown that sea breeze influences the alongshore sediment

transport in the coastal areas of Perth, Australia (Masselink et al., 1998a; Masselink et

al., 1998b; Pattiaratchi et al., 1997).

The sea breeze is also a very active wind pattern during pre-monsoon season (Aparna

et al., 2005) and post-monsoon season, and it has an impact on the diurnal cycle of

sea state along the west coast of India (Neetu et al., 2006). Neetu et al. (2006) and

Vethamony et al. (2011) studied the effect of sea breeze over the waves off the west

coast of India for a short period of time.

The wave spectra along the coastal waters of India are generally multi-peaked (Harish

et al., 1986; Kumar et al., 2003b; Rao et al., 1996) and occurrences of double-peaked

spectra are more frequent during the low sea states (Kumar et al., 2004). Study shows

that the seasonal changes in winds and waves show that these two processes are

concurrent (Kumar et al., 2012). Along the west coast of India, swells is predominant

during SW monsoon (Kumar et al., 2000a). However, during the pre-monsoon season,

wind-seas play a major role in controlling the wave characteristics (Rao et al., 1996).

In the open and large ocean usually swells dominates the wave spectra (Chen et al.,

2002). Also, the global ocean is dominated by swell waves. Semedo et al. (2011)

analysed the ERA-40 reanalysis data to obtain a detailed global wind-sea and swell

wave climate separately and found that swell waves are dominant in the global ocean.

Swell waves can propagate thousands of kilometres across the entire ocean basins

(Alves, 2006; Snodgrass et al., 1966) with energy e-folding scales exceeding 20,000

km (Ardhuin et al., 2009). Hamilton (1992) studied the measured long period waves

and low amplitude swells observed from wave buoys deployed in the western North

Atlantic Ocean. Swell waves with long period are also identified and studied in the
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Pacific Ocean (Munk et al., 1963; Snodgrass et al., 1966) and Atlantic Ocean (Barber

et al., 1948). When long period waves arrive at calm or light wind conditions, they will

transfer momentum from the ocean wave to near surface air and is termed as the wave

driven wind (Harris, 1966). Ardhuin et al. (2009) provided an accurate estimation of the

dissipation rates of swell energy.

Many authors reported the presence of SW swells off the west coast of India (Kumar et

al., 2009; Kumar et al., 2012; Kumar et al., 2000a; Kurian et al., 2009a), but their

generating area remains unknown. Kumar et al. (2010a) studied the characteristics of

swells and wave growth during the onset of the summer monsoon. A general wave

condition in the Arabian Sea during the pre-monsoon and SW monsoon periods also

depend on the swells and wind-sea identified from the far northwest Arabian Sea

because of the north-westerly Shamal winds (Aboobacker et al., 2011a).

Availability of wave data mainly depends on three sources such as in-situ

measurements, visual observation and numerical model. In-situ measurements provide

high-quality data set for specific locations for relatively short durations (Young, 1999).

These in-situ data sets are essential for calibration and validation of visual, numerical

and satellite data (Cotton et al., 1994; Sterl et al., 1998; Young, 1998). Numerous case

reports and regional studies on swell and wind-sea events have been documented

during the past century. Because of its role in the surface processes, ocean

engineering as well as navigational purposes, many authors had carried out studies on

wave climate all over the world (Carmel et al., 1985; de Farias et al., 2012; García et

al., 1993; Haver, 1985; Mase et al., 1982; Nafaa et al., 1991; Pickrill et al., 1979). All

these studies are conducted for the short period using measured wave data to describe

the wind wave climate of that specific location.

Primary set of wave data are available from voluntary observing ships (VOS) (Gulev et

al., 1998) which provide spatially inhomogeneous data set for the large scale

observations excluding the extreme wave conditions, however, they are confined to

major shipping routes. Gulev et al. (2006) analysed the inter-annual variability in the
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wave characteristics over the north Atlantic and north Pacific using wind wave

climatology from visual wave observations for 1958-2002.

The wave statistics around the Indian coast were studied by (Chandramohan et al.,

1991). A similar study was carried out by Sundar (1986) along the southeast coast of

India based on data for a 10-year period. Many such quantitative study of waves are

reported at different regions along the Indian coastline (Angusamy et al., 1998;

Chandramohan et al., 1989; Chandramohan et al., 1991; Krishna Kumar et al., 1989;;

Rajamanickam et al., 1986; Sajeev et al., 1997; Sarma et al., 1988 ; Shenoi et al.,

1982; Swain et al., 1993).

The wave characteristics were also studied based on the buoy-measured data

covering an annual cycle (Nayak et al., 1992). Kumar et al. (2010b) carried out a study

on variations in the long-term wind speed by examining data from different decades in

the Arabian Sea and in the Bay of Bengal (Kumar et al., 2013) using the altimeter data,

studied the variation in Hs and wind speed for the period 1993–2010 over the entire

Indian Ocean by categorizing the area into six zones.

Studies suggest that the spatial and temporal variation in average wave height during

SW monsoon along the central west coast of India did not vary significantly (Anoop et

al., 2014), but a higher percentage of swells are observed at the southern portion than

the north (Kumar et al., 2014). The studies at three selected locations along the

southwest coast of India indicates that bottom frictional attenuation of wave height on

the gently sloped coast is much greater than on the steeper shelf (Kurian et al., 1987).

Wave transformation and attenuation study based on the numerical model found that

the diurnal variation in waves has decreased from north to south along the coast with

sea breeze (Aboobacker et al., 2013).

Long-term analysis of wave climate is important in analysing the wave climate and

energy/power over the region. With the availability of satellite and numerical wave data,

many authors use this dataset to qualitatively study the global wave climate and its
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monthly, seasonal and inter-annual variability (Caires et al., 2005; Chawla et al., 2013;

Chen et al., 2002; Fan et al., 2014; Semedo et al., 2011; Stopa et al., 2014; Young,

1999); Some long-term regional wave climate studies using downscaled wave

hindcasts are also available (Lucas et al., 2011; Pilar et al., 2008; Weisse et al., 2007).

The main deficiency of these type of datasets is its coarse temporal resolution to

analyses the diurnal variation in the wave field.

Young et al. (2011) investigated the long-term trends in significant wave height in the

north Indian Ocean using satellite altimeter data covering 23-year data from 1985 to

2008 as a part of the global study on climate change impacts. Shanas et al. (2015)

studied the trends in surface wind speed and significant wave height in the central Bay

of Bengal using wind wave hindcast provided by ERA-Interim and the study shows a

declining trend in 90th percentile mean and extreme wind speed while extreme

significant wave height shows an increasing nature. Studies have been carried out

along the Indian coast using numerical models e.g. (Aboobacker et al., 2009; Kurian et

al., 2009b; Vethamony et al., 2006). Growth, decay and transformation of wind-seas

and swells are used in these models.

Interactions between the ocean and atmosphere form a complex feedback system of

heat, energy, mass, and momentum, which is primarily facilitated by ocean surface

waves (Donelan et al., 1993; Large et al., 1981), Waves modulate the exchange of

momentum, heat, and mass across the air-sea interface (Ardhuin et al., 2006; Jessup

et al., 1996), and this modulation is different and dependent on the prevalence of one

type of waves: wind-sea or swell (Högström et al., 2009; Semedo et al., 2009).The

spatial and temporal structure of wave induced airflow is an important factor to the

wind–wave coupling (Hristov et al., 2003). Surface waves also can affect the dynamics

of nearshore processes such as air-sea momentum transfer (Dobson et al., 1994;

Mitsuyasu et al., 1991).

Another important feature of swell waves is the ability of swell in mobilizing bed

sediments (Swift et al., 1991). Studies in Australia found that swell waves have a major
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role in the movement of inner shelf sediments which have documented the

development of shelf storm deposits include those of the Rottnest Shelf (Collins, 1988),

the Lacepede Shelf coast (James et al., 1992), and the New South Wales Shelf

(Davies, 1979). Harris et al. (1998) analysed the role of swell waves in the sediment

mobility over the continental shelves.

Kumar et al. (2009) analysed extreme wave conditions over the Bay of Bengal during

severe cyclone utilizing numerical simulations. They used a second generation wave

model (Resio model) and a third generation wave model (WAM) to simulate the state of

the sea for an exceptionally severe cyclone which occurred over the Bay of Bengal

during November 1977. Kumar et al. (2003c) studied the wind and wave characteristics

during cyclones (1960 – 1996), which crossed Nagapattinam coast, by estimating the

wind speeds and wave heights using various techniques. Based on measured wave

energy spectra, Kumar et al. (2004) demonstrated wave characteristics along the

Visakhapatnam coast, east coast of India during an extreme event. They identified that

the spectra were single-peaked during the storm event and percentage occurrence of

double- peaked spectra was higher during low sea states.

1.5.2 Wave transformation
Various studies are available on the different processes on the propagation of waves in

the nearshore region. Shemdin et al. (1980) investigates different mechanisms such as

percolation, bottom motion, shoaling, refraction, wave-wave interaction and bottom

friction responsible for wave transformation in finite-depth. The decay rates at different

sites depend on the bottom condition. Solitary wave propagation over a porous bed

shows that wave damping is significantly affected by the porosity of the bed (Packwood

et al., 1980). Packwood (1983) revisits the problem using a numerical model to

estimate the influence of a porous bed and compared the role in the run-up and back

wash flows. Experimental setup has been made to study the internal velocity and

pressure fields of spilling breaking waves in the surf zone (Stive, 1980). Thornton et al.

(1983) studied the transformation of random wave heights in the surf zone caused by

the shoaling and wave breaking. Svendsen (1987) analyzed laboratory data on
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turbulent kinetic energy in the surf zone to study the spatial and temporal distribution of

turbulent dissipation in the surf zone and describe the dependents over the beach

slope. Southgate (1989), made a comparative study of the theoretical estimate of 1-D

wave current interaction with laboratory and field data. In this study, Southgate

analysed the interaction of tidal currents as well as wave-induced currents, with waves.

Elgar (1999) and Herbers et al. (1999) study on the barred beach found an increase in

the directional spread of wave energy in contrast to the directional narrowing in

shallower water as predicted by the Snells law due to the scattering of incident wave

energy to obliquely propagating components. Wave dissipation over the muddy seabed

using shallow water observation implies that dissipation is more significant in the

shorter waves (Sheremet et al., 2003). González-Marco et al. (2008) analyses the

effect of hydrodynamic processes associated with the beach morphology through two

wavy interactions between them.

Until 1972, when Berkhoff (1972) presented the mild slope equation, two main wave

processes such as refraction and diffraction were calculated separately. The combined

effect of refraction and diffraction made possible with the mild slope equation. In 1992

Dally presented a detailed validation of the model based on mild slope equation using

the DUCK’85 field experiment (Ebersole et al., 1987) after this researchers started to

formulate numerical models based on an elliptic mild-slope equation to compute the

wave transformation for the coastal area e.g. (Panchang et al., 1991; Zhao et al.,

1996). Alternatively, the effects of refraction-diffraction can be computed using phase

resolving models based on the Boussinesq type equations e.g. (Kaihatu et al., 1995;

Peregrine, 1967; Wei et al., 1995; Woo et al., 2004). Freilich et al. (1984) developed a

discrete frequency domain nonlinear Boussinesq model that accurately predicts the

transformation of unidirectional waves over a slowly varying bottom on natural

beaches. Nowadays a number of free and commercial models are available for wave

transformation studies such as CGWAVE, SWAN etc.
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The transformation of the wave tends to the instability in the propagating waves and

end up with wave breaking. If the wave breaks, they lose energy due to interaction with

the bottom and results in production of turbulence bubbles and droplets and currents.

Some energy is reflected back into the ocean. Wave breaking is a very rapid process

and it only lasts a fraction of the wave period (Bonmarin, 1989; Rapp et al., 1990). This

is a highly nonlinear mechanism of very rapid transfer of energy and momentum to

other motions (Babanin, 2011). Svendsen et al. (1984) included the effects of

turbulence generated by wave breaking to describe a turbulent bore on a beach

without using numerical dissipation.

1.5.3 Longshore current
Currents induced either by the wave or tide is one of the major parameter controlling

the nearshore geomorphological processes at the coastline. The ability of longshore

current to move sediments has prompted many researchers to study the sediment

transport (Bailard, 1981; Bayram et al., 2001; Bruun, 1963).

As a part of the World war, II strategic mission, (Putnam, 1949) carried out a study on

longshore current using field, laboratory and theoretical data set based on the solitary

wave description of the breaker (Munk, 1949), In 1951, Inman and Quinn study the

momentum approach put forward by Putnam (1949) and proposed a relationship

between beach friction coefficient and longshore current. After that, a number of

researchers formulated a variety of equations based on conservation of energy of

momentum (Eagleson, 1965; Putnam, 1949) and conservation of mass (Bruun, 1963;

Inman et al., 1963). In the conservation of energy or momentum flux formulation, the

longshore currents are a secondary feature while in the mass conservation; the

longshore currents are a primary feature of the surf zone (Cyril, 1967).

For measurement of longshore current velocity, researchers used different techniques

such as estimating the travel time of dye (Putnam, 1949), seaweed, a weighted soccer

ball (Inman et al., 1951), water-filled balloons (Galvin et al., 1966), electromagnetic

current meters (Smith et al., 1993) and video records (Chickadel et al., 2001).
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Before the arrival of the concept of radiation stress theory on longshore current

(Longuet‐Higgins, 1970), it appears that conservation of mass predict longshore

current than conservation of momentum (Galvin, 1967). Reviews of the theory and

measurement of the time-mean longshore current ( Komar et al., 1990) have indicated

that the accepted radiation stress theory of the longshore current satisfactorily

describes the cross-shore distribution of the current both in the laboratory and in the

field for uniformly sloping beaches. Whitford et al. (1993) carried out a comparative

study on wind and wave-induced longshore current using numerical model. They found

that wind-induced longshore current is directly related to the surf zone width whereas

inversely to the steepness of the beach. Sonu et al. (1966) by validating several pre-

existing longshore current formulas using field data from outer banks found that

velocity field is multitude field which is depending on the regime of wave current-

topography interaction.

Noda (1974) developed a steady state model to predict the nearshore circulation due

to waves and winds. By avoiding the discrepancies such as the effect of convective

accelerations and lateral mixing based on the Noda (1974), in 1976 Birkemeier and

Dalrymple (1976) developed a finite difference model to predict the time-dependent,

wave-induced nearshore circulation. Further to this in 1979, Ebersole and Dalrymple

(1979) included the convective acceleration, horizontal mixing and a quadratic bottom

friction term to predict the nearshore circulation. Wu et al. (1985) used a two-

dimensional numerical model using a finite element method to predict and validate

nearshore wave breaking and longshore current using data from Saint Barbara

experiment data.

Visser (1991) used laboratory facility on a basin to study three directional longshore

current distributions on a uniformly sloping beach by monochromatic waves. Smith et

al. (1993) study the longshore current from a barred beach using an array of current

meters and pressure gauges between 4 and 1 m depth contours and found persistent

broad peak in current velocity in the trough at the barred beach.
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Various researchers have examined different mechanisms to explain the longshore

current such as turbulence effects (Church et al., 1993), effect of rollers (Lippmann et

al., 1996), shear instabilities (Church et al., 1993) and alongshore inhomogeneity

(Putrevu et al., 1995), vertex dynamics (Bühler et al., 2001). In 1995, Putrevu et al.,

observed that alongshore pressure gradient induced by alongshore variations in the

bottom topography could contribute substantially to the forcing for the longshore

current in homogeneities. A similar study conducted by Mei et al. (1977) used normally

incident waves on alongshore varying bottom topography. A few studies exist that

examine longshore currents induced by random waves (Van Dongeren et al, 2003;

Battjes, 1972; Goda, 2006; Thornton et al., 1986).

Comprehensive information in coastal areas is nowadays required to establish efficient

coastal zone monitoring as well as to develop management policies to effectively study

these marine systems (Smit et al., 2007). Morris (2001) first implemented and

evaluated Delft3D system to study nearshore wave and current dynamics. Abadie et al.

(2008) used a coupled hydrodynamic model made up of two models TOMAWAC

(Benoit, 1992) a wave modelling module and TELEMAC2D (Hervouet, 2003) by

incorporating the radiation stress concept to model prediction. Allard et al. (2008) used

the similar type of modelling technique to establish a real time nearshore wave and

current prediction system in the Portuguese coastal waters using a coastal

hydrodynamic modelling system Delft3D. Alvarez-Ellacuria et al. (2010) built a

forecasting system to provide real-time information about nearshore conditions for

beach safety purposes. Other researchers investigate the surf zone hydrodynamics

through two-dimensional numerical coupled model using SHORECIRC (Choi et al.,

2011; Choi et al., 2011b; Noyes et al., 2005). Symonds et al. (2001) discussed the

results of the one-dimensional analytical numerical model solution of strong wave

driven currents over the John Brewer reef on Australian Great Barrier Reef.

Various studies along the Indian coastal region are conducted by various researchers.

Sajeev et al. (1997) used Skovgaard et al. (1975) method to numerically study the

wave refraction and to predict the breaking wave height in an annual cycle along the
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south-west coast of India. Kumar et al. (2000b), used the same method to numerically

estimate the breaking wave characteristics and subsequently to calculate longshore

and sediment transport at Kannirajapuram coast along the east coast of India. Various

studies on wave refraction and associated energy distribution and redistribution of

sediments along the east coast of India can be found from earlier literature (Anbarasu,

1994; Angusamy et al., 1998; Gujar et al., 2008; Kumar et al., 2002; Prasad et al.,

2010). Kumar et al. (2002) carried out a comparative study of the variation in wave

climate, longshore current collected in two different years at Nagapattinam. Kumar et

al. (2003a) used measured current and wave parameters to estimate breaking wave

parameters and sediment transport along the central west coast of India. Mishra et al.

(2011) study the Interaction between waves, current and tide and associated

geomorphological changes at Gopalpur using concurrent data collected from three-

month measurements.

1.6 Motivation for the study

The literature survey indicates that even though the waves in the north Indian Ocean

are influenced by southwest monsoon and northeast monsoon, the wave conditions in

the eastern Arabian Sea differ significantly from that in the south-western Bay of

Bengal. The influence of southwest monsoon is less in the south-western Bay of

Bengal compared to the northeast monsoon and is vice versa in the eastern Arabian

Sea. The occurrence of tropical cyclones is less in the eastern Arabian Sea compared

to the Bay of Bengal. Long-period waves are reported in the eastern Arabian Sea, but

their generation area is unknown. Similarly the influence of Shamal on the waves in the

eastern Arabian Sea during the summer monsoon is not known. The wave

transformation studies using measured wave data in the nearshore region for one year

period is limited and the comparison of the numerical model results with measured

data in the surf zone is scanty. The wave dissipation rate in the nearshore region with

seasons requires fresh investigations. Comparison of longshore current estimate from

empirical equations with the numerical model is not attempted for data covering

different seasons.
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Considering the above aspects, the objectives of the study is finalised and considering

the large variations in the geographical and oceanographical features of the east and

west coast of India, one location each in the east and west coast of India is selected for

the study.

1.7 Research Objectives
The objectives of the present study are;

 To study the seasonal and annual variations of nearshore waves.

 To estimate the role of nearshore waves in the refractive pattern and breaking

wave characteristics.

 Comparative study of wave transformation and longshore current along

Puducherry and Ratnagiri, east and west coast of India.

1.8 Study area
To analyses the variation in nearshore wave, its transformation and longshore current,

present study selected two locations which are located at Ratnagiri and Puducherry

along the west and east coast of India (Figure 1.4). West and east coasts of India differ

in their topographic and bathymetric features and prevailing weather conditions. The

continental shelf along the west coast increases from ~60 km in the south to 340 km

in the north whereas east coast has a narrow strip.

Wind-induced waves along the coast of India mainly depend on the wind conditions

prevailing over the three different seasons; viz. southwest (SW) monsoon or summer

monsoon (June–September), northeast (NE) monsoon or post-monsoon (October–

January), and pre-monsoon or fair weather period (February–May). Along the west

coast of India, the average wind speed during the SW monsoon is 9.7 1ms and
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reaches up to a maximum of 12.5–15.3 1ms . During the northeast monsoon, the

average wind speed is around 5.6 1ms . The east coast of India experiences a number

of low-pressure systems and 5–6 tropical cyclonic storms per year which originate from

Bay of Bengal (BoB). The frequency and intensity these storms have increased

recently (Mohapatra et al., 2004; Singh et al., 2001). In pre-monsoon season, wind-sea

plays a major role in nearshore wave climate (Rao et al., 1996). The dominance of

swells along the west coast of India is observed during the SW monsoon (Dora et al.,

2012; Kumar et al., 2000a). The studies mentioned above are based on the wave data

measured for a particular season or short period during the Indian monsoon. During

the summer monsoon along the west coast of India, significant wave height ( Hs ) up to

6 m has been reported (Kumar et al., 2006). Hs is normally <1.5 m during rest of the

period (Kumar et al., 2003b). Most of the earlier studies on nearshore waves using in-

situ data carried out over the BoB are restricted for a short period or for a particular

season.
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Figure 1.4 Indian Ocean and the study location at Ratnagiri and Puducherry located in

the Arabian Sea and the Bay of Bengal considered for the present study.
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1.9 Present study
This study is to understand the temporal variation in nearshore waves and associated

wave transformation and longshore flow characteristics at selected location (at

Puducherry and Ratnagiri) in the east and west coast of India. To estimate the

breaking wave parameters and longshore current at the locations, a coupled Delft-3d

wave-flow numerical model is used.

Chapter 1 gives a general introduction and objectives of the study. Chapter 2 details

the various datasets and methodology used for the present study. In the coming

chapters, more details on the nearshore wave, wave transformation and longshore

current are included. Chapter 3 is dedicated to describing the results on diurnal and

seasonal variation such as sea breeze effect, Shamal waves and swells. Chapter 4

describes the extreme wave conditions prevailing in the nearshore waters by analysing

the presence of cyclonic waves and freak/rouge waves. Chapter 5 details about

coupled numerical model used for the study and its validation on different parameters

such as water level, waves and current speed. Chapter 6 is focused on wave

transformation in the shallow waters and estimation of breaking wave parameters and

its variations. Chapter 7 presents the results on longshore current analysis. And

Chapter 8 summarizes the results and the conclusions of the present study.
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Chapter 2

Data and Methodology
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Chapter 2
Data and Methodology

2.1 Introduction
Nearshore coastal environment is a complex and complicated system affected by

many parameters such as wind, wave, current and bathymetry. This chapter is focused

on discussing about the various data sets used for the current study. There are various

types of techniques available to measure waves and winds from a point source and to

get spatial data over large area. This chapter includes a brief discussion on these types

of methods and data sets used for the analysis. Besides the wave and wind data, the

bathymetric data used in this study are derived from NHO charts and local bathymetric

survey for the shallow nearshore region. This study utilized data from Directional

waverider buoy for nearshore waves and the wave data from S4 current meter for

comparison and validation of numerical model results in shallow waters.

The wind data used in this study, based on the requirement of analysis, are obtained

either from a point source such as Autonomous Weather Station (AWS) or from larger

spatial scale such as reanalysis wind and scatterometers. While the wind data obtained

from the scatterometers and reanalysed winds are coarser in resolution in temporal

scale, but this wind is a good indicator for spatial wind pattern. A different set of data

used in the study is Advanced Scatterometer (ASCAT) and National Centres for

Environmental Prediction, USA (NCEP) data. To analyse the diurnal variation due to

sea breeze/land breeze, the AWS data provide more fine temporal resolution data.

Other important data set utilized in the study are water level and current data. Current

and water level data for the study are measured using the S4 current meter from the

shallow waters. This data is used to validate coupled hydrodynamic model using Delft-

3d wave and Delft-3d flow. The data on propagation of cyclone is obtained from JTWC

(Joint Typhoon Warning Centre, USA).
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2.2 Wave measurements
2.2.1 Directional waverider buoy
There are variety of wave measuring devices available to observe the sea state from

commonly used wave staffs to remote sensing. The present study uses a moored

Datawell Directional Waverider buoy DWR-MkIII (Figure 2.1(a)) (Barstow et al., 1991)

to measure in-situ wave data from nearshore water at selected locations at Ratnagiri

and Puducherry. The directional waverider buoy measurements are based on motion

sensors such as accelerometers, inclinometers and compass mounted in a 90 cm

diameter floating steel hull. Motion sensor package make available 8 observables for

directional wave measurement: 3 accelerations Ax , Ay , Az , 3 magnetic field

strengths Hx , Hy , Hz , and pitch and roll (Datawell, 2006) The DWR-MkIII generate

raw north, west and vertical displacements at a rate of 1.28 Hz and store internally on

the logger flash card.

DWR-MkIII measure wave height from the vertical accelerometer placed in gravity

stabilized platform. Wave height is obtained by filtering and double integrating the

acceleration signal from the sensor. The waverider buoy measures heave in the range

of -20 to +20 m and periods between 1.6 and 30 s , with a resolution of 1 cm in heave.

The cross sensitivity of the heave is less than 3%. Measurement of wave direction is

based on two mutually perpendicular horizontal accelerometers placed in the X and Y

plane in the DWR-MkIII in the upright position. The buoy tilt measurements are

converted into real horizontal buoy accelerations using the pitch and roll and then

transferred to the north-west co-ordinates. The measurement of the wave direction

using DWR-MkIII is in the range of 0º–360º and a resolution of 1.5º, with an accuracy

of 0.5º references to the magnetic north. The measurement of waves using waverider

buoy depends on the dimension of the buoy and noise level associated with the

instrument. The dimension of the buoy limits the measurement of high-frequency

waves while the noise level limits the low-frequency part of the wave measurement.

Datawell buoys are equipped with a flashlight fixed on a two meter HF antenna for

easy detection by the boats/ ships passing through the area.
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After retrieving the flash card from the buoy, inaccurate records are removed by routine

quality control process by removing spikes and error data, these data are processed

using w@ves21 software or Fast Fourier Transform (FFT) technique for further

analysis. Wave data recorded from two nearshore location of Indian coast at Ratnagiri

and Puducherry at 14 m are analysed. Table 2.1 gives the position of deployed DWR-

MkIII at the study locations and the duration of data used for the analysis. Data were

recorded for 30 min at a frequency of 1.28 Hz at every half hour during the period.

Table 2.1 Details of wave and current measurement

Station Data

measured

Instrument

used

Depth

(m)

Latitude Longitude Availability of

data

Ratnagiri wave Waverider

buoy

14 16º58’48.32” 73º15’30.31” 23/03/2010 -

31/12/2012

S4(wave) 7 16º58’37.92” 73º17’12.48” 17/10/2012 –

11/11/2012

1.5 16º58’38.28” 73º17’32.28” 14/05/2012 –

26/05/2012

current Seaguard 1.5 16º58’38.28” 73º17’32.28” 14/05/2012 –

26/05/2012

Puducherry wave Waverider

buoy

14 11º55’25.91” 79º51’2.58” 01/01/2009 -

12/31/2011

2.2.2  S4-DW
Due to the limitations of using directional waverider buoy in the shallow waters, S4 DW

(Figure 2.1(b)) is used to measure the wave and current data in the shallow water. S4-

DW,( Trageser et al., 1990) developed by InterOcean Systems Inc. San Diego., is a

compact 25 cm diameter sphere equipped with electronics and power setup to operate

in underwater condition to measure the depth and flow parameters. The outer
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protective foul proof cover is made up of durable, high-strength, dimensionally stable,

plastic and an axial titanium load bearing shaft for mooring purposes.

a) Directional Wave Rider buoy b) S4-DW c) SeaGuard Current meter

Figure 2.1. Instruments used for the in-situ data collection

The processing of data is available in two modes such as on-line remote readout mode

and storage mode. On-line remote readout mode provides the real-time analysis of the

measurement while, in the storage mode, wave parameters are processed after

retrieving the data from the S4-DW. S4-DW samples at a rate of 2 Hz (0.5 s ) with high

resolution of 4 mm in depth. Wave analysis is performed by PC based WAVE for

Windows analysis software using the pressure and current velocity data from the

instrument. The wave statistics are obtained by converting the time series of depth

values into frequency spectra using a Fast Fourier Transform. From the depth

information, it also provides the tidal information by averaging the depth data for the

suitable time period. The direction of the waves is computed using the North and East

orbital velocity vectors with auto and cross-spectrum analysis of the time series.

Wave data are collected from 1.5 m and 7 m contours off Ratnagiri during pre-monsoon

and post-monsoon season in 2012. These data sets are used to validate the nearshore
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wave transformation results obtained from the Delft3D model and to test the sensitivity

of the model.

2.3 Current measurement
Simultaneous measurement of current speed has been carried out from surf zone area

at 1.5 m water depth during May 2012 in the pre-monsoon season at Ratnagiri. The

measurement has been done with the bottom mounted Sea guard current meter

(Figure 2.1(c)) developed by the Aanderaa Data Instruments, Norway. These data sets

are used to validate the current speed obtained from the Delft3D model output and to

test the sensitivity of the model.

The SeaGuard current meter consists of sensors and a data logger unit with a Digital

(SD) card mounted in a pressure case to use in the sea as well as in fresh water. The

current meter uses a ZPulse Doppler Current Sensor for current measurement and

optional sensors for measuring various parameters such as temperature, pressure,

conductivity, oxygen, wave and tide. The Current Sensor also contains an electronic

compass and a tilt sensor. The Sea Guard works on the Doppler Shift principle for

current measurements from backscattered signal from a distance of 0.4-1 m from the

sensor. Current speed is measured within a range of 0-3 1ms with a resolution of

0.1 1mms and frequency of 1.9-2.0 MHz . Mean accuracy of the instrument is ±0.15
1cms when the instrument is deployed at a distance of 0.75 m from surface and 0.5 m

from the bottom.

2.4 Bathymetry measurement
One important parameter influencing the nearshore hydrodynamics and propagation of

the wave is the bathymetry. In the present study, measured bathymetry data from

shoreline to 7 m water depth using CEEDUCER PRO Echo sounder and for areas

beyond the measurement region, the contours derived from National Hydrographic
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Office (NHO), charts are used. These charts are produced by Indian Naval

Hydrographic Department (INHD), the nodal agency for Hydrographic surveys and

nautical charting in India.

The CEEDUCER PRO is a compact fully functional portable single beam dual channel

hydrographic survey system, consists of a control unit with rechargeable battery, GPS,

a dual channel echo sounder. The CEEDUCER PRO works either with a 200 kHz

frequency of 2.75° or 8° beam angle or 30 kHz with 19° beam angle. The transducer is

installed onto a metal mount at the centre of the small boat to nullify the effects such as

boat movement and wave action. To avoid the accumulation of bubbles which affects

the data quality, the survey speed should be less than 8 knots. Bathymetry data are

collected using a CEEDUCER PRO (Figure 2.2) by piloting the Ceeducer mounted

boat in a square-zag motion over the nearshore region. The bathymetry data are

obtained from NHO charts by digitizing the contours with the help of QGIS, an open

source geographic information system. These two data sets are merged together and

used in the study.

Figure 2.2. CEEDUCER PRO hydrographic survey system includes Antenna (left),

Recording unit (centre), and Echo sounder (right)

2.5 Wind measurement
2.5.1 Autonomous Weather Station
To determine the sea breeze–land breeze system at Ratnagiri during the study period,

simultaneous wind measurements were carried out using Autonomous Weather Station
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(AWS) at every 10 minute interval. The AWS measure the wind speed in the range 0–

60 1ms with an accuracy of 0.2 1ms and direction from 0 to 360º with an accuracy of

3º. The AWS was set at a height of 10 m at Ratnagiri coastal station. An AWS consists

of a weather-proof enclosure containing the data logger, rechargeable battery,

meteorological sensors such as the thermometer, Hygrometer, barometer,

Pyranometer, rain gauge and GPRS connectivity for data.

2.5.2 NCEP re-analysis winds
The reanalysed zonal and meridional components of the wind speed at 10 m heights

at 6-hour intervals from NCEP / NCAR (Kalnay et al., 1996) available from the National

Centres for Environmental Prediction (NCEP) is used to know the influence of the wind

on waves. These data were provided by the NOAA-CIRES Climate Diagnostics Centre,

Boulder, Colorado at http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.

reanalysis.html. These data is available at a spatial resolution of 2.5° x 2.5° grid and is

available from 1948 onwards.

In this study, we used the wind vectors at 10-meter height to know the influence of the

wind on waves, to calculate the inverse wave age, and to track the storms/cyclones in

the southern Indian Ocean. The composite average map of wind speed and wind

direction is computed to analyse the difference in wind pattern in the Arabian Sea

during Shamal wind conditions in different periods.

2.5.3 Advanced Scatterometer (ASCAT)
The ASCAT data are derived from the Advanced Scatterometer on board the European

Organisation for the Exploitation of Meteorological Satellites (EUMETSAT)

Meteorological Operation-A (MetOp-A) (Verhoef et al., 2012). ASCAT exclusively

deployed for the measurement over the oceanic parameters such as wind speed and

direction, sea ice and vegetation etc. ASCAT is occupied with a C-band Scatterometer,

transmitting pulses from 3 vertically polarized antennas at 5.255 GHz . Daily global data

sets are available from 2007 with a spatial resolution of 12.5 and 25 km and can be

downloaded from http://apdrc.soest.hawaii.edu/las/v6/dataset? catitem=4736. The



35

regional wind data of the Arabian Sea and the Arabian Gulf extracted from the global

data set were used in this study. These data are used to calculate the relative wind

strength and to analyse the presence and strength of the summer Shamal winds.

2.5.4 JTWC cyclone tracks
The cyclone track provided by Joint Typhoon Warning Centre (JTWC) is used to

analyse the propagation and presence of storms and cyclones in the Indian Ocean.

The Joint Typhoon Warning Centre (JTWC) provides an archive of tropical cyclone

track data that contains tropical cyclone centre locations and maximum 10 m wind

speed at six-hour intervals. Cyclone tracks were downloaded from Naval

Oceanography Portal. (http://www.usno.navy.mil/NOOC/nmfc-ph/RSS/jtwc/besttracks

/)

Besides the data taken from the JTWC, the INDIA METEOROLOGICAL

DEPARTMENT (IMD) publishes Regional Specialised Meteorological Centre (RSMC)

reports on cyclonic disturbances over the north Indian Ocean, Which provides more

details on yearly statistics of cyclonic activities and about genesis, movement and

associated weather conditions. Best track positions at three-hour intervals are available

from IMD (http://www.rsmcnewdelhi.imd.gov.in/index.php?option=com_content&view

=article&id=30&Itemid=176&Lang=en) also used in the study.

2.6 Wave data
2.6.1 Wave data analysis
The time series data on 3 translational motions of the directional waverider buoy

(DWR-MkIII) recorded at every 30 minutes are used for the spectral analysis. At every

200 s , a total number of 256 heave samples are collected and FFT is applied to obtain

a periodogram in the frequency range 0 to 0.58 Hz with the frequency resolution of

0.005 Hz up to 0.1 Hz and 0.01 Hz for 0.1 Hz onwards. The periodogram is

smoothed using Hanning window with 25% overlap and the spectrum is obtained. Eight

consecutive spectra covering 1600s are averaged and used to compute the half-hourly
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wave spectrum. nth order spectral moment( nm ) is derived from the spectral analysis

using Equation (2.1).

 



0
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)( fS is the spectral energy density at frequency f .

The significant wave height and mean wave period are estimated using the spectral

moments.

Significant wave height 00, 4 mHHs m  (2.2)

Mean wave period
2

0
02 m

mTm  (2.3)

Where 0m and 2m are the zeroth and second order spectral moments.

The peak period used in this study is estimated from the wave spectrum which

corresponds to the spectral peak, the period at the maximum spectral energy density.

The maximum wave height ( maxH ) is obtained from the zero crossing analysis of the

surface elevation data.

The method proposed by Kuik et al. (1988) based on circular moments are used for the

estimation of mean wave direction ( pD ). Kuik et al. (1988) applied standard cross-

spectral analysis and estimate the directional parameters without model assumptions

from the pitch and roll time series data. Mean wave direction is calculated using

Equation (2.4)

 11arctan0 a
b (2.4)

Where the coefficients 1a and 1b are obtained from the spectral analysis using Fourier

transformation to the vertical elevation and two translational motions measured from

the directional waverider buoy.
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Where C represents the auto and co-spectra and Q the quad spectra, respectively

with x and y indicating the two orthogonal components of the buoy translational

motions and z indicating the heave. k is the wave number.

2.6.2 Separation of wind-sea and swell
Wind-seas and swells from the measured data are separated through the method

described by Portilla et al. (2009). Portilla et al. (2009) proposed a 1-D separation

algorithm on the basis of the assumption that the energy at the peak frequency of a

swell system cannot be higher than the value of a PM spectrum (Pierson et al., 1964)

with the same peak frequency. The algorithm calculates the ratio ( * ) between the

peak energy of a wave system and the energy of a PM spectrum at the same

frequency. If * is above a threshold value of 1, the system is considered to represent

wind-sea, else it is taken to swell and a cut-off frequency cf is estimated. Swell

parameters are computed by integrating frequency ranging from 0.025 Hz to cf and

the wind-sea parameters are computed by integrating frequency ranging from cf to

0.58 Hz

2.6.3 Calculation of Inverse wave age

Inverse wave age is the ratio of sea surface wind speed ( 10U ) to the speed of the

waves ( pC ) at the peak of the spectrum and is equal to pCU cos10 . Here 10U is 10

m wind speeds,  is the relative angle between the wind and the wave and pC is

peak phase speed 2pp gTC  . Inverse wave age is calculated using the measured

wave data and the NCEP wind data. Three type of wind-wave interaction regime as in

Hanley et al. (2010) are (i) wind-induced wave regime when inverse wave age > 0.83

(strong winds transfer momentum to waves) (ii) wave induced wind regime when 0 <

inverse wave age < 0.15 (fast-moving swells transfer momentum towards near surface

winds) and (iii) mixed wind wave regime when 0.15  inverse wave age  0.83 (both

wind-induced wave and the wave induced wind will be present).
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2.7 Modelling
The analysis of waves and currents prevailing in the nearshore and surf zone are

required for coastal engineering purposes and recreational activities. Numerical

modelling is a state of the art for the assessment of nearshore wave and current

environments. This study has utilized a coupled wave flow modelling package Delft3D

(developed by Delft Hydraulics, http://www.wldelft.nl). Wave and currents simulated

using Delft3D are analysed to study the nearshore wave transformation and variations

in longshore current and breaking wave parameters at selected study locations.

Delft3D software package consists of several modules coupled together to analyse

various nearshore and coastal processes such as surface waves, three-dimensional

flow, water quality, sediment transport and bottom morphology using FLOW, WAVE,

and MOR modules. Master module co-ordinates FLOW and WAVE modules to

simulate wave–current interaction. Additional software available with the package

includes RGFGRID (Delft3D-RGFGRID, 1999) and QUICKIN (Delft3D-QUICKIN, 1999)

for setting-up the model and QuickPlot for post-processing. The model set up and

simulation results on nearshore wave transformation and on nearshore hydrodynamics

forced by breaking waves in the surf zone are analysed and described in the following

chapters.

2.7.1 Delft3D-WAVE
Delft3D-WAVE is built on the SWAN (Simulating WAves Nearshore) model which

computes wave propagation, wave generation by the wind, non-linear wave-wave

interactions and dissipation for deep, intermediate and finite water depths. SWAN

(http://fluidmechanics.tudelft.nl/swan) is a third-generation, phased-averaged wave

model (Booij et al., 1999; Ris et al., 1999) applicable at any scale, but most efficient

when predicting wave conditions for small scales to simulate the evolution of random,

short-crested wind-generated waves in coastal areas, estuaries, tidal inlets and lakes

(Holthuijsen et al., 1993).
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The main characteristics of SWAN are: (1) the physics in SWAN are explicitly

represented with state-of-the-art formulations. (2) The SWAN model is fully spectral in

frequencies and directions (0-360º). (3) The wave computations in SWAN are

unconditionally stable due to the fully implicit schemes that have been implemented.

(4) The computational grid in SWAN has not to be oriented in the mean wave direction

and so the grid can handle all wave directions. SWAN is based on the spectral action

balance equation, treated in discrete form. The SWAN model accounts for the

shoaling, refraction, wave generation due to wind, energy dissipation due to white

capping, bottom friction, depth-induced breaking and non-linear wave–wave

interactions (quadruplets and triads) formulations.

The SWAN model describes the wave generation and propagation based on the

conservation of action density spectrum rather than energy density spectrum which is

not conserved in a non-linear environment. Action density (N) is the ratio between

energy density and relative frequency. Hasselmann et al. (1973) described the

evolution of the wave spectrum using the spectral action balance equation, which is

used in the SWAN model.
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From left-hand side, the first term of equation (2.7) shows the rate of change of action

density, next two terms represents the propagation of wave energy in space with

velocities and the fourth term represents the effect of shifting of the relative frequency

due to variations in depth and mean currents. The fifth term denotes the refraction

induced by depth and current. While the right-hand side term S represents the source

term including the processes such as generation, dissipation and non-linear wave-

wave interaction (Delft3D-WAVE, 2000)

2.7.2 Delft3D-FLOW
The Flow-module in Delft3D software simulates the hydrodynamics and describes the

two-dimensional (2DH) or three-dimensional (3D) unsteady flow and transport

phenomena. It can carry out simulations of flows, sediment transport, waves, water
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quality, morphological developments and ecology. Delft3D-Flow solves the Naiver-

Stokes equations for an incompressible fluid under the shallow water and the

Boussinesq assumptions. The vertical accelerations are neglected by assuming them

small compared to the gravitational acceleration and therefore, reducing the vertical

momentum equation to the hydrostatic pressure equation. The system of equations

consists of the:

 Continuity equation

 Horizontal equation of motion

The continuity equation is given by
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And the momentum equation in X- direction
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And the momentum equation in y- direction is
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In which

 Water level according to reference level

d Depth

h Total water depth

u Flow velocity in x- direction

v Flow velocity in y- direction

w Flow velocity in z- direction

cF Coriolis parameter

H Horizontal eddy viscosity

v Vertical eddy viscosity

zC : Chezy’s-coefficient
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The important physical mechanisms incorporated in the Delft3D–flow is Coriolis force,

turbulence, drying and flooding of intertidal flats, adjective thermal diffusion and shear

stress due to turbulent flow (Luijendijk, 2001). The main boundary conditions are forced

by the tide, wind stress, pressure gradients or density gradients. This model has

various applications in the nearshore region such as tide and wind-driven flows,

simulations of river flow, tsunami, bores, non-hydrostatic flows, wave driven current

and sediment transport (Hydraulics, 1999).
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Chapter 3

Nearshore waves
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Chapter 3

Nearshore waves

3.1 Introduction
Wave period and wave height are the two important parameters that characterize the

waves at a particular location. The mean wave period and significant wave height of

measured waves depend on the combination of both swell and wind-sea over the

measurement location. Characteristics of nearshore waves off Ratnagiri and

Puducherry are analysed using measured wave data. Spectral wave data at the

locations are used to analyse the wave climate during annual as well as three

dominant seasons, pre-monsoon, SW monsoon and NE monsoon seasons at a high

temporal resolution of 30 min.The variation in directional characteristics of swells and

wind-seas has been analysed together with identification of swell generating regions

using global wind data and wave observations. Also studied the variation in directional

characteristics of NW swells known as “Shamal swells” based on the measured wave

data off Ratnagiri during the winter season. Seasonal and annual information about the

effect of local wind systems, long period waves and sea states over the eastern

Arabian Sea during a year is also examined. Further, the influence of long period

waves on nearshore regions at Ratnagiri have been assessed by estimating the air–

sea momentum transfer regimes and wave reflectance from the coast during different

seasons with and without sea/land breeze systems. In addition, the influence of sea

breeze on the wave characteristics is also examined at both the study regions.

3.2 Influence of sea breeze on nearshore waves
The gentle wind system called sea/land breeze is important in the coastal regions. Sea

breeze develops due to the differential heating of land and water at tropics and lower

latitudes. The sea breeze wind system depends on the synoptic flow (Arritt, 1993) as

well as rain and clouds (Bindu, 2011) over the region. The synoptic monsoon winds

over east and west coast of Indian peninsula region vary with season. A change in
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thermally driven sea/land breeze strength over the coastal region of Indian

subcontinent leads to well-developed sea/land breeze system with reversal of wind

direction and simultaneous changes in wind speed over the diurnal cycle during pre-

monsoon and summer monsoon season along Ratnagiri and Puducherry respectively.

3.2.1 Ratnagiri
Over the west coast of India, sea/land breeze systems dominatethe local wind system

in the pre monsoon season (Figure 3.1). The diurnal wind system which peaks during

the midday (Afternoon in the local time) is also present at Ratnagiri during the post-

monsoon season while the strong synoptic winds during the SW monsoon season

nullify the local effect and dominate the region. Maximum wind speed on a daily basis

occurs at 09:30 UTC during pre-monsoon and at 12:30 UTC during post-monsoon

season. The observed direction of the sea breeze is from the NW and that of the land

breeze is ENE or ESE. Wind speed measured using an autonomous weather station

shows that sea breeze during pre- and post-monsoonseason varies between 1 and 3
1ms , whereas land breeze strength is always less than 1 1ms . During the SW

monsoon season, wind strength is between 1 and 4 1ms throughout the day blowing

from SW. The low values of wind speed observed, compared to Kumar et al. (2006),

are due to the reduction in wind speed from ocean to land. The location of the AWS is

on land in the coastal region of Ratnagiri, whereas the values reported by Kumar et al.

(2006) are based on NCEP wind for an ocean location.

The observed swells show a negligible hourly variation in wave height (Figure 3.2) and

wave period (Figure 3.3) during the day since the swells are influenced by low steep

remotely generated waves and not by the sea/land breeze. The swell wave height

during the pre and post-monsoon season is always less than 0.5 m and high swell

height (0.75-2.25 m ) are observed during the SW monsoon season. The swell height of

around 2 m is frequently observed during June and July. While in August and

September the swell height decreases to 0.75 m . This change in wave height at

Ratnagiri is due to the presence of strong SW monsoon wind generated waves arriving

at the measurement location.
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Figure 3.1. Hourly variation of wind speed and wind direction at Ratnagiri during

2011 in UTC

The wind-sea and resultant wave shows a hump in the wave height at the afternoon

hours with a gradual increase and decrease by reaching the maximum in the wave

height. This feature is dominant during the pre-monsoon season and also observable

during the post-monsoon season. The wind-sea and resultant wave has shown the

variation in a range of 0.7-1 m and 0.64-0.75 m during the pre-monsoon season, while

during the post-monsoon season this variation is comparatively less than 0.55-64 m

and 0.45-0.54 m respectively with a decreasing trend as the season advances.As the

hourly variation of three components of wave height (swell, wind-sea and resultant) at

particular region determine the driving mechanism of waves present at the region. The
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wind-sea height and resultant wave height varies with the season as well as in hourly

scale, whereas the swell height remains almost constant in hourly scale.

Figure 3.2. Hourly variation of monthly average significant wave height at Ratnagiri

during 2011 in UTC

Another important parameter used to describe the wave climate is the period

associated with the waves. Similar analysis has been conducted on the hourly variation

of resultant wave period of wind-sea, swell and resultant. Analysis indicates that

increase in wave height has shown simultaneous variation with wave period

corresponding to each component.
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Figure 3.3. Hourly variation of resultant wave period ( 02mT ) at Ratnagiri during 2011

in UTC

The increase in wave height is inversely proportional to the hourly variation for the wind

and resultant wave period, while the swell period remains constant within the daily

cycle. Near-shore wave climate during the sea breeze system is purely dependent on

the short period waves (wind-seas). The increase in significant wave height from

January to May is caused by wind-seas generated due to sea breezes (Figure 3.2) and

decreasing the trend from October to December is due to the corresponding variations

in the intensity of swells. During the summer monsoon (June–September), the land and

sea breezes are weak and the swells dominate the study area and during this period
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the resultant wave period and resultant wave height are different from rest of the year

and both are dependent on the strength of SW monsoon winds.

Analysis on observed wave components shows that during the pre- and post-monsoon

periods, wave height reaches a maximum value at around 15:00 UTC., similar to the

observations of Pattiaratchi et al. (1997) and Pokhrel et al. (2011). Minimum wave

height is observed during the early hours of the day (03:00–06:00 UTC) due to the land

breeze system. The presence of longer period swells over the region is high during the

strong land breeze period between 06:00–09:00 UTC (Figure 3.3) and resulted in the

maximum value in the resultant wave period. The hourly average of the mean wave

period indicates the co-occurrence of maximum sea breeze and a decrease in the

mean wave period between 09:30 UTC and 12:30 UTC (Figures 3.1 and 3. 3) during

pre- and post-monsoon seasons. The estimated time lag between the maximum wind

speed and resultant maximum wave height is around 3–4 h. The seasonal analysis

shows a slight increase in time lag during the post-monsoon season compared with the

pre-monsoon season due to the decrease in sea breeze strength during the post-

monsoon season compared to the pre-monsoon season. The estimated difference in

the time lag between pre-monsoon and post-monsoon is 1–2 h. The time lag is due to

the time taken by the waves to reach their maximum wave growth (Neetu et al., 2006).

A calculation is made to estimate the average distance to the observation area from

the wind-sea generation area (due to sea breeze) during the pre-monsoon and post-

monsoon seasons. The distance travelled by the waves to reach the observation area

is calculated using the time difference between the minimum and maximum value of

resultant wave period and the group velocity estimated from mean wave period using

the linear wave theory (WMO 1998). The estimated distance of wave generation is

around 40–50 km from the measurement location and is closer than that estimated

(70–80 km) by Aboobacker et al. (2011a) for the Goa region.
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3.2.2 Puducherry
The sea/land breeze circulation cell over the Puducherry coastal region has different

characteristics than that of the west coast. Because of the unavailability of AWS wind

data at Puducherry, the characteristics of the sea breeze are confirmed from literature

(Simpson et al., 2007). The sea breeze driven wind circulation over the east coast of

India is most active during the summer monsoon period and maximum strength during

the month of June followed by July and August. Wind direction during the early

morning hours are westerly (from 260º) and around 02:30 UTC (08:00 LT), the wind

direction changes to southerly due to the sea breeze. Wind direction is around 140 by

06:30 UTC (12:00 LT) when the sea breeze is well developed. South-easterly winds

are observed throughout the afternoon until 11:30 UTC (17:00 LT) when the wind

direction begins to shift to southerly as the sea breeze weakens. Wind speeds are

about 2.5 1ms until the sea breeze starts developing at 02:30 UTC (08:00 LT).

Maximum wind speed (≈5 1ms ) is observed around 07:30 UTC (13:00 LT) and wind

speed steadily decreased throughout the afternoon and is around 2.6 1ms by 14:30

UTC (20:00 LT).

The hourly variation of wave parameters at Puducherry responds similar for the wind-

sea and total wave height and mean wave period (Figure 3.4 and 3.5).The observed

swells (Figure 3.4) show  negligible hourly variation in wave height and wave period

during the day since the swells are influenced by low steep remotely generated waves,

and not by the sea/land breeze. The swell wave height shows no significant variation in

wave height off Puducherry and comparable and steady swell height throughout the

study period (0.6-0.2 m ). During the post-monsoon season (0.45-0.60 m ), it is slightly

higher than rest of the year during the pre and summer monsoon season (0.20 – 0.45

m ) with a gradual increase in swell height during the pre-monsoon seasonto the onset

of summer monsoon season. This change in swell wave height evident at Puducherry

is due to the arrival of SE swells from the southern Indian Ocean.
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Figure 3.4. Hourly variation of monthly average significant wave height at Puducherry

during 2009 in UTC
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Figure 3.5. Hourly variation of mean wave period ( 02mT ) at Puducherry during 2009 in

UTC.

The response in wind-sea and total wave height is observed in hourly scale at

Puducherry. This feature is observable throughout the annual cycle and is dominant

during the summer monsoon season. The wind-sea and total wave have shown the

variation in a wide range maximum wind-sea height of 0.55-0.95 m and 0.5-1.20 m .

The maximum in wind-sea is in the post-monsoon season when the NE monsoon is

active. So the difference between the maximum and minimum wave height values are

0.20 m while during the summer monsoon season the daily cycle is clearly evident and

the difference is significant (~0.40 m ) during the month of June with a maximum value

of 1.05 m .
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In the summer monsoon months, the increase in wave height in wind-sea and a

corresponding change in the resultant wave height is maximum during June and the

changes decrease gradually during June to September. Maximum wave height (0.74–

1.04 m ) is observed between 17:00 and 18:00 UTC and minimum (0.53–0.72 m ) during

10:00 UTC during this period.

The estimated time lag between maximum wind speed and resultant maximumwave

energy spectrum is around 5–6 h and the change in wave height due to sea breeze

observed during June is up to 0.3 m , calculated from the difference between resultant

and wind-sea height. During the post-monsoon season (NE monsoon), minimum wave

height (0.45–0.84 m ) is observed at 05:00 UTC.

3.3 Swell climate over the Indian sub-continent
3.3.1 Ratnagiri
Along the nearshore waters of the west coast of Indian sub-continent, the swells

arriving at the region shows two dominant directions such as NW and SW. In this

section, we examine the seasonal and annual variations of these swells. This study

identified the summer Shamal swells along the Indian nearshore waters. Also found the

evidence for the presence of southern ocean swells along the Indian nearshore waters

even in the strong SW monsoon season besides the well-known SW swells generated

by the SW monsoon winds.

3.3.1.1 Identification of summer Shamal waves
Aboobacker et al. (2011b) used the data collected from the west coast of India during

the winter season (February) to identify the winter Shamal events occurring on the

Arabian Peninsula from November to March and the corresponding swells reaching the

Indian west coast. The present study focuses on identifying the presence of summer

Shamal winds and swells along the west coast of India.
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1 Winds
I) NW Shamal winds

The most well-known weather phenomenon in the Arabian Gulf is the Shamal, a

northwest wind that occurs year-round (Perrone, 1979). The Shamal is the only

persistently strong wind in the region that can last for several days and has winds that

can reach strong to gale force over the open sea and routinely produce wind waves of

3–4 m in height. According to Barth (2001), a high-energy summer Shamal regime

occurs from June to August, with a complex transition phase in May, in the Arabian

region. A moderate eastern spring phase occurs in April. Membery (1983) found that

the summer Shamal is persistent over Iraq and the Gulf during the summer from May

to July. Rao et al. (2003) reported that 51% of Shamal days occurred from May to July

compared to the winter months of November–March. These winds are often strong

during the day, but they decrease at night. The summer Shamal events are longer in

duration compared to the winter Shamal events. Because of their longer duration,

summer Shamal events are also known as ‘‘40-day Shamal.’’ The summer Shamal is

practically continuous from early June through July, and it is associated with the

relative strengths of the Indian and Arabian thermal lows (Reynolds 1993).

II) Wind pattern over the Arabian Sea

Winds over the Arabian Sea are strong during the SW monsoon season and weak

during the pre and post-monsoon season with local sea breeze/land breeze winds

(Figure 3.6). The winds over the Arabian Sea depend on the comparative strength of

both the seasonal winds and the NW Shamal winds. Hence, the winds during two

periods; 1) summer Shamal winds and weak southwest winds and 2) summer Shamal

winds and strong southwest winds, are examined.

To differentiate the wind condition over the region, the daily average wind available

from ASCAT wind data are used to study the presence of weak and strong Shamal and

SW monsoon winds. For this purpose, the average wind speed and direction obtained

from three boxes: 1) near the Arabian Peninsula (B1), 2) near the northeast region of

the African continent (B2), and 3) near Ratnagiri (B3) (Figure 3.6 d) are used. The ratio
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between the daily average wind speeds near the Arabian Peninsula at B1 to the

southwest monsoonal winds at B2 is used to estimate the relative strength of winds

between the summer Shamal and southwest monsoon winds. Occurrences of summer

Shamal swells at Ratnagiri depend on the comparative strengths of these wind

systems.

The combined effect of northwest Shamal winds and southwest monsoon winds along

the study region was examined based on the B1/B2 value and was characterized as

summer Shamal winds and weak southwest winds when the B1/B2 value was greater

than 1.0 and as summer Shamal winds and strong southwest winds when the B1/B2

was less than 1.0 for the northwest winds blowing over the Arabian Gulf region. The

correlation coefficient between the Shamal winds and winds at Ratnagiri during the

Shamal events is 0.16. This coefficient indicates the near absence of summer Shamal

winds at Ratnagiri due to the strong SW monsoon season in the Arabian Sea. NCEP

data are used to study and analyse the change in wind pattern over the Arabian Sea

near the west coast of India and over the Arabian Peninsula during the summer

Shamal event.

III) Summer Shamal winds and weak southwest winds

Figure 3.6 depicts the composite average of the wind pattern over the Arabian Sea,

under the combined effect of the strong northwest summer Shamal and the weak

southwest summer monsoon winds, in 2010 and 2011.Six-hourly averages of NCEP

data over the Arabian Sea during summer Shamal winds and weak southwest

monsoon winds (Figure 3.7 a & b) indicate the presence of northwest summer Shamal

winds over the Arabian Gulf and the Arabian Peninsula. When the summer Shamal

dominates over the weak southwest monsoon, southwest winds from the south-

western Arabian Sea are deviated by the northwest winds from the Arabian Peninsula

and propagate toward Ratnagiri as west-northwest winds. The change in wind direction

depends on the strength of the northwest winds, and it has enough strength to reach

the west coast of India as northwest winds. This condition mainly prevails over the

Arabian Sea during May.
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Figure 3.6. Averagecomposite image of NCEP wind in western Indian Ocean during

2011
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Figure 3.7. Composite average map of wind speed and wind direction during weak

SW winds and strong summer Shamal (NW) winds in 2010 (a) and 2011(b) and during

strong SW winds and weak summer Shamal (NW) winds in 2010 (c) and 2011(d).

IV) Summer Shamal winds and strong southwest winds

Figures 3.7c and d depict the composite average map of NCEP wind over the Arabian

Sea during different periods of the strong southwest Indian summer monsoon. During

this period with a strong southwest monsoon, Shamal winds dominate the Arabian

Peninsula and the Arabian Gulf region (Figure 3.7 c & d). The wind pattern over the

Arabian Sea is driven by the southwest monsoon winds, with the small variation in the

direction of northwest winds toward the north that is observed at the Arabian

Peninsula. This phenomenon is due to the interaction between north-westerly and

south-westerly winds and mainly prevails during June through August, when the B1/B2

value is less than 1.0.
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Figure 3.8 depicts the wind pattern over the Arabian Gulf using the data derived from

the wind scatterometers ASCAT. The wind direction during May and June indicates the

presence of summer Shamal (northwest winds) events. The summer Shamal events

persisted over the Arabian Gulf for about 10 days (Figure 3.8a) during 2010, whereas,

in 2011, the summer Shamal events had a longer duration, starting in late May and

persisting for more than 20 days (Figure 3.8b). The wind direction also showed a more

consistent pattern from the northwest side, indicating the summer Shamal events at the

Arabian Gulf where the summer Shamal swell originated. The correlation between the

B1/B2 ratio and wind direction time series showed a positive correlation of 0.40 and

0.38, respectively, during the summer Shamal period of 2010 and 2011.

V) Winds along the west coast of India

The AWS wind data at Ratnagiri in May (Figure 3.9a) show that during the onset of the

southwest monsoon period, the wind is predominantly from the northwest. During this

period, the northwest wind from the Arabian Peninsula shows the continuous arrival of

wind by altering the local wind system and diminishing the land breeze winds, during

the night in the pre-monsoon. Aboobacker et al. (2011a) observed the presence of the

northwest winds during the winter due to weak northeast winds. In May (pre-monsoon

period), southwest winds are weak, and northwest winds are strong enough to affect

the near-shore regions of Ratnagiri and cause wind-sea from the northwest. AWS wind

data during June (Figure 3.9b) show that during this period, the wind is predominantly

from the southwest, indicating the presence of southwest winds at Ratnagiri. This wind

will cause the generation and propagation of wind-sea either from the northwest or

southwest, depending on the direction of the winds blowing over the near-shore area of

Ratnagiri. Figure 3.10 indicates that a summer Shamal wind over the Arabian Gulf

shows a wind propagation period of 2–3 days to reach the coast of Ratnagiri during

peak time. The low correlation coefficient of 0.21 obtained between the wind direction

at the Arabian Gulf and the wave direction at Ratnagiri during the study periodindicates

that the wind direction at Ratnagiri is primarily influenced by the strong southwest

monsoon seasonal winds in the Arabian Sea.
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Figure 3.8. ASCAT wind direction and wind speed at Arabian Gulf during the year (A)

2010 and (B) 2011
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Figure 3.9 Measured AWS wind direction and wind speed at Ratnagiri during (a) May

and (b) June 2010. The meteorological convention is used for presenting the data (0º

and 360 ºfor wind from North, 90º for East, 180º for South and 270º for West).
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Figure 3.10. ASCAT wind direction at Arabian Gulf and Ratnagiri along the west coast

of India during 20 May to 19 July 2011.

2 Waves
I) Existence of summer Shamal swells

The swell component of the measured wave data is analysed to study the presence of

the summer Shamal swell along the central west coast of India. The swells from the

NW are the characteristic nature of Shamal induced swell during the winter season

(Aboobacker et al., 2011b). This study describes the northwest swells reaching the

Indian coastline at Ratnagiri during the summer Shamal period between May and

August in 2010 and 2011. The northwest swells show stronger Shamal events during

the summer of 2011 than those in 2010 at the Arabian Peninsula.

During the onset of summer monsoon (inMay) and in the summer monsoon season the

normal arrival of swells are from SW direction, but the arrival of NW waves are also
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observed as various events during the years 2010 and 2011. One important features of

these waves observed during May 2010 (Figure 3.11a) and 2011 (Figure 3.12a) show

a steady decrease in the swell direction towards the Indian summer monsoon. This

change in swell direction from northwest to west-northwest occurred during May, June,

and July and is due to the interaction of waves from the northwest swells produced by

the summer Shamal events and the strong southwest swells of SW monsoon (Figure

3.11b &Figure 3.12b). The presence of strong summer Shamal swells in May is due to

the weak southwest monsoon winds before the onset of the summer monsoon. In the

summer monsoon, there is a decrease in the number of swells coming from the

northwest sector because of the dominance of swells from the southwest Indian

summer monsoon. The southwest swells also have higher amplitudes compared to the

northwest swells. During 2010 and 2011, an absence of the northwest swells was

observed during the weak northwest winds at the Arabian Peninsula and the strong

southwest winds of the Indian summer monsoon. The swells propagating from the

Arabian Gulf travel approximately 1200–1500 km to reach the Ratnagiri coast

(Aboobacker et al., 2011b). This will trigger a time difference between the arrival of

summer Shamal swells and winds at Ratnagiri. The correlation between Ratnagiri wind

and waves is 0.61.

Contours of wave direction in a frequency–time domain (Figure 3.13) during May 2010

and 2011 show the northwest swells reaching the near-shore area of Ratnagiri. Periods

of the northwest swells ranged between 6.5 and 11s, and the swell direction was up to

315º. The increase in swell period is associated with the decrease in swell direction

due to the onset of the strong Indian southwest monsoon season. Figure 3.7 also

shows the presence of long-period swells in the range less than 240º i.e., from the

southwest. At the end of May, the swells from the southwest are dominant throughout

the Arabian Sea because of the break in the summer Shamal winds and the strong

Indian summer monsoon.
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Figure 3.11. (a) Wave direction (b) significant wave height and (c) wave period of sea,

swell and resultant of north westerly summer Shamal swells in 2010.
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Figure 3.12. (a) Wave direction (b) significant wave height and (c) wave period of sea,

swell and resultant of north westerly summer Shamal swells in 2011.
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Figure 3.13. Wave direction contours on a Frequency – time plot for the month of May

2010 (top) and May 2011 (bottom)

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Frequency (Hz)

120

125

130

135

140

145

150

Ju
lia

n
da

y
20

10

180

195

210

225

240

255

270

285

300

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Frequency (Hz)

120

125

130

135

140

145

150

Ju
lia

n
da

y
20

11



65

II Wave characteristics

The swells during May show an increase in wave height and a decrease in wave period

similar to the winter Shamal swells along the west coast of India (Aboobacker et al.,

2011b). The direction of the swell and resultant waves shows a shift in the wave

direction toward the west from the northwest during June and July compared to May.

While the wind-sea component shows a progressive shift in direction from the

northwest to the west and then to the southwest based on the shift in wind direction of

the region. The direction of the wind-sea in the first half of May is from the northwest,

and during the remaining period, the direction shifts to the west and then to the

southwest, depending on the strength of the winds reaching the west coast of the

Indian subcontinent. During the strong southwest monsoon period (June–August), the

direction of the wind-sea is mainly from the southwest. During the period when the

summer Shamal swells reach the west coast of India at Ratnagiri, the mean wave

period is in the range of 3.7–7.7 s (Tables 3.1 and 3.2), with the mean swell period in

the range of 6.6–11.2 s . Significant wave height varied between 0.7 and 1.7 m during

May, and during the southwest monsoon period, significant wave height increased and

varied between 1.4 and 3.4 m . This increase in wave height during June is also due to

the strong north-westerly winds from late May to early July (Membery, 1983). The swell

direction is more than 270º during 30% of the time and reaches up to 308º. However,

the wind-sea shows both a southwest and northwest direction, depending on the

prevailing wind condition along the west coast of the Indian subcontinent.

The analysis of wave direction contours on a frequency–time domain for May 2010 and

2011 also shows the presence of swells propagating from the NW. These swells show

two events in 2010 and one in 2011 with wave direction more than 270º with a duration

of a couple of days having wave period 8-10 s , which clearly shows the presence of

NW waves called Shamal waves. However, during the southwest monsoon, the

directions of observed northwest swells show a decrease in wave direction and are just

above 270º. The decrease in wave direction from northwest to west-northwest is due to

the interaction of swells between the northwest and southwest (Aboobacker et al.,

2011b).
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Table 3.1. Monthly variation of Peak wave period (Tp ), Wave direction ( Dp ), Mean

wave period (Tm), Significant wave height ( Hs ), Swell direction( Dswell ), Sea direction

( Dsea ), Significant swell height ( Hswell ), Significant sea height ( Hsea ), Swell period (

Tswell ), and Sea period (Tsea ) of NW swells during SW monsoon (May- August) of

2010 measured off Ratnagiri at a depth of 14 metres.

Wave

Parameters

May 2010 June 2010 July 2010 August 2010

min max mean min Max mean min max mean min max mean

Tp ( s ) 4.6 8.3 6.8 9.1 11.1 10.5 6.67 12.5 9.4 6.7 10.5 9.6

Dp (o) 270 307 284 270 280 272 270 283 272 270 273 271

Tm ( s ) 3.9 6.1 5.1 5.4 7.7 6.6 5.2 7.5 6 5.7 6.9 6.4

Hs ( m ) 0.7 1.6 1.2 1.4 2.7 2.1 1.4 3.4 1.8 1.5 3.1 2.4

Dswell (o) 270 307 283 270 280 272 270 283 272 270 273 271

Dsea (o) 262 307 285 247 291 267 255 284 270 257 276 266

Hswell ( m ) 0.4 1.4 1.0 1.2 2.5 1.9 1.1 3.1 1.5 1.2 2.5 2.0

Hsea ( m ) 0.3 1 0.7 0.6 1.6 0.9 0.5 1.8 1.0 0.9 2 1.3

Tswell ( s ) 6.6 8.9 7.5 7.9 10.3 8.9 7.04 10.3 8.4 7.7 9.7 8.8

Tsea ( s ) 2.6 4.4 3.4 3.0 5.2 3.9 3.1 4.7 3.8 3.9 4.8 4.3

III) Effect of summer Shamal swells along the Indian coast

Because of the northwest–southeast inclination of the coastline, the swells propagating

from the northwest will change the alongshore current and sediment transport regime

towards the south from the prevailing northerly direction. This change in near-shore

currents and the sediment transport from north to south depends on the strength of the

Shamal swells and Shamal events at the Arabian Peninsula together with the

prevailing summer monsoon winds over the Arabian Sea and propagating swells from

the southwest. During the southwest monsoon, the wave heights are typically higher

compared to the rest of the season. The observed wave data of Shamal swells also

show an increase in the wave height during the Indian southwest monsoon with

corresponding high energy. Because of the increase in wave height, the amount of
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Table 3.2.Monthly variation of Peak wave period (Tp ), Wave direction ( Dp ), Mean

wave period (Tm ), Significant wave height ( Hs ), Swell direction ( Dswell), Sea

direction ( Dsea), Significant swell height ( Hswell), Significant sea height ( Hsea), Swell

period (Tswell), and Sea period (Tsea ) of NW swells during SW monsoon (May-

August) of 2011 measured off Ratnagiri at a depth of 14 metres.

Wave

Parameters

May 2011 June 2011 July 2011 August 2011

min max mean min Max mean min max mean min max mean

Tp ( s ) 4.1 10 7.8 7.7 11.8 10.7 10 11.7 10.7 7.69 11.1 9.7

Dp (o) 270 307 287 270 287 272 270 274 271 270 276 271

Tm ( s ) 3.7 6.4 5.2 5.7 7.5 6.6 5.5 7.4 6.6 5.4 6.8 6.2

Hs ( m ) 0.7 1.7 1.1 1.5 3.1 2.5 1.8 2.5 2.0 1.6 2.9 2.3

Dswell (o) 270 308 286 270 287 272 270 274 271 270 276 271

Dsea (o) 257 308 283 239 287 261 233 276 256 232 280 264

Hswell ( m ) 0.3 1.4 .9 1.3 2.7 2.1 1.5 2.3 1.8 1.2 2.6 1.9

Hsea ( m ) 0.4 1.0 0.7 0.8 2.4 1.2 0.6 1.5 1.0 0.8 1.9 1.3

Tswell ( s ) 6.6 9.6 8.0 7.8 11.2 9.2 8.0 10.0 9.1 7.2 10.2 8.6

Tsea ( s ) 2.8 4.4 3.6 3.3 5.5 4.1 3.2 4.8 4.0 3.4 5 4.1

energy carried by these swells is large during June and July compared to winter

Shamal swells at the Indian coast whereas the summer Shamal waves arriving at the

nearshore region of Indian coast is less in the number of days compared to winter

Shamal swells. During May, the arrival of NW swells are more and will play an

important role in the sea state of the northern Arabian Sea and near-shore circulation

of the Indian coastline.

Based on the observation of NW swells the number of days influenced by this swell is

calculated and given in Table 3.3. Table 3.3 shows that observed summer Shamal

swells show an increase during 2011 (43 days) compared to 2010 (30 days) due to the

stronger summer Shamal winds in 2011 than in 2010. The maximum observed summer
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Shamal swell was in May and showed a decrease in number as the southwest

monsoon reached the Indian subcontinent, and the observed summer Shamal swell

was minimized in July due to the strong southwest monsoon.

Table 3.3. Monthly percentage variation of summer Shamal swells observed at

Ratnagiri during the SW monsoon of 2010 and 2011.

Year Months
No of Shamal days

( Dswell >270o )
Monthly percentage

2010

May 16 51.6

June 6 20.0

July 4 12.9

August 4 12.9

2011

May 19 61.3

June 10 33.3

July 5 16.1

August 9 29.0

3.3.1.2 SW Swells
A general wave condition over the Indian subcontinent is swell dominated. The

presence of these waves with large period has been observed throughout the year.

The arrival of swell is a general feature of the north Indian Ocean because of the wide

open southern ocean extended up to the southern ocean. Many studies (Kumar et al.,

2009; Kumar et al., 2012; Kumar et al., 2000b; Kurian et al., 2009a) reported the

presence of SW swells off the west coast of India, and SE swells at the east coast of

India apart from the NW swells by the Shamal events, but their generating area remain

unknown. During the summer monsoon, season swells carry a huge amount of energy,

which dominates the swell spectra over the west coast of India. These swells arriving
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from the western Arabian Sea are driven by the strong SW monsoonal winds of 15 1ms

and these swells are usually in the range of 8- 12 s (Kumar et al., 2006).

The long period swells during the SW monsoon season at the west coast of India is a

rare phenomenon due to the domination of strong SW monsoon generated rough

conditions and dominant nature of the monsoonal waves. During the analysis of wave

data, the presence of long-period swells with the peak period of about 20 s off Ratnagiri

is observed. These swells are identified by the increase in peak wave period and a

corresponding change in the swell period and swell height. The propagation time of 5–

6 days is estimated for the swell to reach Ratnagiri across the Indian Ocean if the

swells generated at the Southern Ocean propagate with a group speed of 14 1ms

towards the Indian Ocean according to the winds over the region. The direction of

propagation for these long period swells are from the SW direction (~240º) with a mean

significant swell height of 2.5 m . The arrival of these long-period swells is confirmed by

the inverse wave age calculation criteria based on the momentum transfer between air

and ocean. In a field experiment at North Atlantic, Edson et al. (2007) found that the

presence of swells can be identified by the ratio between pC and 10U . Based on that

study, the long-period waves of 17–20 s observed during the 7–8 August 2011 (period

of the summer monsoon of 2011), require a minimum wind speed of 25 m s−1 ( 10U =

0.83 pC ) to produce these long waves. Mostly, these high wind speeds are a result of

the Southern Ocean storms. Figure 3.14 shows the movements of a Southern Ocean

storm from west to east; with an SW wind direction blowing towards the Indian Ocean

during 1–2 August 2011.
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Figure 3.14. Southern Ocean and Indian Ocean wind system during 1-2 August 2011

showing the propagation of storm from west to east.
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3.3.2 Puducherry
The wave climate over the east coast is mainly contributed by the swells from SE

direction (95º) in the 2009-2011 periods. These swells are originated in the south

Indian Ocean either by the cyclonic activity or strong wind stress of the south easterly

winds or due to easterly propagating storms in the southern ocean. The presence of

swells produced by the southern Indian Ocean cyclones are observed in pre-monsoon

season during the months of January (Vince in 2011), February (Freddy in 2009),

March (Lisa in 2009) and April (Robyn in 2010) due to higher cyclonic activity during

the period (Bessafi et al., 2006). This also depends on the propagation of cyclonic

activity. These swells propagate westward from the tropical south the Indian Ocean

and show an impact in the south-western BoB. (Alves, 2006) used modelling technique

to prove this swell propagation from Tropical South Indian Ocean to Tropical North

Indian ocean. Maximum and minimum 0mH associated with these swells is 0.75 m

during category-4 tropical cyclone Lisa and 0.2 m during category-1 tropical cyclone

Freddy. South Indian Ocean waves generated by these tropical cyclones west/North-

West of Australia propagates into the study area with peak wave period ( Tp ) in the

range of 8.3 and 12 s and reach the study area with a time lag of 4–6 days during

different cyclones. Which is also depends on the strength of the cyclonic storm such as

wind speed and propagation of these events.

Besides the swells from the southern side less number of swells (5%) is also arriving

from the north of the study location. The presence of north Indian Ocean swells is also

found in the study area during the post and pre-monsoon period. But major contribution

by these swells is observed during the post monsoon season when NE winds are

strong. And another part due to the high winds developed in the north due to cyclonic

activity. Indian Daily Weather Report reveals the presence of 16 storms/depressions

(Table 3.4) in the BoB during the study period. Near-shore off the coast of Puducherry

is affected by seven major cyclones out of the sixteen cyclonic activities during 2009

and 2011 (Table 3.5 and Figure 3.15). The pressure level data from the Cyclone

Detection Radar Centre indicates that maximum pressure drop of 52 hpa and maximum
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wind speed of 105 knots for the cyclone GIRI during 20–23 October 2010 (Table 3.5)

and minimum for cyclone BIJLI (8 hpa and 40 knots) during 14–17 April 2009.

Figure 3.15. Distribution and tracks of cyclones in Bay of Bengal during 2009, 2010,

and 2011. The depth contours are in meters.

Tropical cyclone THANE is formed on 25 December 2011 as a Tropical Depression

and weakened on 30 December 2011 (Chu et al., 2012). During Thane cyclone (25–29

December 2011), the spectral energy density varied from 1 to 85 Hzm /2 (Kumar et al.,

2013a). Wave spectra are predominantly broad banded during 20–25 December with

energy spreading from 0.1 to 0.3 Hz and during cyclone period (26–29 December), the
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spectra is narrow banded with spectral energy concentrated between 0.07 and 0.14 Hz

(Kumar et al., 2013a). Severe Cyclonic Storm (SCS) JAL formed as a depression and

intensified as a SCS on 6 November 2010. Crossed north Tamil Nadu and south

Andhra Pradesh coast close to the north of Chennai near 13.3º N 80.2º E around 1600

UTC of 07 November 2010. Attained a maximum wind speed at 30 1ms and minimum

pressure of 988 hpa at 1200 UTC on 06 November 2010. During the Jal cyclone (04–

08 November 2010), the spectral energy density varied from 0.14 to 18.8 Hzm /2 . Hm0

increased from 0.5 to 2.5 m due to the influence of cyclone Jal.

Table 3.4. Depression/cyclone activity in BOB during 2009-2011 (D: Depression,

DD: Deep depression, CS: Cyclonic Storm, SCS: Severe Cyclonic Storm, VSCS: Very

Severe Cyclonic Storm, SuCS: Super Cyclonic Storm)

year D DD CS SCS VSCS SuCS Total

2009 0 2 2 1 0 0 5

2010 2 1 0 2 1 0 6

2011 2 2 0 0 1 0 5

Total 4 5 2 3 2 0 16

The presence of cyclone generated waves in the BoB is identified by the domination of

swell parameter and sudden increase in significant and maximum wave height.

Extreme wind condition occurred due to the tropical cyclones over the study area

shows extreme wave condition (Alves, 2006). Highest maximum (8 m ) and significant

wave height (6 m ) is observed during the Thane cyclone. Wave period associated with

the north Indian Ocean cyclones are in the range of 8-13 s . Maximum 0mH observed in

10 m water depth at 130 km south of the study area is 1.8 m (Kumar et al., 2002).

Mishra et al. (2011) reported maximum 0mH of about 2.85 m over western BoB during

the summer monsoon in 2008.
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Table 3.5 Major cyclones over Bay of Bengal, North Indian Ocean during 2009 and

2011 (CS: Cyclonic Storm SCS: Severe Cyclonic Storm VSCS: Very Severe Cyclonic

Storm).

Cyclones Date year
Maximum

wind (knots)

Maximum pressure drop

at the centre ( hpa )
Grade

BIJLI Apr 14-17 2009 40 8 CS

AILA May 23-26 2009 60 20 SCS

WARD Dec 10- 15 2009 45 10 CS

LAILA May 17-21 2010 55 15 SCS

GIRI Oct 20-23 2010 105 52 VSCS

JAL Nov04-08 2010 60 18 SCS

THANE Dec 25-31 2011 75 30 VSCS

3.4 Wave classification
The wave climate over the Indian coastline is mixed and depends on different wave

system reaching the nearshore area. So the analysis of waves over the region

iscomplicated. For simple and efficient way of understanding the variation in waves

during temporal scales waves are classified into three categories based on the spectral

peak period as (1) short period waves ( pT < 8 s ), (2) intermediate period waves (8 pT

 13 s ) and (3) long-period waves ( pT > 13 s ).

3.4.1 Short period waves

Waves with short periods ( pT < 8 s ) are mainly observed during the pre- and post-

monsoon season along the Indian nearshore region (Figure 3.16).The highest

percentage of short period waves have arrived during February (69 %) followed by

January (65 %) and March (59%). During the pre-monsoon and post-monsoon season,

the short period waves are dominant with 54% and 43 % of the season at Ratnagiri
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region. During the SW monsoon season, short period waves contribute only 3% of the

waves.

Figure 3.16 Composite monthly variations in percentage occurrence of short period

waves ( pT < 8), Intermediate period waves (8 pT  13 s ), and long period waves ( pT

>13) during 2010, 2011, and 2012 at Ratnagiri.

The significant wave height corresponds to short period waves during three seasons

(pre, SW and post monsoon) were 0.8, 1.6 and 0.7 m . Along the west coast of India the

major contribution of short period waves in the spectra are due to the wind-sea



76

generation in the nearshore region by the local wind system of sea/land breezes

(Pattiaratchi et al., 1997) and the arrival of Shamal swell at the region and wind-sea

generated by the extension of Shamal winds (Aboobacker et al., 2011a).These short

period waves are mainly from the NW direction in pre- and post-monsoon seasons.

During the SW monsoon season, the waves are coming from the WSW direction due to

strong SW monsoon winds (Figure 3.17a–c).

At Puducherry short period waves are induced by the local sea breeze system from the

NE and SE direction. Short period waves are observed during 50% of the total period

with 59% of the time during the pre and post/NE monsoon season (Figure3.18) due to

the domination of wind-seas and young swells produced by the NE monsoon and local

sea breeze system. The direction of these short period waves (Figure 3.19 a-c) is

mainly from E in post monsoon season whereas, during SW monsoon, the direction of

propagation is from SE. During the pre-monsoon season, short period waves are a

minimum compared to the rest of the season because of the calm wind condition and

weak sea breeze land breeze system prevailing over the BoB and this type of wave are

with Hm0 in the range of 0.2–2 m and 02mT from 2.4 to 7 s .

3.4.2. Intermediate period waves

Over the west coast region, intermediate period waves (8 pT  13 s ) are most

dominant in the SW monsoon period (92%). In the SW monsoon season, the arrival of

these waves areobserved maximum during June (98%) and minimum in the month of

September (77%) due to the onset and offset of SW monsoon winds respectively. In

the annual cycle, these waves are minimum in March (8%) due to the dominance of

short period and long periodwaves (Figure 3.16). These waves are mainly from the

west-southwest direction (Figure 3.17 d–f) and their origin and propagation are

influenced mostly by the SW monsoonal winds (Figure 3.5 b) in the southern Arabian

Sea.
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Figure 3.17 Seasonal variations in wave direction of short period waves during (a) pre-

monsoon, (b)SW monsoon and (c) post monsoon, intermediate period waves during

(d) pre-monsoon (e) SW monsoon and (f) post monsoon, long period waves during (g)

pre-monsoon (h) SW monsoon and (i) post monsoon at Ratnagiri. X axis to right or left

from the centre indicates the number of values in each band

Waves in the intermediate period are also observed from the NW due to the strong

summer Shamal swells (Glejin et al., 2013a) from the Arabian Gulf, but these waves

are less in numbers compared with the SW waves. Significant wave height associated

with these waves reaches up to 4.2 m (Table 3.6).
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Figure 3.18: Composite monthly variations in percentage occurrence of short period

waves ( pT < 8), Intermediate period waves (8 pT  13 s ), and long period waves ( pT

>13) during 2009, 2010, and 2011 at Puducherry.

During the SW monsoon period, waves generated by the SW monsoonal winds over

the Arabian Sea dominate the energy spectrum and shift the peak period ( pT ) towards

the intermediate range of 8–13 s . Intermediate period waves are observed with
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relatively a low percentage of occurrences during the pre- and post-monsoon seasons

(16 and 26 %) because of minimum wind speed over the Arabian Sea during these

seasons (Figure 3.5).

Figure 3.19 Seasonal variations in wave direction of short period waves during (a) pre-

monsoon, (b)SW monsoon and (c) post monsoon, intermediate period waves during

(d) pre-monsoon (e) SW monsoon and (f) post monsoon, long period waves during (g)

pre-monsoon (h) SW monsoon and (i) post monsoon at Puducherry. X axis to right or

left from the centre indicates the number of values in each band.

However, at the east coast location Puducherry also the domination of intermediate

wavespossess the same trend in the percentage of the intermediate wave with the

minimum during the post-monsoon (34 %), a maximum in the SW monsoon season (60

%) and 41 % during the pre-monsoon season (Figure 3.18). Decrease in intermediate
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waves during the SW monsoon is due to the increase in the short period waves

generated by the sea breeze land breeze. The direction of these waves is from SE

during all seasons due to the propagation of young and mature swells from the north

and south Indian Ocean from the tropical south Indian Ocean generated by the strong

easterlies (Figure. 3.20). Intermediate period waves are associated with 0mH in the

range of 0.2–6 m and 02mT from 2.5 to 9.3 s .

3.4.3 Long period waves

The presence of long-period waves ( pT > 13 s ) is persistent throughout the year in the

Arabian Sea (Figure 3.16). These long period waves are dominant during the pre- (45

%) and post-monsoon (47 %) seasons. These are a mean value minimum of 8 % of

these waves during the southwest monsoon season with hardly 1% during the strong

SW monsoon months (JJA) while the presence of these waves has role in the

nearshore region during the month of September with 18 % of the waves. This is due

to the dissipation of long period swells by the strong easterly winds over tropical south

Indian Ocean during the strong SW monsoon. This type of swell dissipation in strong

wind is reported earlier by Ardhuin et al. (2005). The direction of propagation of long

period waves is mainly restricted to the SW region, indicating the presence of waves

from the south Indian Ocean and Southern ocean. The long period waves with periods

over 18 s from the Southern Ocean are observed during all three seasons even if the

number of events is minimum during the strong SW monsoon season.At Puducherry,

the long period waves are observed for only 5% of the time during the study period

(Figure 3.18). Presence of long period waves are observed maximum during October

(13%) followed by July, August and September (8%) in the SW monsoonseason

whereas long period waves are negligible (<1%) during December and January when

NE winds dominates the region (Figure 3.18).

The variation in long period waves reaching Ratnagiri is due to the westward swells

generated in the southern ocean whereas long period waves are negligible (<1%)

during December and January when NE winds dominates the region (Figure 3.17). The

variation in long period waves reaching the Puducherry is due to the westward swells
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generated in the southern ocean south of Australia by the weak summer storms and

intense winter storms (Alves, 2006). These types of waves show a common direction of

propagation to SE and are dominated by the presence of mature swells propagating

from the south Indian Ocean and have 0mH in the range of 0.4–0.9 m and 02mT from 2.7

to 8.7 s . As Alves (2006) reported, storms within the extra tropical south Indian Ocean,

which typically propagates to the east, below 40ºS (Figure 3.20).

Figure 3.20. Annual composite of wind speed and direction over the western side of

northern and southern Indian Ocean. Wind speed is in 1ms .

Maximum storm densities occur on the western sides of these ocean basins near 50º

S. Waves generated by these winds propagates towards location is shadowed by the

Sri Lankan landmass block these waves reaching the study location. And observable
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along the eastern side of BoB, as it moves towards and observed along the west coast

of India (Glejin et al., 2013b).

3.5 Inter-annual variability in wave characteristics
To understand the seasonal and inter-annual variability of waves, this study has used

three years data during 2009-2011 at Puducherry and 2010-2012 at Ratnagiri. For this,

we also analysed the occurrence of waves in different bands. To study the variation in

significant wave height, peak period and wave direction this study used the bands of

0.25 m , 2 s , and 20º respectively (Figure 3.21 &3.22).This study also analysed the

inter-annual variation between these three parameters using monthly mean for the

specified period (Figure 3.23 &3.24).

At Ratnagiri, located along the west coast of India, waves shown large variation in

wave height and wave period (Figure 3.21). The maximum percentage of waves have

occurred in the 0.5-0.75 m band (26%) followed by wave height with 0.25-.05 m (16

%) and 0.75-1 m (17 %) which is contain a major part of the waves (~60%) observed

along the region. High energy waves with wave height between 1.25 and 2.75 m are

present during 30% of the total waves recorded at the region. The wave with period 10-

12 s has occurred approximately 25 % of total waves and secondary maxima in the 4-6

s range (17%).Due to the presence of land boundary, two major wave propagation are

observed from 220-280º (74%) and 300-320º (16%).

At Ratnagiri, the significant wave height varied between a minimum of 0.2 m and a

maximum of 4.2 m during the year 2011 (Table 3.6). During pre-monsoon and post-

monsoon season, the sea state is in smooth to moderate range. Sea state is in its

extreme condition (maximum wave height up to 7 m ) from June to September (SW

monsoon) due to high winds of the SW monsoon. Significant wave heights are

maximum during the SW monsoon season and minimum during the post monsoon

season; values in the pre-monsoon season are intermediate. Seasonal variations in the

joint distribution of wave height and period is presented in Figure 3.25a to c. During the
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Figure 3.21 Variation in percentage occurrence of (a) significant wave height ( 0mH ) in

meters, (b) peak wave period ( pT ) in seconds, and (c) wave direction ( pD ) in degrees

at Ratnagiri.

SW monsoon, large number of waves are with 0mH from 2 to 3 m and 02mT from 5 to 7

s , whereas during the NE monsoon 3 s and 5 s waves are observed in large number.

The increase in wave height in the pre-monsoon season at Ratnagiri is due to the

presence of sea breeze system during the period. Peak wave direction varied from

197º to 335º with an average value of 262º and the variation between lower and upper

limit of wave direction is maximum in the pre and post monsoon season and minimum

during the SW monsoon.
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Figure 3.22 Variation in percentage occurrence of (a) significant wave height ( 0mH ) in

meters, (b) peak wave period ( pT ) in seconds, and (c) wave direction ( pD ) in degrees

at Puducherry

The East coast region at Puducherry is dominated by moderate waves having 0mH in

the range of 0.25–1 m during approximately 80% of time and out of which about 40%

of waves is in 0.5–0.75 m range and 20% of waves is in the range of 0.25–0.5 m and

0.75–1 m (Figure 3.22).The occurrence of pT shows wind-sea dominated and swell

dominated spectra with pT in the range of 4–8 s (21%) and 8–10 s (30%) with most of

the waves are in the 4-12 s range (85%). Above 12 s the presence of waves are
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comparatively lower and contribute only 4.5 % of the total recorded waves. According

to the directional properties of the waves, the east coast is dominated by SE or ESE

during 90% of the total waves the remaining are from the ENE direction.The

predominant direction of waves at Puducherry is 120–140º.Waves over the south-

western BoB are mainly dominated by the young swell and old swell (Table 3.7). Wind-

sea is observed least in the three-year period with an average value of 9.3%.Wave

heights are relatively high during the NE monsoon at Puducherry (Figure 3.25 d-

f).Inter-annual variability of principal wave components, significant wave height ( 0mH ),

peak wave period ( pT ) and mean wave direction, shows variation throughout the study

period(Figure 3.23&3.24). At Ratnagiri, the time series of monthly average wave height

Table 3.6.Monthly variation of sea state variables in 2011 at Ratnagiri

Month

Wave parameters

Wave direction

(o)

Significant

wave height

( m )

Maximum

wave

height ( m )

Mean wave

period ( s )

min max avg min max avg min Max avg min Max avg

January 208 333 292 0.3 1.1 0.6 0.4 2.0 0.9 2.9 5.5 4.1

February 204 331 279 0.3 1.8 0.6 0.4 3.0 1.0 2.8 6.1 4.1

March 197 325 278 0.4 1.2 0.7 0.5 2.3 1.1 3.0 7.9 4.2

April 200 319 266 0.4 1.3 0.8 0.5 2.4 1.1 3.1 6.6 4.3

May 204 314 260 0.7 1.7 1.0 0.9 3.0 1.5 3.6 6.7 4.9

June 245 287 261 1.1 3.2 2.3 1.6 6.9 3.5 5.2 8.2 6.6

July 232 274 259 1.4 4.0 2.3 2.0 7.0 3.5 4.9 8.0 6.5

August 233 276 260 1.3 3.1 2.0 1.7 5.5 3.2 5.0 7.7 6.2

September 218 276 252 0.6 4.2 1.6 0.8 6.5 2.4 4.0 7.9 6.2

October 204 322 241 0.3 1.0 0.6 0.4 1.7 0.9 2.9 10.2 5.6

November 203 335 241 0.2 1.3 0.5 0.4 2.4 0.8 2.9 7.8 4.8

December 217 322 258 0.4 0.9 0.5 0.5 1.6 0.8 3.4 6.2 4.5
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shows significant variation between SW monsoon and rest of the period (Figure 3.23a).

During the post and pre-monsoon season, the weekly average wave height is steady

and remains less than 1 m throughout the entire study period from 2010-2012 while in

the SW monsoon season wave height reaches up to 3 m . However a clear oscillation is

hardly observable in the peak period and wave direction (Figure 3.23 b&c). These

parameters vary irregularly during the pre and post monsoon season and steady (10 s

and 260 º) during the SW monsoon period. Trend analysis during the period shows a

decrease in wave height with a factor 0.0011 m seasonally. Monthly mean 0mH are

greatest in the post monsoon months from November through February (Figure 3.24)

at Puducherry. Mean 0mH are generally smaller in the summer months, compared to

post monsoon months. Monthly 0mH values of more than 1 m m are most frequent in

the post monsoon month of December. But a secondary peak in wave height is evident

with 0mH less than 1 m during the summer monsoon season. Maximum 0mH (6 m )

during the entire record is in December 2011 and is caused by the cyclone Thane. But

the wave period and wave direction shows similar variation in components peaking

towards SW monsoon (JJAS) season then decreasing nature in the post monsoon

season by the NE winds and associated wave generation. Peak swells occur

seasonally in the summer and pre-monsoon months and minimum during the post

monsoon months. Mean wave direction indicates propagation of swells predominantly

from the E and SE direction during the summer and pre-monsoon season rather than

NE direction during the post monsoon season. NE waves are dominated by the wind-

sea produced by the NE monsoonal winds and local sea breeze.
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Figure 3.23 Monthly average of (a) Significant wave height ( 0mH ) in meters, (b) mean

wave period ( 02mT ) (c) peak wave period ( pT ) (d) maximum spectral energy density

(Emax), (e) mean Wave direction ( pD ) (deg) at Ratnagiri during April 2010 – March

2013. X-axis represents the time period in months at Ratnagiri.
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Figure 3.24 Monthly average of (a) Significant wave height ( 0mH ) in meters, (b) mean

wave period ( 02mT ) (c) peak wave period ( pT ) (d) maximum spectral energy density

(Emax), (e) mean Wave direction ( pD ) (deg) at Puducherry during 2009 - 2011. X-axis

represents the time period in months at Puducherry.
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Table 3.7 Nature of the sea state according to wave steepness at Puducherry

Year
Nature of the sea state (%)

Wind-sea Young swell Mature swell Old swell

2009 8 36 29 27

2010 10 34 24 32

2011 10 41 24 25

Average 9.3 37 25.7 28

Figure 3.25. Joint distribution of significant wave height and mean wave period at

Ratnagiri (a to c) and Puducherry (d to f) in different seasons
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3.6 Domination of wind-sea over swells

Near-shore wave climate will depend on the combined effect of both locally generated

wind-seas and remotely generated distant swells. To analyse this wave data of

Ratnagiri during 2010 and 2011 (Table 3.8) and Puducherry during 2009-2011 (Table

3.9) are used by separating wave data into wind-sea and swell. To analyse the

dominating wave type wave data have been separated into wind-sea and swell.

At Ratnagiri, the relative magnitudes of the wind-seas and swells during the pre- and

SW-monsoon season are almost identical during 2010 and 2011. The domination of

swells is observed during the SW monsoon season (74 and 72 % during 2010 and

2011) and wind-seas are observed during the pre-monsoon season (72 and 73%

during 2010 and 2011 respectively). During the post-monsoon period, the wind-seas

are 67 % in 2010 and 60 % in 2011. Aboobacker et al. (2011a) reported the dominance

of swells during the post-monsoon season of 1997. The presence of higher cyclonic

activity during the year 2011 compared to 2010 (Indian meteorological department:

IMD, 2011, 2012) influenced the presence of swells and wind-seas along the study

region. This caused the arrival of more swells at the wave measurement area, with an

increase of 7 % of swells during the post-monsoon period in 2011 compared with 2010.

The mean period of wind-seas is 4 s and shows similar characteristics in wind-seas

direction during pre- and post-monsoon periods (Figure 3.26). The dominant swells

reaching the central west coast of India are from the SW direction and the

corresponding wind-seas are from the NW direction except during the SW monsoon

period. Wind-sea direction during the SW monsoon is 260º because of a strong SW

monsoonal wind pattern and, therefore, produces the wind-seas from the WSW

direction. Maximum swell period and minimum swell height are observed during the

pre- and post-monsoon seasons. Additionally, during the SW monsoon period, the

swell wave height is at an annual maximum, due to strong SW monsoon winds, and

the swell period is at a minimum.
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At Puducherry wind-seadominated over swells during the annual cycle (Figure 3.27).

While the domination of wind-sea and swell is observed in the diurnal cycle during the

month of July, August, September and October (mainly in the SW monsoon season).

The higher percentage of swells compared to wind-sea is observed in the forenoon

period, while wind-seais more in the afternoon. During the NE monsoon season, the

diurnal variation of wind-sea and swells is minimum while during the rest of the period

wind-sea has a sinusoidal structure indicating an increase in high-frequency waves as

the day progresses.

Table 3.8 Seasonal percentages of wind-sea and swell conditions at Ratnagiri

year season
Wind-sea

(%)
Swell (%)

2010

Pre 72 28

Mon 26 74

post 67 33

2011

Pre 73 27

Mon 28 72

post 60 40

Table 3.9 Seasonal percentages of wind-sea and swell conditions at Puducherry

year season
Wind-sea

(%)
Swell (%)

2009

Pre 35 65

Mon 47 53

post 35 65

2010

Pre 24 76

Mon 51 49

post 42 58

2011

Pre 31 69

Mon 46 54

post 35 65
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The dominance of swells during these months are due to the swells from the SE

direction and the development of local sea/land breeze system. The sea breeze

generated wind-sea drive the sea state in the afternoon at SW monsoon period. The

absence of diurnal variation in the wind-sea and swell during the months of NE

monsoon is due to the active monsoonal winds generated wind-sea domination (Table

3.9). During the SW monsoon season, the winds from the SW has less influence on the

wave climate and is dominated by the swell in the forenoon period and by wind-sea

Figure 3.26 Diurnal variation of wind-sea and swell domination in percentage at

Ratnagiri. X-axis represents time in UTC
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Figure 3.27 Diurnal variation of Wind-sea and swell domination in percentage at

Puducherry. X-axis represents time in UTC.

during the night by the sea breeze. This indicates that wave climate over the south-

western BoB is in contrast to the wave climate over the eastern Arabian Sea during the

SW monsoon. This is controlled by the local wind system called sea/land breeze and

the geographic effect over the SW monsoonal winds.
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3.7 Influence of swell on Indian nearshore
3.7.1 On Marine Boundary Layer
Inverse Wave age and distant swells (Figure 3.27) depicts the seasonal and annual

distribution of inverse wave age during 2010 and 2011 and is used to identify the

occurrences of wind driven waves and wave driven/modified wind regimes in the study

area. The distribution of inverse wave age is almost identical in 2010 and 2011 on

seasonal and annual scales. During the strong SW monsoon season, the dominance of

swells with the presence of wind-seas (mixed wind wave regime) (Figure 3.28b) is

observed with inverse wave age in the range of 0.3–0.5 due to strong SW winds.

Usually, positive wave age is associated with SW monsoonal waves with mixed wind

wave regimes. The analysis of the inverse wave age in three seasons indicates that

during 2010 and 2011 the inverse wave age is positive from the start of the SW

monsoon season in June and continues with positive values till the end of the SW

monsoon season (September). The small peak in the negative region of inverse wave

age distribution indicates the early withdrawal of summer monsoon winds reaching the

central west coast of India in 2010 compared to 2011. Inverse wave age distribution in

the post monsoon period of 2010 indicates a typical example for the wind system in the

study area without the occurrence of any storms and cyclonic activities in the northern

Indian Ocean.

Negative values of inverse wave age during the pre-monsoon season of 2010 and

post-monsoon season of 2011 indicate the presence of storms and cyclonic activities

over the Arabian Sea. During the pre- and post-monsoon period, the wind direction is

NE (Figure 3.6) and makes a relative wind wave angle of more than 90º with waves

from NW and SW direction. This induces a more frequent occurrence of inverse wave

age in the range of −0.2 to 0 compared to the frequency distribution peak of 0.17

(Figure 3.28a) during the pre- and the post-monsoon season without cyclones. This

higher occurrence of smaller inverse wave age (−0.2 to 0) of more than 0.17 during

pre-monsoon of 2010 (Figure 3.28a) and post-monsoon of 2011 (Figure 3.28c) are

observed with the presence of cyclonic activity over the Arabian Sea. During these

seasons, the near-shore region is dominated by inverse wave age values less than 0.2
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with a peak in the region of negative values (Hanley et al., 2010). This indicates a shift

from mixed wind wave regimes during SW monsoon to wave modified wind regime

during pre- and post-monsoon seasons, respectively. Negative Values of inverse wave

age indicate the dominance of swells in the Arabian Sea propagating against the

seasonal winds (Hanley et al., 2010), this contradicts the present study, which

indicates the domination of wind-sea due to sea/land breeze circulation over the

eastern Arabian Sea (Table 3.8). This is due to the fact that large-scale winds show the

seasonal wind pattern over the region without the local sea/land breeze circulation. In

an annual period, the study region is characterized by the mixed and wave modified

wind regime (Figure 3.28 d).

Table 3.10 Classification of sea state based on inverse wave age calculated using

pCU /10 and pCU /cos10 

Season

classification based on

pCU /10

classification based on

pCU /cos10 

Wind

driven

wave (%)

Mixed

(%)

Wave driven/

modified

wind (%)

Wind

driven

wave (%)

Mixed

(%)

Wave driven/

modified

wind (%)

Pre

monsoon
2 75 23 1 46 53

SW

monsoon
0.2 92 7.8 0.5 89 10.5

Post

monsoon
2 65 33 0.3 21.7 78

Purely wind-induced waves are negligible in the study area. So we used a variant of

inverse wave age equal to pCU /10 to represent the sea state during pre- and post-

monsoon seasons. The sea state is in the mixed sea state during all seasons with

swell domination during the SW monsoon period (Table 3.10) and winds sea

domination during pre- and post-monsoon periods (Table 3.8). Along the west coast of
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India, the offshore extent of the sea breeze is 180 km (Aparna et al., 2005). The

present study shows that the study of Hanley et al. (2010) based on inverse wave age

considering the relative angle between wind and wave is only applicable to a region

outside the sea breeze/land breeze circulation system. Hanley et al. (2010) have

shown the dominance of swells over the tropical Indian Ocean using the 40 yr.

European Centre for Medium- Range Weather Forecasts (ECMWF) data, which give

similar results to our study with NCEP wind data.

Figure 3.28. Histogram of inverse wave age calculated based on observed wave

direction and NCEP wind data at Ratnagiri during (a) pre-monsoon, (b) monsoon, (c)

post-monsoon and, (d) annual 2010–2011.
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3.7.2 Reflection pattern of swells

Information on wave reflection from coastal landforms and structures are important in

the designing of harbours and coastal constructions. Even though the reflection from

waves from natural beaches is less than 5% (Elgar et al., 1994), can attain high values

(up to 40%) of reflection coefficient from the steep land form such as cliffs (O’Reilly et

al., 1999). These high values of reflection from shoreline will lead to increase in wave

height and changes in coastal hydrodynamics (Yu et al., 2000). Investigation of seismic

and infra-sounds also require knowledge on these reflected waves due to additional

noise into the systems (Ardhuin e. al., 2012; Hasselmann, 1963; Kedar et al., 2008;

Stopa et al., 2011; Szelwis, 1982).

This study is focused to qualitatively analyse the daily, seasonal and annual variation in

reflected wave energy at Ratnagiri and Puducherry. The coefficient of wave reflection

is calculated using Equation (3.1) by estimating the spectral energy ( E ) corresponds to

the incident ( iE ) and reflected energy ( rE ) to the shore.

1002 
E

E
R i (3.1)

The influence of reflected wave height on the near shore waves are analysed by

deriving the corresponding wave height from the observation. Details on the calculation

of reflection coefficient and the incident and reflected waves are included as Annexure

-1

3.7.2.1 Influence of seasons
The reflection pattern of swells from the west and east coasts of peninsular India has

different characteristics (Figure 3.29). Along the west coast of India, The average

reflection coefficient also has seasonal variation (Figure 3.29 a). This is observed with

a gradual decrease in wave energy towards the SW monsoon season and then a

gradual increase in reflection coefficient from the offset of SW monsoon season. The

maximum reflection wave energy reflected is during the post (12.06%) and pre

(10.5%)monsoon season whereas in summer monsoon season mean reflected energy
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is low (~<3.5%) with a maximum in September(~5%). In an annual cycle, the mean

reflection coefficient is 8.63%.

At Puducherry, located along the east coast of India, maximum reflection coefficient

observed during February in 2010(~27%) (Figure 3.29 b). Similar trends are observed

during 2009 and 2011 but slight changes in coefficients. On an average 17.58 % of the

total incoming wave energy are reflected back to the ocean from the coastline. On

seasonal analysis the maximum wave energy propagated towards during the pre-

monsoon season (20%) and minimum in the SW monsoon 15.3%. The seasonal

variations in R2 for the east coast locations were not significant compared to the west

coast locations. At this location, the variation in reflection coefficient depends on the

presence of swell arriving at the location and the beach face slope. Joevivek et

al.(2013)observedthat the beach slope at Puducherry is less in SW monsoon

compared to the other seasons. This plays an important role in the reflection coefficient

at Puducherry. The increase in beach face slope reflects more energy during the pre

and post monsoon season than SW monsoon and cause comparatively higher

reflection coefficient during the rest of the season than SW monsoon season.

The difference in reflection coefficient depends on various parameters such as

steepness of the beach, the presence of cliffs and wave energy associated with the

incident swells. Elgar et al. (1994) found that the relationship between reflection

coefficient and wave energy is out of phase from a plane sloping beach using an array

of bottom mounted pressure sensors at 13 m depth. Elgar et al. (1994) also noticed the

effect of high frequency swells causing the reduction in the percentage of wave

reflection. And also a significant increase in reflection as the slope of the beach face

increases.

The significant differences in wave reflection between locations along east and west

coast of India are due to seasonal variability in wave spectra. This well correlates with

the variation in incident wave spectral energy as high wave spectral energy are the
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Figure 3.29. Monthly average percentage of reflected incident energy off Ratnagiri

(top panel) and at Puducherry (bottom panel) in years

characteristics of SW summer monsoon season (Kumar et al., 2006) and less during

pre and post monsoon season. During the pre and post monsoon season, the

nearshore regions along the Indian region is dominated by long-period waves with

small wave height while in summer monsoon season is characterized by intermediate

swells with high significant wave height which is more vulnerable to dissipation and

reflection is minimum. Another parameter effects the reflection coefficient is the beach

face slope. The beaches of the west coast of India are very steep during the SW
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monsoon season than other two seasons, pre and post monsoon season (Dora et al.,

2012). Due to the high waves reaching the coast cause the dissipation and

simultaneous decrease in reflection coefficient are observed. In the pre and post

monsoon season, west coast waves are mostly remotely generated long period, low

wave height swells. The change in wave characteristics with season has a significant

effect in the reflection coefficient. Table 3.11 shows the monthly average percentage of

the significant wave height of incident swells and reflected swells. The increase in the

incident energy during the monsoon months was high, whereas the corresponding

change in reflected energy was low.

Table 3.11 Wave reflection characteristics

Ratnagiri Puducherry

2010 2011 2009 2010 2011

Hi Hr Hi Hr Hi Hr Hi Hr Hi Hr

Jan - - 0.19 0.07 0.27 0.1 0.21 0.09 0.31 0.11

Feb - - 0.23 0.08 0.15 0.06 0.14 0.07 0.28 0.1

Mar 0.4 0.13 0.31 0.1 0.25 0.09 0.14 0.07 0.22 0.09

Apr 0.37 0.12 0.35 0.11 0.3 0.11 0.21 0.09 0.21 0.09

May 0.57 0.14 0.51 0.13 0.28 0.12 0.36 0.13 0.28 0.11

Jun 1.55 0.25 1.69 0.26 0.38 0.14 0.32 0.13 0.24 0.1

Jul 2.01 0.31 1.71 0.26 0.33 0.12 0.36 0.13 0.34 0.12

Aug 1.38 0.22 1.42 0.23 0.37 0.13 0.35 0.13 0.33 0.12

Sep 0.87 0.16 1.21 0.21 0.42 0.14 0.32 0.12 0.28 0.11

Oct 0.35 0.11 0.46 0.12 0.32 0.12 0.36 0.13 0.26 0.11

Nov 0.23 0.08 0.35 0.1 0.32 0.11 0.47 0.14 0.31 0.1

Dec 0.28 0.09 0.22 0.08 0.42 0.12 0.46 0.14 0.65 0.18
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3.7.2.2 Impact of cyclone
High winds associated with tropical cyclones causes rough condition with the

generation of high waves, storm surges and edge waves at the influencing region as

well as the coastal region where this wave are arriving. In this section, the effect of a

very severe cyclone ‘THANE’ in the variation of reflection coefficient has been studied.

On 23rd December 2011 Thane cyclone started as a tropical disturbance in the Bay of

Bengal to the east of Indonesia. This disturbance then developed into a depression

over the Bay of Bengal on 25th December 2011 evening and propagated towards

north- northwest direction. On 26 December 2011 Indian Meteorological Department

(IMD) classified this depression into a cyclonic storm. On 28 afternoon, IMD upgraded

this cyclonic storm into a severe cyclonic storm and then into the first very severe

cyclonic storm of the season. Then made landfall in the evening of 28th December

2011 between Cuddalore and Puducherry within 06:30 and 07:30 IST with a wind

speed of 120–140 Kmph (Kumar et al., 2013). Track of the cyclone is given in Figure

3.15. More details on sea state and other wave characteristics are described in

Chapter 4 ‘Extreme waves conditions’.

During the cyclone period, the mean reflection coefficient is 6.4 % while the values

have large variability during the onset of the cyclone and during the cyclone period.

The maximum value of reflection coefficient is observed during the onset of the cyclone

(19.9 %) on 24th December 2011(13:00 IST). After the peak in reflected wave

percentage, the values shows a gradual decrease with the strengthening of cyclonic

winds and associates turbid condition over the ocean surface. The dissipation of

cyclone and decrease in waves propagated towards the measurement caused the

reflection coefficient to below 5%.The variation of R2 at Puducherry with high and low

values of reflected energy is due to the semi-diurnal tides.

Figure 3.30 depicts the variation of the incident and reflected wave height during the

THANE cyclone. Incident and reflected wave shows minimum height during the onset

of the cyclone over the Bay of Bengal with depression located far from the

measurement region. During the period the incident and reflected wave energy was
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less than 0.5 and 0.1 m respectively. Then these heights are increased to ~2.5 and

0.55 by the development of cyclonic winds. Again the wave heights are decreased

before peaking up to a incident and reflected energy to 3.5 and 0.45 m respectively.

But due to the propagation of wind towards the coastal area to make land fall the

presence of more winds sea cause a decrease in reflected swell energy than the

development period where long period swells dominates over the wind-sea. Both the

incident and reflected waves have shown a similar trend in the wave height from

measurements but depends on swell and wind-sea components in the wave system.

Analysis indicates that the high-energy incident swells also causes the increase in

seaward propagating waves. But in comparison with the amount of incident energy

propagated towards the location and its dissipation, the reflected wave energy was

very low, and hence, low percentage of reflected waves was found during the cyclone

period (Figure 3.30a). If we compare the seaward propagating energy during the

cyclone with that during the normal condition, it is higher. Off Puducherry, these higher

incident swells were observed during 12:00 UTC of 26 December –12:00 UTC of 27

December, 3 days before the arrival of ‘THANE’. This high-energy swell caused a

significant increase in reflected energy. The high-energy swell observed before the

arrival of the cyclone was due to wind pattern in the northern quadrant of the cyclone

and its direction (actually in this time the storm was in the stage of deep depression

and around 1,000 km east of buoy location and moved in north direction). After this

time, the incident energy decreased and the corresponding decrease in reflected

energy was observed due to the change in direction of cyclone track (wind and waves

on the different quadrant of the cyclone have different pattern).
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Figure 3.30. Wave reflection characteristics at Puducherry during severe cyclonic

storm THANE (a) percentage of reflection (b) Hs of incident swell and (c) Hs of reflected

swell
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Chapter 4

Extreme wave conditions: cyclones and freak waves
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Chapter 4

Extreme wave conditions: cyclones and freak waves

4.1 Introduction
Extreme wave conditions are one of the major factors affecting naval and civilian

shipping and can damage the offshore oil platforms and coastal structures. Intermittent

nature in extreme wave condition can occur either by atmospheric (cyclones) or

oceanic (wave-wave interaction and wave-current interaction) conditions or by

Tsunamis. West and east coast of the Indian subcontinent has its own importance in

the economy of India. The east coast has two of the major offshore fields (Krishna–

Godavari and Cauvery basin (Petromin, 2010) and west coast has the Mumbai High oil

fields, With more than 3,00,000 mechanised fishing boats operating over the Indian

coastal region, these high waves will impact adversely to these activities. This chapter

discusses these type of high waves; cyclonic waves due to cyclones and freak waves

due to random interaction.

4.2 Cyclonic waves
Tropical cyclones are among the most destructive natural disasters of the world (Singh

et al., 2001). A moving tropical cyclone is associated with a strong source of surface

wind stress that causes many significant changes in significant wave height, directional

wave spectra, and wave propagation (Chu et al., 2008) with complex wave field in

space and time (Barber et al., 1948). A number of studies were carried out to

understand wave generation and wave growth during the hurricane (Babanin et al.,

2011; Chu et al., 2008; Soomere et al., 2008; Xu et al., 2007). Significant wave height

0mH up to 7.2 m in the northern Baltic Proper and 4.5 m in the Gulf of Finland was

measured during windstorm Erwin/Gudrun in January 2005 (Soomere et al., 2008).

0mH up to 24 m was measured in 32 m water depth (Babanin et al., 2011). In North

Indian Ocean, on average, one severe cyclone is expected to form in November every
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year and November cyclones generally move westward to west-north-westward and

strike the Andhra Pradesh or Tamil Nadu coasts of India and they account for the

highest number of natural disaster deaths in India and Bangladesh (Singh et al., 2001).

During the 4 year period from 2009-2012, a total of 13 cyclonic storms and 10 deep

depressions occurred in the North Indian Ocean basin and has an average of 5.75

cyclones per year (Table 4.1). Due to the cooler SST over Arabian Sea than Bay of

Bengal, the tropical cyclones have a ratio of 4:1 between the Bay of Bengal and the

Arabian Sea. Maximum cyclones occurred from mid-April to mid-June and second one

from October to December (Niyas et al., 2009).

Table 4.1. Details of storms occurred over the Arabian Sea and Bay of Bengal from

2009-2012. The values in bracket indicates the no. of storms made land fall near the

study regions.

Year AS BOB

cyclone Deep

depression

cyclones Deep

depression

2009 1(1) - 3 (2) 2 (2)

2010 2(0) - 3 (3) 1 (1)

2011 1 (0) 2 (0) 1 (1) 2 (2)

2012 1 (0) 1 (0) 1 (1) 2 (2)

Out of these tropical cyclones, only one cyclone called Phyan ( in 2009) which made

landfall at 250 km north of Ratnagiri formed in AS. No other deep depression or

cyclonic activity propagated towards neither near to the study location nor to the

western coastal region of India during the period. While in the BOB, seven out of 8

cyclonic storms and 7 out of 7 deep depression propagates through the Indian coastal

waters and made landfall in Indian sub-continent. In which 4 cyclonic storms (Laila and

Jal in 2010, Thane in 2011 and Nilam in 2012) and one deep depression in 2012

influenced the study region at Puducherry. Out of these four cyclonic storms, the most

destructive was very severe cyclonic storm (VSCS) Thane. It is formed on 25
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December 2011, as a tropical depression (TD) and weakened on 30 December 2011.

Based on the data available at Joint Typhoon Warning Centre (JTWC), the movement

of cyclone THANE is presented in Figure 3.15 (Chu et al., 2012). After generation as a

TD at a distance of 1,000 km south-east of Puducherry on 25 December, it moved

eastwards with a wind speed of 15.4 1ms . On 29 December, it attained maximum wind

speed of 46.3 1ms (90 knots) when it was at a distance of 239 km from the wave

measurement location. The estimated pressure drop at the centre of the TC shows a

maximum drop of 53 hpa on 29 December 11:30 IST. High wind condition was

sustained for almost 2 days and TC weakened to a TS of maximum wind speed 20.6
1ms on 30 December 11:30 IST after it reaches the Indian subcontinent. The system

was further weakened into a well- marked low-pressure area over north Kerala and

neighbourhood west coast of India on 31 December 05:30 IST. The velocity of forward

motion of the cyclone varied from 1.9 to 4.1 1ms with an average speed of 3 1ms .

Maximum 0mH and pT within the storm are estimated using Young’s model (Young,

1988) based on the following expression. Input parameters to the model are radius of

maximum wind for the storm ( R ), maximum wind speed ( maxV ), and speed of forward

motion.
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Where g is the acceleration of gravity and F is fetch length, which is estimated from

the speed of forward motion and radius of maximum wind (Young, 1988). Deepwater

significant wave height ( 0mH ) and period ( pT ) at the point of maximum wind are also

estimated according to (USACE, 1984) based on following equations.
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where 0PPP n 

nP is the peripheral pressure, 0P is the mean sea level pressure at the centre of the

storm

4.2.1 Bulk wave characteristics
Immediately prior to the cyclone generation over the Bay of Bengal, the observed wave

height is steady and is less than 1.5 m until 26 Dec 2011. After that 0mH increased

from 1.3 m on 26 December 02:00 IST to 6 m on 29 December 19:30 IST, which is the

highest 0mH observed in the nearshore waters of the southeast coast of India. This

sudden increase (~ 4.7 m ) in wave height have been recorded within 89.5 hrs (Figure

4.1 a). 02mT and pT also increased during this period (Figure. 4.1b, c). High waves have

occurred after the peak winds have passed (Figure 4.1 a).Maximum wave height

,which can occur at 14 m water depth according to Massel (1996) is 8.4 m (0.6 times

the water depth), and the measured maximum value is 8.1 m . The maximum maxH

recorded is 0.57 times the water depth. When waves propagate in water of constant

depth, Nelson (1994) showed that for shallow water waves, the upper limit value for the

ratio of maxH to water depth is 0.55 and is less than that often used in engineering

practice (0.78), and hence, the waves recorded during cyclone THANE are not

breaking waves. Maximum measured 0mH for the nearby area is 1.8 m based on 1-year

measurement during March 1995 to February 1996 (Jena et al., 2001) and is 1.7 m

during March 1998 to February 1999 (Kumar et al., 2002). Hence, the 0mH measured

during the cyclone is much higher than the earlier measured values. Along the west

coast of India, 0mH up to 6 m and maxH of 10 m are reported at 23 m water depth

during a storm occurred in summer monsoon period in 1996 (Kumar et al., 2006) and

0mH of 5.65 m and maxH of 8 m at 14 m water depth on 29 May 2006 (Kumar et al.,

2010). Maximum 0mH measured in Bay of Bengal deep water is 8.4 m on 28 October
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1999 during the passage of Orissa super cyclone (Rajesh et al., 2005). During the

cyclone THANE, the ratio between maxH and 0mH varied from 1.4 to 1.9 with an average

value of 1.57 and is slightly higher than the theoretical value of 1.53 (Longuet-Higgins,

1952). The mean value of the sea surface elevation during 30-min interval varied from -

0.38 to 0.21 m . For high waves, the mean value is positive indicating the height of crest

is bigger than the trough. For the highest wave, the crest height is 5.2 m and the

trough height is 2.8 m (Figure 4.1a), and the ratio of the crest height to wave height is

0.65 that is close to the value (~0.7) recommended for 14 m water depth (Veritas,

2011a).

Variation of pT also exhibits the same tendency of increase in peak wave period with

an increase in wave height (Figure 4.1c). During the cyclonic high waves, the

associated peak wave period varies between 9 and 14 s . The mean wave period has a

maximum value (~9 s ) at the development of the cyclone. During this period, swells

generated by the wind stress at the cyclonic area reach the measurement location and

dominate the wave spectra which results in the higher mean period at the cyclone

development (King et al., 1978). On 29 December when the cyclone is close to the

observation site, the peak wave period varied from 10.5 to 12.5 s . The simultaneous

arrival of both wind-sea and swells at the measurement location cause a significant

variation of 5 s between the peak and the mean period when significant wave height

reaches its maximum.

Individual wave height and associated wave period are estimated from the 30-min

record during the Thane cyclone period (26–29 December 2011) and the scatter plot is

presented (Figure 4.2a). High waves (6 m ) are associated with wave period 8–12 s ,

and the measured data during the cyclone are not breaking waves since the wave

steepness is less than the limiting value (Figure 4.2a). According to Veritas (2011b),

the mean wave period ( 02mT ) can be related to the peak period and spectral

peakedness parameter ( ) by the following approximate relation. The spectral

peakedness parameter is calculated based on the spectral analysis (Goda, 1970).
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The spectral period obtained from the measured data is higher than the value

estimated from the above expression (Equation 4.5) (Figure 4.2).

Figure 4.1. Time series plot of measured parameters (a) significant wave height,(b)

mean wave period (c) peak wave period and (d) mean wave direction at Puducherry

during THANE cyclone (20-29 December 2011) along with estimated wave height

using (USACE, 1984) and wind speed based on NCEP and JTWC.
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Mean wave direction did not vary significantly due to the cyclone, and it ranged from

83° to 119° (Figure 4.3b). High-frequency waves (0.2–0.3 Hz ) are approaching from

60° to 90° indicating the influence of NE monsoon (Figure 4.3b). Circular RMS

spreading (directional width) parameter provides a measure of the energy spread

around the mean direction of wave propagation. The directional spreading parameter

(directional width) is 20°–25° for waves with frequencies 0.1–0.2 Hz . Directional width

increased rapidly at lower frequencies and gradually at higher frequencies (Figure 4.3

c).

Figure 4.2. Scatter plot of (a) wave height with wave period estimated from short

term records of 30 minutes duration and (b) spectral peak period with mean wave

period during 26-29 December 2011 recorded at hourly interval.



112

Figure 4.3. Plots of (a) normalised spectral energy density (b) mean wave direction

and (c) directional width with time and frequency at Puducherry during THANE cyclone.

4.2.2 Wave parameters based on parametric models
Studies in shallow water (Janssen, 1991) indicate that fetch-limited wave growth in

shallow water appears to follow growth laws that are quite close to deep-water wave

growth for the same wind speeds, up to a point where an asymptotic depth-dependent

wave height is attained (USACE, 1984). It is recommended that deep-water wave

growth formulae be used for all depths, with the constraint that no wave period can

grow past a limiting value as per the below relationship (Vincent, 1985). For 14 m water

depth, the limiting wave period is 11.7 s .
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Wave height estimated following Equation 4.1 based on (Young, 1988) is higher than

the values estimated following Equation 4.3 based on (USACE, 1984) (Table 4.2).

Once 0mH is determined at the radius of maximum wind speed, the approximate deep-

water significant wave height for the buoy location is obtained using the isolines

available in USACE (1984) considering the distance of the cyclone from the

measurement location, and here, we have not used the method proposed by Young
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(1988). Since the waves are measured at 14 m water depth, values of 0mH measured

are the reduced values due to shoaling. The maximum value of 0mH estimated using

parametric wave model (USACE, 1984) for deep-water conditions is 6.4 m , whereas

the measured value is 6 m (Table 4.2) indicating USACE (1984) estimates the wave

height reasonably well (within 8 % error) during the cyclone period. The parametric

wave model (USACE, 1984) is simple to use but limited to slowly varying tropical

cyclone paths and similar to the tropical cyclones observed in BOB. An ocean spectral

wave model with highly nested grids (to capture the maximum peak wind) may yield a

solution with the same degree of accuracy as the parametric model at the expense of

extensive computer calculations (Wu et al., 2003). Babanin et al. (2011) carried out the

spectral modelling of Typhoon Krosa and found that wave height is underestimated in

the vicinity of the peak values. The peak wave period estimated using Equation 4. 2

based on Young (1988) are 13.7–14.5 s and that using Equation. 4.4 based on

USACE (1984) is 10.2–10.6 s . The measured pT when the cyclone is close to the buoy

location (within 77–315 km ) is 11.8–12.5 s , indicating that expression based on Young

(1988) overestimates the peak wave period and that based on USACE (1984)

underestimates the period. 0mH based on the simple formulae [ )(2.0 00 PPH nm  ]

proposed by Hsu et al. (2000), is 7.8 m when the cyclone is close to the measurement

location, and the corresponding measured value is 6 m . The 0mH values estimated

using Hsu et al. (2000) is found to be smaller than the values estimated using the

Young’s model and is higher than that based on USACE (1984).

4.2.3 Wave spectra

Spectral energy density varied from 1 to 85 Hzm /2 during 20–29 December, and

hence, the normalised spectral energy density is plotted in time–frequency scale to

know the contribution of waves with different frequencies during the cyclone period

(Figure 4.3c). Wave spectra are predominantly broad banded during 20–25 December

with energy spreading from 0.1 to 0.3 Hz , and during cyclone period (26–29

December); the spectra are narrow banded with spectral energy concentrated between

0.07 and 0.14 Hz . Nature of sea state is identified based on the wave steepness. Wave
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steepness is expressed as the ratio between significant wave height ( 0mH ) and

wavelength of the peak period ( p ). (Thompson et al., 1984) classified ocean waves

based on ( /0mH ) as the sea, young swell, mature swell, and old swell, and according

to their classification, locally generated waves or sea waves have steepness values >

0.025. Only during 4.9 % of the time, the steepness criteria indicate sea waves. On 29

December, when the cyclone is close (77–239 km ) to the measurement location, the

average swell contribution to the measured wave height during cyclone period is 82 %.

Even though, high local wind is present, when the cyclone is close to the measurement

location, the measured waves are predominantly swell. In fact, previous measurements

in tropical cyclones indicate that this is quite normal for tropical cyclones. The reason

that this occurs (i.e. swell dominating) is that swell generated in the intense wind

regions of the storm typically propagates ahead of the storm and dominates the whole

wave field. Hence, very little of the waves are actually locally generated wind-sea.

During 26–29 December, spectral narrowness parameter ( ) varied from 0.4 to 0.7,

and when the wave height is high,  is relatively small with values around 0.5,

indicating that the wave spectrum is relatively narrow-banded during high waves.

Spectral width parameter (e) varied from 0.8 to 0.89. The value of spectral peakedness

parameter ( pQ ) varied from 2 to 4.3 for high waves (Figure 4.4). Large values of pQ

also indicate a narrow banded wave spectrum for high waves. Narrow band low-

frequency swell waves contained the maximum energy (85 Hzm /2 ).Since the swell is a

narrow spectrum, the JONSWAP spectrum (Hasselmann et al., 1980) with appropriate

peak enhancement parameter ( ) can represent the swell (Goda, 1983). Also,
5.0

0)/( mp HT varied between 4.3 and 4.8 during the cyclone period and is within the

values 3.6 and five recommended with JONSWAP spectra (Veritas, 2011a). Hence,

Kumar et al., (2008) could represent the shallow water waves spectra of high waves (

0mH >2 m ) with JONSWAP spectrum with modified parameter. The study shows that

single-peaked spectra of high waves ( 0mH >2 m ) could be represented with JONSWAP

with modified parameter  (Phillips constant) and  (Figure 4.4).
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Table 4.2 Measured and estimated wave height when the cyclone is within 320 km

from the buoy location on 29 December 2011
Time

IST

Wind

speed
1ms

Distance of

cyclone from

measurement

point ( km )

Measure

d 0mH (

m )

Measure

d pT ( s )
0mH

base

d on

Youn

g ( m

)

pT
based

on

Youn

g ( s )

0mH
based

on

USACE

( m )

pT based

on

USACE (

s )

5:30 43.73 315 2.3 12.5 3.8 14.5 2.3 10.5

11:30 46.30 239 2.6 12.5 6.8 14.9 3.8 10.6

17:30 41.16 152 4.0 11.8 8.3 14.2 5.1 10.4

23:30 38.58 77 6.0 11.8 9.8 13.7 6.4 10.2

During 26–29 December, average value of the JONSWAP parameters,  and , is

0.0018 and 1.4, and the average value for 0mH >2 m is 0.0026 and 1.6 and is similar to

the observation of Kumar et al. (2008) and hence, these values can be used for

generation of theoretical wave spectra in design applications. Ochi et al. (1976) found

that JONSWAP spectrum provided a good approximation to the data for the unimodal

spectra with JONSWAP parameters of  = 0.023 and  = 2.2. Scott spectrum (Scott

1965) underestimates the spectral peak for high waves (Figure 4.4) similar to the

earlier observation Kumar et al. (2008).
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Figure 4.4. Wave spectra during the cyclone period along with the JONSWAP and

SCOTT spectrum.
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4.3 Freak waves
Another type of extreme wave condition produced in random oceanic water surface

responsible for numerous marine disaster is the oceanic rogue or freak waves. Freak

waves are relatively rare, large ocean surface waves whose heights are larger than the

expected maximum wave height for a given sea state. The lifetime of freak waves is

very small and last only for tens of wave period or so. Freak waves have been

observed all over the world ocean and their characteristics are studied in the

Mediterranean Sea, the Pacific, the Atlantic, and some parts of Indian Ocean. The

rarity in the freak wave events and its high wave height can even lead to failure of

offshore structures or ship accidents (Didenkulova et al., 2006; Toffoli et al., 2005).

The generation of freak waves is not only restricted to open ocean but also observed in

the near-shore area, where these sudden waves cause damage to coastal structures

and danger for small fishing boats. Such near-shore freak events are reported by

Chien et al. (2002) in the coastal zone of Taiwan. Earlier studies were carried out on

visually observed freak wave events in the near-shore regions (Didenkulova et al.,

2006) and on the development of freakish sea state due to the interaction between

swell and wind-sea (Tamura et al., 2009).

The term “freak waves” are the large-amplitude waves with Abnormality Index greater

than 2 based on Rayleigh distribution, which is the ratio between maximum wave

height and significant wave height (Kharif et al., 2009). These higher amplitude waves

are due to nonlinearities of superposition of waves which are not accounted for in the

Rayleigh distribution (Dean, 1990). Zero-crossing analysis of the surface elevation

time series was used to estimate the maximum wave height ( maxH ). Main physical

mechanisms cause the freak or rogue waves are due to linear processes such as

spatio-temporal focusing and geometrical focusing of water waves, wave-current

interaction, atmospheric forcing and nonlinear interaction of the water waves (Kharif et

al., 2003).
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A study by Didenkulova and colleges (2006) briefly reported the presence of a total 4

events of abnormally large waves in the north Indian ocean (3 in BoB  and 1 in AS). In

the Arabian Sea, the event was near to the study location north of Ratnagiri, whereas

in the Bay of Bengal, the events are located at the northern Bay of Bengal where

higher and rough conditions prevailing in the region similar to the Arabians Sea

compared to the south eastern coast (Chandramohan et al., 1991).

The fulminant nature of the Freak/ Rouge waves make the prediction of this waves

rather difficult in the ocean. So this study describes the seasonal and annual variation

of freak wave events at Ratnagiri. Due to the comparative lower wave height and calm

wave climate during normal wave condition over the south-east coast at the

Puducherry than the west coast, this study is mainly focused to west coast location.

This study has been conducted using the measured buoy data during 2011.

4.3.1 Seasonal variability in freak events
At Ratnagiri, total of 89 freak events (Table 4.4) were identified from a total of 16464

datasets of 30 min interval during the year 2011. A number of freak events were

observed throughout the year from January to December with a maximum of 14 events

during the month of June and a minimum (2 events) during April. Significant wave

height in these events varied between 0.3 and 3.2 m . However, freak wave height

(maximum wave height corresponding to freak events) varied between 0.6 and 6.9 m

during the study period. The maximum average wave height and freak wave height

observed during SW monsoon season are 2.1 and 4.3 m respectively. While during pre

and post-monsoon season, the heights are 0.9 and 0.7 and 1.8 and 1.4 m respectively.

But the Abnormality index has not shown any significant increase in the value and it

varies between 2 and 2.5 (found in July), the abnormality index varied up to 4 (Kharif et

al., 2003).

During the annual period, study also identifies 5 types of the freak wave from Type 1 to

Type 5 (Figure 4.5). These different freak waves are classified according to the position
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of the crest and trough associated with wave train and may be called the wall of water

(Type 1) or of holes in the sea (Type 2) or several successive waves called three

sisters (Type 5). Type 3 freak waves are mixed type, wave characterised by a solitary

wave with a higher crust and lower trough than the prevailing sea condition. Type 4

characterise with the wave group. Figure 4.5 depicts the 5 different types of freak

waves observed at the nearshore region. In these freak waves, most number (38) of

the freak wave events observed are of Type 3 and a minimum number of freak wave

events (3 events) are of type 2 (Table 4.5). Type 3 freak waves were the dominant

freak waves in the coastal waters (Didenkulova et al., 2010).

Table 4.3 Freak wave events during different seasons and annual variation in freak

wave parameters

Seasonaland annual freak events

Pre

monsoon

SW

monsoo

n

Post

Monsoon

Annual

20 29 27 89

Annual maximum of freak waves

Maximum

significant

wave

height ( Hs

) in ( m )

Maximu

m wave

height

( maxH )in

( m )

Maximum

of

Abnormality

Index (AI)

Freak event

(percentage)

3.2 6.9 2.5 0.46
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Figure 4.5. Different types of freak wave events occurred off Ratnagiri during 2011.

Freak wave events observed during the year was 0.46% of total waves at the location.

Maximum and minimum numbers of freak wave events were observed during the SW

monsoon period (29) and pre-monsoon period (Table 4.3). The most destructive freak

wave event was observed on 6 June 2011 with a wave height of 6.9 m (Table

4.3).During this period, significant wave height and the peak period corresponding to

freak wave event was about 3.2 m and 11 s respectively. Maximum Abnormality Index of

2.5 was observed on 12 July 2011 corresponding to a significant wave height and freak

wave height during the period of 2.2 and 5.6 m , respectively. Most of high freak waves

(~45%) with maximum wave height more than 2.5 m occurred during the SW monsoon

period and relatively small height during the rest of the season. The rough sea state

during the SW monsoon season may cause more wave-wave as well as wave-current

interaction and plays a major role in the formation of freak waves during the SW

monsoon period.
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Table 4.4 Occurrence of different types of freak wave events at Ratnagiri

Type of freak wave Occurrence (%)
Ratnagiri Puducherry

Type 1 26 26
Type 2 3 30
Type 3 38 50
Type 4 17 19
Type 5 5 17

At Puducherry, a higher number of events (132) are observed. Abnormality index

varied in between 2 and 2.5, while 90% of the abnormality were in the range of 2 - 2.2.

The highest freak wave of height 4.5 m occurred in November corresponding to a

significant wave height of 2.1 m . At the Puducherry highest of 49 events occurred in

the NE monsoon season when wind-sea and swells interacts. 45 % of freak wave

reach a height more than 2 m during the NE season, whereas during the rest of the

season 90% of freak wave height are with height below 2 m .

4.3.2 Diurnal variation of freak events
Except in SW monsoon season, the wave climate over the Ratnagiri region is calm and

depends on the local sea/land breeze wind system and swells arriving from the NW

and SW direction. So to analyse the dominant processes responsible for the freak

waves in a diurnal cycle, the hourly variation of freak wave events is discussed in this

section. Analysis of hourly variation was studied in seasonal and in annual scale

(Figure 4.6). Time scale in GMT/UTC (Universal Time Coordinates) used. In daily

cycle, maximum number of freak wave events was observed during the late hours of

the day. Minimum number of events during the early hours of the day (between 06:00

and 12:00 UTC). The number shows an increasing trend in freak wave events as time

progresses and reaches its maximum at 19:00 UTC. This trend was observed during

the pre-monsoon and post-monsoon due to the interaction of sea breeze induced wind-

sea at the location and swells propagating towards the rough wave climate over the

region (Liu et al., 2007). During the SW monsoon season, variations in number of freak

events were independent of the time in this period and more number of events
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occurred early hours of the day. In the annual period hourly events also indicates that

the same pattern as observed during the seasonal cycles. During the period a total of

15 events are observed at 19:00 hrs while minimum of 4 events at 09:00 UTC. Another

peak is observed at 05:00 UTC.

At Puducherry the same pattern reproduces the maximum number of waves in the pre

and SW monsoon season while in the post-monsoon season the trend is not observed

and are irregular indicates the possible mechanism of NE monsoon wind in the

generation of freak waves (Figure 4.7). Maximum numbers of events (9) are observed

between 16:00 and 18:00 UTC. In the annual scale, the trend is clearer and represents

a minimum number of events during the early hours and maximum (20) by 14:00-16:00

UTC or 19:30-21:30 IST.

Figure 4.6. Diurnal variation of freak waves in seasonal and annual scale at

Ratnagiri.
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Figure 4.7. Diurnal variation of freak waves in seasonal and annual scale at

Puducherry
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Chapter 5

Numerical simulations: Setup and Validation
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Chapter 5

Numerical simulations: Setup and Validation

5.1 Introduction
To understand the nearshore wave transformation and longshore currents,

simulation based on numerical model Delft3d is utilized. The output obtained from

the coupled wave-flow simulation are analysed to study the seasonal as well as

annual variation of nearshore waves and longshore current. This chapter depicts the

different model setups used in the study together with gridding and bathymetry of

model domain, boundary conditions and physical parameters. Validation of Delft3d

coupled model results with water level, wave, and the current was carried out with

observation from the nearshore region within the model domain.

5.2 Setting up of Delft3d model
5.2.1 Bathymetry and Grid
The measured bathymetry and Nautical (NHO) charts are used in the numerical

modelling of the nearshore wave and current along Ratnagiri and Puducherry. The

bathymetric data collected using single beam echo sounder are combined with the

chart data, interpolated and used for the simulation. The offshore extent of the

domain is extended up to water depth of 20 m. The rectangular grids and depth files

are constructed using the RGFGRID and QUICKIN. A detailed view of the

bathymetry of the study area is shown in Figure 5.1. The model domain at both

locations, Ratnagiri and Puducherry are constructed to at a fixed resolution of 0.0003

(33m) and 0.0008 (88m) degrees for wave and flow simulation respectively. The

coarser grid size for the flow simulation is taken due to the fact that more refining of

the model domain for the simulation increases the simulation time to complete the

run. While the lower grid size in the wave module is adapted to incorporate physical

effects such as diffraction. With this gird size the wave model works good as the

refinement of the grid again to higher resolution only yield an increase in the model

simulation time.
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Figure 5.1 study area and model domain used for coupled wave and flow

simulations at Ratnagiri (left) and Puducherry (right). Colour contours represent the

depth at the location.

The coupled wave-flow model simulation was set up in a fine resolution grids rather

than nested grid because of comparatively small domain used in the study. At

Ratnagiri, the model domain size is 7X18 km with 225X550 grids for the wave and

135X207 grids for the Flow module. Whereas the simulation at the Puducherry

region (6X11 km ) is carried out with 175X340 and 120X130 grids in the wave and

flow modules respectively. Simulation has been carried to understand the wave

transformation and current pattern over a period of one year.
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5.2.2 Boundary conditions
The coupled wave-flow model run is based on two important boundary conditions;

the wave parameters and water level at the region. The boundary conditions for the

wave module are derived from the measured wave data at 14 m water depth. The

model run has been carried out using open boundary at the west side at Ratnagiri

and on the east side at Puducherry. The water level variation at the corresponding

locations is reproduced using the tidal constituents, such as amplitude and phase,

available from Proudman Oceanographic Laboratory, UK. The major constituents

contributing the semi-diurnal change in water level along the Indian coasts are M2,

S2, K1 and O1(Sindhu et al., 2013; Subeesh et al., 2013). The effect of wind is

neglected over the domain due to the fact that the measured waves include the

wind-sea part in the observation. The uniform wave condition using parametric

spectra of JONSWAP with default conditions are given as input at the boundary

during every 30 minutes interval at the offshore boundary as well as in the northern

and southern side of the model domain. A maximum number of 25 iterations are

given in the simulation to get maximum accuracy in the output. The minimum

number of iteration during each time step depends on the iterations to reach 98% of

the wet grid points. Simulation is run in the stationary mode during each time step,

which is treated as a separate computation and coupling interval of 30 minutes.

5.3 Model physical parameters
Wave: The wave energy dissipation of the incident waves propagating over the

nearshore region is influenced by three important parameters, which are

whitecapping   ,,wdsS , bottom friction   ,,bdsS and depth induced

breaking   ,,brdsS .

White capping in the Delft3d wave is based on two formulations; Komen et al. (1984)

and Van der Westhuysen (2007). The Komen et al. (1984) formulation widely used in

wave model including SWAN is based on a pulse-based model by Hasselmann

(1974).

   



 ,~
~,, ESds  (5.1)
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Where,  is a coefficient depends on steepness,  is the wave number, ~ and

~ represents a mean frequency and mean wave number (WAMDI, 1988).

The Van der Westhuysen (2007) is the form of Alves et al., (2003) based on the

apparent relationship between wave groups and whitecapping dissipation.
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B (k), the azimuthal integrated spectral saturation, can be calculated from frequency

space variables.
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Br =1.75 x10-3 is a threshold saturation level dsC ' =5.0 x 10-5

Another form of dominant energy dissipation in the waves is due to the bottom

friction, percolation and backscattering caused by bottom irregularities (Shemdin et

al., 1980). The influence of bottom friction due to sandy nature is generally

represented by Bertotti et al., (1994) as

),(
)(sinh

),(
22

2

, 


 E
kdg

CS bottombds  (5.4)

bottomC is a bottom friction coefficient.

Three variants of this formulations are used in the SWAN model such as JONSWAP

(Hasselmann, 1974), Collins (1972), Madsen et al. (1988). While the JONSWAP

formulation is used as default in the SWAN as well as in the WAM model for the

bottom friction (Komen et al., 1996) which is calculated as
g

C fj

 . g represents

the acceleration due to gravity, which is taken as 9.81 2ms . This expression

performs well in different conditions (Padilla-Hernández et al., 2001).

The value for depends on the wind-sea and swell condition (Bouws et al., 1983).

Bouws et al., (1983) studied the evolution of wave field in a coastal bay section by

comparing field and numerical simulations and found that the values varied between

0.038 and 0.067 32 sm .
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The third process leading to the wave dissipation in the shallow water region is

depth-induced wave breaking and is still a poorly understood phenomenon in the

spectral modelling. For SWAN model, the bore model of Battjes et al. (1978)

formulated by Eldeberky et al. (1995) is used, which is expressed as

),(),(,  E
E

D
S

tot

tot
brds  (5.5)

Where totE and totD are the rate of dissipation of total energy due to wave breaking

(Battjes et al., 1978). The value of totD depends critically on breaking parameter( )

which is taken as 0.73, a constant value in wave breaking (Battjes et al., 1985).

Kaminsky et al., (1993) studied different breaking criteria from laboratory

experiments and found that  values vary between 0.6 and 1.59 with an average of

0.79.

Flow: Bottom roughness coefficient is a measure of the resistance of the flow to the

bottom. The seabed roughness affects the magnitude of simulated current speeds,

particularly near the bottom. Three formulations used in Delft3d-flow are Chezy’s

coefficient, Manning and White Colebrook coefficient.

Chezy's friction coefficient ( zC ) is estimated using the following expression (Stantec,

2014).

)
12

log(18
r

h
Cz  (5.6)

505.2 dr  (5.7)

Where h is the water depth in m , r is the roughness, and 50d is the median

sediment size. The nearshore regions around India mostly consists of sands in the

region close to the beach (Rao et al., 1997) . The mean grain size along the study

region at Ratnagiri obtained from sieve analysis of grab samples and from literature

at Puducherry (Vijayakumar et al., 2014) indicates an average sediment size of

0.2 mm . The corresponding Chezy’s coefficient estimated from the above equation

give a coefficient of 90 12/1 sm . This study used the estimated value for Chezy's

constant for the whole domain with no depth dependency.
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Another parameter influencing the hydrodynamic process is the horizontal eddy

viscosity and diffusivity. The values of horizontal eddy viscosity and the horizontal

eddy diffusivity depend on the flow and the grid size used in the simulation. The

horizontal eddy viscosity varies in between 1-10 12 sm for finer grids with less than

100m, while this can vary between 10 and 100 12 sm for coarser grids with grid size

more than 100m. The present study uses a value of 5 12 sm in the simulation of

coupled wave-driven flow at the study locations.

5.4 Validation of model
Validation of model results at Ratnagiri is carried out for water level, wave and

current. The wave and water level variations are validated during the pre and post-

monsoon period. Validation of current data is only performed during the pre-

monsoon season due to the unavailability of measured data because of loss of

instrument during the post-monsoon period. The pre-monsoon season measurement

was for 2 week period in May and that during the post-monsoon season was

October-November (for almost one month).

5.4.1 Water level
Measured tide data available at Ratnagiri for a period of two weeks (15 May 2012 to

26 May 2012) during the pre-monsoon and during 17 Oct 2012 to 11 Nov 2012

during post-monsoon is used for validation of model results. The water depth data is

obtained by bottom mounted S4 pressure data from 1.5m depth and 7m depth

during pre and post-monsoon respectively. Simulation of water level by the Delft3d-

flow module is used to validate the observed and modelled data at Ratnagiri. Figure

5.2 depicts the validation plot for water level at Ratnagiri, which accurately simulate

the observation. While the scatter Figure 5.3 shows the overall performance between

simulated and measured water level.

The statistical parameters and error metrics calculated for measured and simulated

water levels are presented in Tables 5.1 and 5.2. Measured and modelled water

level variations are well correlated with a coefficient of 0.99 during pre and post-

monsoon season. The biases between measured and modelled values are small and



131

the RMSE (root mean square error) is 0.07 and 0.1 m respectively. The scatter

indices estimated in pre and post-monsoon were -2.35 and -2.54 respectively.

This study also used various error metric terms to evaluate the results between

model and observation (Allen et al., 2007; Willmott, 1984). The error metrics

estimate between observation and modelled values also indicates good performance

and reliability of the results (Table 5.2).

Figure 5.2. Comparison between measured and modelled water levels during (a)

pre-monsoon and (b) post-monsoon
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Table 5.1. Statistical parameter between observation and model for water level

Statistical

Parameter

Pre-monsoon Post-monsoon

Measured Simulated Measured Simulated

Minimum (m) -1.29 -1.24 -1.82 -1.62

Maximum (m) 0.99 0.97 1.12 1.25

Mean (m) -0.03 -0.01 -0.04 0.01

Covariance 0.30 0.31 0.33 0.32

Standard

deviation (m)

0.55 0.55 0.57 0.57

Figure 5.3. The scatter plot between measured and simulated water level (top

panel) and significant wave height (bottom panel).
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Table 5.2. Error metrics estimated for water level simulation during pre and post-

monsoon

Error metrics Pre-monsoon Post-monsoon

Correlation coefficient 0.99 0.99

Bias (m) -0.02 -0.05

Root Mean Square Error (RMSE) (m) 0.07 0.1

Scatter Index (SI) -2.34 -2.54

Skill Parameter 1 0.99

Cost Function (CF) 0.1 0.14

Ratio of std deviation (RSD) 1 0.99

Skewness 0 0

Standard deviation (m) 0.55 0.57

5.4.2 Waves
The concurrent measurements of waves were made during the pre-monsoon and

post-monsoon season and are used to validate the transformed wave height at the

shallow water region at Ratnagiri. The wave heights extracted from respective

depths are used to assess the performance of the model during the pre and post-

monsoon season. Due to the difficulty in the surf zone measurement during strong

SW monsoon period, no validations have been done for the SW monsoon period.

The comparative plot of wave height between model estimated values and measured

values indicates a good relation between both predicted and measured wave height

(Figure 5.4). Statistical summary (Table 5.3) also shows good correlation with almost

similar results in the pre and post-monsoon season. The RMSE during the two

seasons is at 0.1 and 0.07m , while Bias indicates the simulated values are slightly

overestimated with the observation 0.04 and 0.01 m .
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Figure 5.4. Comparison between measured and modelled wave heights during (a)

pre-monsoon and (b) post-monsoon

Pictorial representation of model performance is represented using the scatter

diagram (Figure 5.3). The correlation coefficient for significant heights between

simulated and observation is 0.6 and 0.7 during pre and post-monsoon respectively.

The estimated Skill parameter (0.73 and 0.80) and cost function (0.84 and 0.59)

values are in the very good class. According to Gibson et al. (2006), model

performance is categorized as CF<1 = very good, 1–2 = good, 2–3 = reasonable,>3

= poor.
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Table 5.3. Statistical parameter between observation and model wave height

Statistical

parameter

Pre-monsoon Post-monsoon

Measured Modelled Measured Modelled

Minimum (m) 0.47 0.51 0.20 0.10

Maximum (m) 1.12 0.94 0.62 0.63

Mean (m) 0.74 0.70 0.39 0.38

Covariance 0.01 0.01 0.01 0.01

Standard

deviation (m)

0.11 0.09 0.08 0.09

Table 5.4. Error metrics estimated for wave height simulation during pre and post-

monsoon

Error metrics Pre-monsoon Post-monsoon

Correlation coefficient 0.6 0.7

Bias (m) 0.04 0.01

Root Mean Square Error

(RMSE) (m)

0.10 0.07

Scatter Index (SI) 0.13 0.19

Skill Parameter 0.73 0.8

Cost Function (CF) 0.84 0.59

Ratio of std deviation (RSD) 0.82 1.11

Skewness -0.17 -0.04

5.4.3 Current
The measured current data from the same location of wave measurement is used to

compare the simulated current speed. Measurements are made from 16 May 2012

to 26 May 2012 using Seaguard current meter at 1.5m water depth. The current

speed is simulated using coupled Delft3d wave-flow model. The depth averaged

current speed extracted from the measurement location is compared and validated
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with observation. Figure 5.5 depicts the comparison between these two current data

sets. The current speeds are matching reasonably well with a correlation coefficient

of 0.5. The statistical summary also shows comparative values with RMSE of 0.09

and bias of 0.02 sm / (Table 5.6).

Figure 5.6 depicts the scatter diagram between measured and modelled current

speed (colour indicates the density of points in each pixel). Error metrics estimated

for current data are presented in Table 5.6. Model efficiency is determined by the

ratio of the model error to the variability of the data as Nash et al. (1970). The error

metrics indicates that model has performed well with skill parameter (Willmott, 1984)

and cost function at 0.69 and 0.71 respectively. These values at the surf zone are

reasonably high due to the complex nature bathymetry and wave breaking drives the

currents at the location (Taebi et al., 2011).

Table 5.5. Statistical parameter between observation and model current speed

Statistical parameter Pre-monsoon

Measured Modelled

Minimum ( 1ms ) 0.00 0.01

Maximum ( 1ms ) 0.36 0.37

Mean ( 1ms ) 0.13 0.11

Covariance 0.01 0.01

Standard deviation

( 1ms )

0.07 0.09
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Figure 5.5. Comparison between measured and modelled current speed during

pre-monsoon season

Table 5.6. Error metrics estimated for current speed simulation during pre-

monsoon

Error metrics Pre-monsoon

Correlation

coefficient
0.49

Bias ( 1ms ) 0.02

Root Mean Square

Error (RMSE)
0.09

Scatter Index (SI) 0.69

Skill Parameter 0.69

Cost Function (CF) 0.71

Ratio of std

deviation (RSD)
1.31

Skewness 0.25
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Figure 5.6. The scatter plot between measured and simulated current speed at

Ratnagiri.
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Chapter 6

Nearshore wave transformation and wave breaking
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Chapter 6

Nearshore wave transformation and wave breaking

6.1 Introduction
The propagation of deep water waves through the nearshore waters causes the

depth induced transformation and corresponding wave development in this area

which leads to wave breaking in this zone. The energy dissipation in the breaking

zone plays an important role in the generation of turbulence, wave induced currents

and setup in the nearshore region. This is also an important aspect in the point of

view from Engineers due to the impact of high energy wave breakers over the

coastal structures and protection measures. This chapter describes waves in the

shallow waters of Ratnagiri and Puducherry including the wave transformation in the

nearshore region, annual and seasonal variations in breaking wave parameters and

breaker type. The comparative study between the variations in breaker height

estimated using the well-known empirical equation of Komar et al. (1972) and

modelled breaker height at the study regions are also described in this chapter.

6.2 Wave transformation
The analysis of wave height and wave direction of propagating waves at 2, 5, 10 and

15m water depth are carried out to study the transformation of waves over the

nearshore region of Ratnagiri and Puducherry (Figure 6.1).

The wave transformation from 15m to coastal area indicates a gradual decrease in

wave height towards the coast, while depending up on the wave height; increase in

height is also observed at 2 m and 5m contours. The wave energy dissipation

between 15m and 5m is higher for larger waves ( Hs > 2m) at both Ratnagiri and

Puducherry (Table 6.1 & 6.2), due to the frictional effects over the nearshore region

(Aboobacker, 2010), while between the 5 m and 2m contour, the average wave

height shows an increase (1.92 %) at Ratnagiri, while a decreasing trend (1.85%) is

observed at Puducherry (Table 6.1 and 6.2).
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Figure 6.1 Typical wave transformation at Ratnagiri and Puducherry

Table 6.1. Reduction in wave height at Ratnagiri between different depth contours

for specific wave heights

Hs intervals

(m)

Mean Hs at various depth (m) Reduction in wave height

(%)
D15 D10 D5 D2 D15-10 D10-5 D5-2 D15-2

0< Hs <=1 0.66 0.59 0.52 0.53 10.61 11.86 -1.92 19.70

1< Hs <=2 1.50 1.28 1.21 0.93 14.67 5.47 23.14 38.00

2< Hs <=3 2.34 1.97 1.95 1.07 15.81 1.02 45.13 54.27

3< Hs <=4 3.16 2.65 2.33 1.08 16.14 12.08 53.65 65.82
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The study shows that the percentage of dissipation depends on the wave height. The

wave dissipation in the deeper part shows similar change with depth while variation

is observed in the nearshore region. In the case of high waves, the wave dissipation

is dominated throughout the nearshore propagation.

Table 6.2. Reduction in wave height at Puducherry between different depth

contours for specific wave heights

Hs intervals

(m)

Mean Hs at various depth (m) Reduction in wave height

(%)

D15 D10 D5 D2 D15-10 D10-5 D5-2 D15-2

0< Hs <=1 0.63 0.59 0.54 0.53 6.35 8.47 1.85 15.87

1< Hs <=2 1.22 1.12 1.04 0.92 8.20 7.14 11.54 24.59

2< Hs <=3 2.22 2.13 2.10 1.06 4.05 1.41 49.52 52.25

Table 6.3 shows the change in monthly average Hs during wave transformation at

Ratnagiri in different months. The variation in wave height is shown decreasing

between the contours 15 m and 10m without a significant change (~10.11 - 13.79%)

throughout the one year period. The variation in wave height between different

contours shows decreasing and increasing between two successive sections near to

the coast. Between the 10 and 5 m contours, the decreasing trend is most dominant

during the pre and post-monsoon season with an average value of 14.25% and an

increase in wave height in the SW monsoon waves with an average value of 1.01 %.

The opposite trend is observed in the section between 5 and 2 m contours where the

increasing trend is observed in the pre and post-monsoon season while a decrease

in wave height in the SW monsoon period due to breaking of high intermediate

period waves propagating into the nearshore region and due to the influence of

bottom on the waves.

At Puducherry, the change in wave height is less than 10% between different sub

levels throughout the year (Table 6.4). Between the 15 and 2 m contour, the

decrease in wave height is observed, which varied between 4.1 and 6.91% and a

similar decrease (5.26-9.46%) is also observed in the next section between 10 and

5m contours. The average value of the total change in wave height between 15 and
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2m contours varies between 13.43% (October) and 21.82% (April). This indicates

that the wave breaking at Puducherry mostly occurs very near to the coast (water

depth less than 2m) due to the higher steepness of the beach face.

Table 6.3. Variation in monthly average wave height at different water depth

during the wave transformation and the percentage change in Hs at Ratnagiri

Month Hs at different water

depth (m)

Percentage change in Hs from

one depth to another (%)

D15 D10 D5 D2 D15-10 D10-5 D5-2 D15-2

January 0.72 0.63 0.49 0.51 12.50 22.22 -4.08 29.17

February 0.80 0.71 0.55 0.56 11.25 22.54 -1.82 30.00

March 0.77 0.69 0.58 0.60 10.39 15.94 -3.45 22.08

April 0.79 0.71 0.59 0.60 10.13 16.90 -1.69 24.05

May 0.89 0.80 0.71 0.73 10.11 11.25 -2.82 17.98

June 2.01 1.74 1.80 1.03 13.43 -3.45 42.78 48.76

July 2.43 2.10 2.08 1.03 13.58 0.95 50.48 57.61

August 1.87 1.62 1.62 0.97 13.37 0.00 40.12 48.13

September 1.45 1.25 1.27 0.92 13.79 1.60 27.56 36.55

October 0.55 0.49 0.48 0.50 10.91 2.04 -4.17 9.09

November 0.53 0.47 0.43 0.44 11.32 8.51 -2.33 16.98

December 0.54 0.48 0.41 0.42 11.11 14.58 -2.44 22.22

The directional change of propagating waves in the nearshore region at Ratnagiri is

maximum from 15 m to 10m depth contour during the pre and post-monsoon

season and it is minimum during the SW monsoon period. Long period waves with

period more than 13 s during the pre and post monsoon season reach the nearshore

region with angle of approach almost normal to the coastline. The SW wave suffers

the least refraction 8.58º from the 15 m to 2m contours. During the pre and post-

monsoon season, the change in wave directions are 14.46 and 17.61 respectively

(Table 6.5). During the study period, minimum refraction is in the SW monsoon

period (1.97 between 10 and 5m contours) and maximum in the post-monsoon

period (17.61 between 5 and 2m contours).
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Table 6.4. Variation in monthly average wave height at different water depth

during the wave transformation and the percentage change in Hs at Puducherry

month Hs at different water depth

(m)

Percentage change in Hs from

one depth to another

D15 D10 D5 D2 D15-10 D10-5 D5-2 D15-2

January 0.84 0.79 0.73 0.70 5.95 7.59 4.11 16.67

February 0.60 0.57 0.54 0.52 5.00 5.26 3.70 13.33

March 0.48 0.44 0.42 0.38 8.33 4.55 9.52 20.83

April 0.55 0.51 0.48 0.43 7.27 5.88 10.42 21.82

May 0.80 0.74 0.67 0.64 7.50 9.46 4.48 20.00

June 0.73 0.67 0.61 0.59 8.22 8.96 3.28 19.18

July 0.62 0.59 0.54 0.53 4.84 8.47 1.85 14.52

August 0.64 0.60 0.55 0.54 6.25 8.33 1.82 15.63

September 0.60 0.57 0.52 0.51 5.00 8.77 1.92 15.00

October 0.67 0.63 0.58 0.58 5.97 7.94 0.00 13.43

November 0.86 0.81 0.76 0.69 5.81 6.17 9.21 19.77

December 0.99 0.92 0.86 0.78 7.07 6.52 9.30 21.21

Table 6.6 shows the monthly average variation in mean wave direction at different

depths at Ratnagiri. The change in wave direction from 15 to 10 m contours vary

slightly between 3.34 and 5.59. Between the 10 and 5 m and 5 to 2 m contour, the

values range between 1.44 to 7.72 and 2.04 to 8.17 respectively. Minimum and

maximum value of total change in wave direction from 15 m contour to before wave

breaking is observed during August (6.35) and November (18.90) respectively. The

change in wave direction is minimum during the SW monsoon months and is more in

the post-monsoon season while in the pre-monsoon months the change shows a

decreasing trend and continues it decrease in the SW monsoon months.
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Table 6.5. Seasonal average change in wave direction during wave

transformation at Ratnagiri and Puducherry

Season Mean directional change in wave direction for different depth contours ()

Ratnagiri Puducherry

D15-10 D10-5 D5-2 D15-2 D15-10 D10-5 D5-2 D15-2

Pre-

monsoon 3.45 6.28 4.88 14.46 0.47 2.25 3.24 5.65

SW

monsoon 3.93 1.97 2.98 8.58 0.86 4.88 2.70 8.08

Post-

monsoon 4.88 5.60 7.14 17.61 0.72 3.11 5.09 8.54

At Ratnagiri the directional change in the nearshore region is at its minimum

between 15 and 10m contours during the pre and post-monsoon season and these

values are comparable with the values in the SW monsoon season in the same

depth. The minima in the directional change have been observed between 10m and

5m contours during the SW monsoon period as the SW wave suffers the least

refraction 8.58º between the 15m and 2m contours. During the pre and post-

monsoon season, the change in wave direction is 14.46 and 17.61 respectively

(Table 6.5).

During the study period, minimum refraction at Puducherry is in the pre-monsoon

season (0.47º between 15 and 10m contours) and maximum in the SW monsoon

period (8.54º between 5 and 2 m contours) (Table 6.5).

Table 6.6 also shows the monthly average variation in mean wave direction at

different depths at Puducherry. The change in wave direction between 15 and 10 m

contours vary slightly between 0.20 and 1.12º. Between the 10 and 5 m and 5to 2m

contour, the values range between 0.99 to 5.49 and 2.24 to 5.65º respectively.

Minimum and maximum value of total change in wave direction from 15 m contour to

before wave breaking is observed during March (4.29º) and June (10.46º)

respectively. The change in wave direction is minimum during the pre-monsoon
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months (FMAM) and is more in the post monsoon season. However during all three

season the directional change shows a steady trend.

Table 6.6. Mean change in wave direction between different water depth during

the wave transformation at Ratnagiri and Puducherry

Month Mean directional change in wave direction for different depth

contours ()

Ratnagiri Puducherry

D15-10 D10-5 D5-2 D15-2 D15-10 D10-5 D5-2 D15-2

January 3.95 7.72 5.56 17.19 0.73 3.64 3.67 7.70

February 3.49 7.96 4.20 15.65 0.20 0.99 4.06 4.76

March 3.35 6.04 5.04 14.39 0.33 1.73 2.69 4.29

April 3.34 5.92 5.30 14.54 0.41 1.89 2.58 4.71

May 3.65 5.12 4.95 13.14 0.93 4.27 3.66 8.74

June 4.42 2.17 2.91 9.21 1.12 5.49 3.93 10.46

July 3.77 1.51 2.04 6.97 0.71 4.57 2.28 7.03

August 3.15 1.44 2.23 6.35 0.82 4.75 2.24 7.19

September 4.36 2.98 4.72 12.01 0.80 4.71 2.36 7.71

October 5.59 3.58 8.04 17.21 0.94 4.62 3.40 8.72

November 5.52 5.21 8.17 18.90 0.80 3.48 5.06 8.68

December 4.51 5.81 6.96 17.29 0.77 2.95 5.65 8.99

The propagation of waves in the nearshore region ends up with the release of

energy by wave breaking at different water depths. The variation of wave dissipation

is maximum at the shallow water depth. Table 6.7 shows the monthly average wave

dissipation over the nearshore region of Ratnagiri and Puducherry. An increase in

dissipation from boundary to the coastline is observed at both the locations and the

dissipation is maximum at the wave breaking.

At Ratnagiri, higher values are starting from the section between D10 and D5 in the

south-west monsoon season than the other seasons. Maximum value of 1076
3/ skg is observed during the month of July, due to the breaking of the high energy
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wave in this region. During the non-monsoon period, dissipation values are less than

1/10 of the average value during the south-west monsoon season. In July, when SW

monsoon wave is maximum, the wave dissipation is almost equally distributed

between the section D10-D5 and D5-D2 with values equal to 18304 and 19195 3/ skg .

At Puducherry, the higher values are obtained during the post-monsoon period when

NE monsoon generated waves due to the strong NE winds active over the northern

bay of Bengal. A significant difference between the values is found between D10-D5

and D5-D2. This shows that the wave dissipation is mostly occurring at the D5-D2

area because of high beach steepness and presence of incoming short period and

young and mature swells from NE and SE direction at the location. The wave

dissipation is found maximum during the month of December (6766 3/ skg ).

6.3 Waves in the surf zone
The surf zone region is the most dynamic area in the coastal region due to

dissipation of energy of incoming waves through wave breaking. Wave breaking is

one of the most important, but a complex process to study. The wave dissipation

process influences the sediment dynamics and the accretion or erosion of the

beaches at the region. Yoon et al. (2010) studied turbulence imparted by the

breaking waves on the hydrodynamics and sediment transport. Many investigations

have been conducted on the basis of surf similarity parameter to study various

shallow water waves (Bowen et al., 1968; Guza et al.,1976; Holman et al., 1982;

Kamphuis et al., 1982). Bauer et al. (1988) studied the wave breaking to examine the

degree of wave energy reflection. In the wave reflection, the reflected energy

depends on the energy dissipated during the breaking processes. The parameter

called surf similarity parameter or Irribarren number over a beach slope of beta and

wave height sH and wavelength 0 can be calculated as (Battjes, 1974).

0

tan





sH
SF  (6.1)

While wavelength is calculated from the wave period based on dispersion relation;

 22
0 gT (6.2)
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Table 6.7. Wave dissipation rate from 15, 10, 5 and 2 m water depth for Ratnagiri

and Puducherry locations

Wave dissipation rate( 3/ skg )

month Ratnagiri Puducherry

D15 D10 D5 D2 D15 D10 D5 D2

January 0 36 93 597 0 57 171 2978

February 0 61 133 1519 0 21 74 701

March 0 46 124 883 0 9 27 155

April 0 49 130 1215 0 14 39 215

May 0 70 208 2120 0 47 141 1673

June 0 735 6562 18847 0 34 109 776

July 0 1076 18304 19195 0 29 97 573

August 0 610 4920 17039 0 30 100 676

September 0 335 1905 11535 0 24 84 494

October 0 31 108 794 0 37 118 802

November 0 21 74 311 0 91 490 4674

December 0 20 65 298 0 121 471 6766

Based on the ranges of surf similarity parameter or Irribarren number, the breaker

types at the beach can be classified as spilling (SF <0.4), Plunging (0.4<SF<2.0) and

surging or collapsing (SF >2).

This study analyses inter-annual variation of breaker types at Ratnagiri and

Puducherry. At Ratnagiri and Puducherry, the breaker varies between spilling and

plunging breakers. At Ratnagiri, the surf zone is dominated by the spilling breakers

(61%) while at Puducherry the plunging breaker occurred 64% of total half hourly

waves observed during the year 2010 (Table 6.8). The higher beach slope at

Puducherry caused the higher percentage of destructive and turbulent wave

breaking at Puducherry. The erosion and accretion of sediments depend on the

breaker type (Yoon et al., 2010). The average beach slope at Ratnagiri and

Puducherry are 1.5 and 6 (Vijayakumar et al., 2014) respectively.
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Table 6.8. Type of wave breakers expressed in percentage at Ratnagiri and

Puducherry

Ratnagiri Puducherry

Spilling 61 36

Plunging 39 64

Monthly variation of the index shows (Figure 6.2) that at Ratnagiri plunging breakers

are mostly observed in the post-monsoon months with the maximum during the

month of October then slight but gradual decrease in the percentage of occurrence

in plunging breakers as the season advances and steady during the pre-monsoon

months with more percentage of occurrence of spilling breakers. While in the SW

monsoon season due to high waves with longer wavelength propagating towards the

coastline through flat bottom contours, the spilling breakers dominate at Ratnagiri

(~95 %). At Puducherry, the higher angle at the beach slope leads waves to plunge

over the coastline during most of the period except during the pre-monsoon season.

The presence of high energy waves reaching the nearshore region results in the surf

zone to dominate with the spilling breaker (60% of time in the annual period).

Whereas, during the other two seasons (SW and post-monsoon), the plunging

breaker dominates and the associated turbulence will make more sediments

available to suspend and transport and will results in either erosion or deposition.
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Figure 6.2. Monthly variation in percentage of wave breakers at Ratnagiri and

Puducherry

6.4 Breaker parameters
As the breaker type determines the amount of sediments, turbulence and the

percentage of energy reflected back to ocean either from the structures or the

coastline, breaker parameters influence the generation of wave-induced currents and

nearshore circulation over the region. This section analyses the monthly, seasonal

and annual variation of breaker height ( bH ) and wave direction. Other parameters

related to breaking waves such as wave induced force and directional spread also

analysed in this section.

Breaker height is derived from the transformed wave through the nearshore region

caused by the bathymetric effect using Delft3d wave–flow coupled model. The

breaker height is taken from the grid by considering the maximum dissipation grid

normal to the coastline. The breaking parameters at Ratnagiri and Puducherry are

described in Table 6.9 and Table 6.10. Wave direction and wave induced force are

also taken from the same grid where wave completely dissipated. Breaker height
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varies between the minima and maxima of 0.11 m and 3.0 m with a mean value of

0.87 m . Median and standard deviation of breaker height are 0.55 m and 0.64

respectively, whereas at Puducherry, the range of breaker height is between 0.15 m

and 2.14 m with a mean value of 0.55 m . The lesser breaker height at Puducherry is

a result of the lower wave height present at this location due to the shadowing effect

of the Sri Lankan land mass. Median and standard deviation of breaker height are

0.52 m and 0.22 m respectively. The highest value of breaker height are obtained

corresponds to the high waves reaching the nearshore region in the high energy SW

season at Ratnagiri and extreme waves generated in the cyclonic events at

Puducherry. Monthly average values of breaker height vary between 0.38 and

2.09 m with the mean height of 0.87 m at Ratnagiri and 0.39 m and 0.82 m and mean

value of 0.56 m at Puducherry.

The occurrence of breaking wave in different wave height range is presented in the

Figure 6.3. The dominant portion of the breaking waves has height less than 1 m. A

secondary high is observed at Ratnagiri due to the high SW swells reaching the west

coast of India in the range 1.5-2.25 m with 20%. Maximum breaking waves, 40 % of

the total events measured at half an hour intervals in one year are obtained in the

range 0.25-0.5 m .

The breaking angle is another important parameter which leads to the wave induced

nearshore circulation. The refracted wave angle shows a decreasing trend during the

pre-monsoon season and increasing trend in the post-monsoon season, Whereas,

the wave reach the coast from a steady direction of 261 during the SW monsoon

season due to refraction (Table 6.10). While at Puducherry, a shift in wave direction

from NE in post monsoon to SE during pre and SW monsoon season is observed

(Table 6.10).
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Figure 6.3. Occurrences of wave breaker heights at Ratnagiri (top panel) and

Puducherry (bottom panel)

Wave dissipation and wave induced force show similar trend with breaker height.

Wave dissipation has significantly increased in SW monsoon compared to pre and

post-monsoon seasons. The values obtained are ranging from 244.68 (December) to

46473 3kgs (July) at Ratnagiri. At Puducherry, comparably lesser values are

obtained during March and April (451 and 632 3kgs ) than rest of the year

(2909 3kgs ) with highest in the month of December when NE monsoon and cyclonic

storms prevail over the region (7437 3kgs ). Monthly mean wave induced forces are

correlated with the breaker height at a particular region while it depends on the

beach steepness when different locations are compared. The simulated wave

induced force varied between 0.04 (December) and 6.44 (July) and between 0.16

(March) and 1.11 21  skgm (December) at Ratnagiri and Puducherry respectively.
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Table 6.9. Monthly variation of breaker height, wave direction, wave dissipation

and wave induced force at Ratnagiri.

Months
bH (m) Wave

direction

( deg )

Wave

dissipation

( 3kgs )

Radiation stress induced

force

( 2Nm )

Jan 0.45 271.26 419.77 0.17

Feb 0.48 277.89 1084.33 0.37

Mar 0.51 269.83 709.33 0.28

Apr 0.52 267.52 781.68 0.32

May 0.68 262.57 2816.58 0.67

Jun 1.74 260.11 32931.92 5.19

Jul 2.09 261.80 46472.70 6.44

Aug 1.67 262.13 32356.63 5.29

Sep 1.18 261.00 18859.13 2.93

Oct 0.44 250.98 847.23 0.15

Nov 0.40 253.48 287.86 0.05

Dec 0.38 262.18 244.68 0.04
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Table 6.10. Monthly variation of breaker height, wave direction, wave dissipation

and wave induced force at Puducherry

Months
bH

(m )

Wave

direction

(deg )

Wave

dissipation
3kgs

Radiation

stress induced

force

( 2Nm )

Jan 0.67 91.86 3924.67 0.60

Feb 0.49 98.13 1773.50 0.35

Mar 0.34 110.18 451.21 0.16

Apr 0.39 112.69 632.15 0.20

May 0.60 112.55 2554.54 0.47

Jun 0.55 113.89 1626.66 0.35

Jul 0.53 110.06 1664.21 0.42

Aug 0.54 109.78 1839.03 0.41

Sep 0.50 110.62 1532.87 0.38

Oct 0.56 107.81 2405.03 0.48

Nov 0.71 102.62 5041.93 0.78

Dec 0.82 98.08 7437.18 1.11
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6.5 Comparison: numerical vs empirical height
Wave damping in the shallow water region is affected by the bottom friction

(Forristall et al., 1985; Wells et al., 1981). Putnam et al. (1949) studied the earliest

work based on the theoretical and experimental framework. Studies also conducted

to analyse the effect of bottom friction in the wave energy dissipation due to barrier

reef (Lowe et al., 2005) which found the damping is significantly larger in the sandy

beaches. This can also happen when waves are propagating over cohesive

sediments such as fine silts and clays. Gade (1957) shows that a significant part

(~80%) of wave energy dissipation due to bottom interaction. Wave damping over a

region not only depends on bottom friction but also on the suspended sediment in

the region.

This section analyses the wave damping at Ratnagiri and its effect in the breaking

wave height at two different slope regions using empirical formulation (Komar et al.,

1972) and simulated results from the SWAN based Delft3d wave. Komar et al.,(

1972) derived the equation of breaker height using the applicability of linear wave

theory as
5/1

0

0
056.0














H

HHbr (6.3)

Where brH is the breaking wave height, 0H and 0 are the deep water wave height

and length.

The Figure 6.4 depicts the half hourly breaker height obtained from Komar et al.

(1972) and model results and it indicates a definite difference between these two

data sets. Tables 6.11 and 6.12 show the monthly statistics at Ratnagiri and

Puducherry. At Ratnagiri, the results show that during pre-monsoon and post-

monsoon season the percentage difference is higher than SW monsoon season by

41and 42% respectively. While the less percentage difference of 24 is obtained

during the SW monsoon season. Waves with longer wavelength damped more due

to the frictional influence during the high energy waves in the SW monsoon.

Maximum and minimum of damping in breaking wave height based on Komar

equation are observed during the month of July (21%) and February (47%). The
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average decrease of 0.39 m is obtained between the Komar and simulated breaker

height.

Figure 6.4. Comparison of breaker height obtained by numerical and empirical

methods at Ratnagiri and Puducherry.

At Puducherry, the results show similar values throughout the year varying in

between 28.5 and 37.2%. The damping percentages in breaking wave height during

pre-monsoon, post-monsoon and SW monsoon season are 34 and 31 and 33%

respectively. Maximum and minimum of damping rate in breaking wave height based

on the Komar equation are observed during the month of January (28.5%) and April

(37%), which indicates a correction factor of -0.27 is to be introduced with the Komar

equation to nullify the damping due to friction and other effects. The propagation of

waves over flat beach at Ratnagiri causes the increase in frictional effect and higher

correction factor than Puducherry.
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Table 6.11. Monthly mean breaker heights estimated from numerical model and

Komar et al. (1972) empirical equation at Ratnagiri

month Measured

(m)
brH Komar

( m )

brH model

( m )

Difference

between Komar

and model (m )

Percentage

of variation

Jan 0.68 0.82 0.45 0.38 45.12

Feb 0.75 0.91 0.48 0.43 47.25

Mar 0.73 0.88 0.51 0.37 42.05

Apr 0.75 0.89 0.52 0.37 41.57

May 0.85 1.02 0.68 0.34 33.33

Jun 1.97 2.31 1.75 0.56 24.24

Jul 2.35 2.66 2.10 0.56 21.05

Aug 1.88 2.14 1.66 0.48 22.43

Sep 1.39 1.63 1.16 0.47 28.83

Oct 0.53 0.71 0.44 0.27 38.03

Nov 0.51 0.67 0.40 0.27 40.30

Dec 0.51 0.66 0.38 0.28 42.42
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Table 6.12 Monthly mean breaker heights estimated from numerical model and

Komar et al. (1972) empirical equation at Puducherry

month Measured

( m )
brH Komar

( m )

brH model

( m )

Difference

between Komar

and model (m )

Percentage of

variation

Jan 0.83 0.94 0.67 0.26 28.72

Feb 0.59 0.69 0.49 0.19 28.99

Mar 0.48 0.55 0.34 0.21 38.18

Apr 0.55 0.62 0.39 0.23 37.10

May 0.80 0.92 0.60 0.32 34.78

Jun 0.73 0.87 0.55 0.32 36.78

Jul 0.62 0.78 0.52 0.25 33.33

Aug 0.64 0.79 0.54 0.25 31.65

Sep 0.60 0.74 0.50 0.25 32.43

Oct 0.67 0.83 0.57 0.27 31.33

Nov 0.87 1.02 0.71 0.30 30.39

Dec 1.00 1.14 0.82 0.32 28.07
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Longshore current



160

Chapter 7

Longshore current

7.1 Introduction
Wave-induced currents have a major role in the dynamics of the surf zone and inner

continental shelf by driving the circulation and sediment transport in the

region(Wright et al., 1991). The longshore current has been studied using coupled

Delft3d wave-flow simulations to understand the seasonal and monthly variation at

Ratnagiri and Puducherry. This chapter discusses the currents in the surf zone

region at the study locations using the model output forced by the measured wave

data at the boundary. This chapter also describes the comparison between validated

model output using measurements and three well-known empirical equation derived

by Inman et al. (1963), Galvin et al. (1964) and Longuet‐Higgins (1970).

7.2 Currents in the surf zone
The longshore current is derived from the location in line to the measurement

location in the Ratnagiri nearshore region. The currents at the study locations

derived provided the current will be maximum at the offshore maximum of wave

breaking (Barreiro et al., 2008). The Figure 7.1 depicts the half hourly variation of

simulated longshore current at Ratnagiri and Puducherry. Estimated longshore

currents show significant variations in their direction and magnitude (Figure 7.1 a&b).

At Ratnagiri, the direction of longshore current during the pre-monsoon and post-

monsoon season are inconsistent and transitional while during the SW monsoon

season, most of the time the longshore current is unidirectional and flowing towards

north (Table 7.1). Negative and positive currents indicate the flow towards northern

and southern direction respectively.
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Figure 7.1. Half hourly variation of longshore current estimated using coupled

Delft-3D numerical model. (a) Ratnagiri (b) Puducherry. Negative values indicate

south and positive values north direction at Puducherry and Ratnagiri.

Seasonal variation in the average current speed at Ratnagiri is towards north with a

value of 0.1 1ms and it varies between -0.38 and +0.64 1ms during the study

period. Results are similar to the other studies conducted along the central west

coast of India. Kumar et al. (2003a) reported the variation of longshore currents in

the range of 0.1 to 0.6 1ms with a mean value of 0.3 1ms along the central west

coast of India. Seasonal variation of absolute mean values shows that (Table 7.2)

the strong longshore currents are observed during the SW monsoon season while

the current speed during the pre and post-monsoon season has similar values at

0.07 and 0.06 1ms (Table 7.2). At Ratnagiri, the earlier studies reported longshore

current between 0.1 and 0.33 1ms with predominantly southward direction from field

measures (Chandramohan et al., 1993; Kunte et al., 2001). The higher SW monsoon

waves with period ranging from mainly 8-13 s cause the higher longshore current
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during the SW monsoon and associated directional uniformity in the longshore

current.

Table 7.1. Longshore current statistics at Ratnagiri

Months Southerly

Max

( 1ms )

northerly

Max

( 1ms )

Mean

( 1ms )

Net

( 1ms )

January 0.26 0.29 0.06 0.01

February 0.17 0.13 0.04 -0.02

March 0.24 0.25 0.06 0.00

April 0.24 0.27 0.06 0.01

May 0.38 0.37 0.07 0.02

June 0.20 0.64 0.38 0.25

July 0 0.64 0.40 0.24

August 0.25 0.54 0.33 0.17

September 0.16 0.56 0.32 0.17

October 0.10 0.31 0.08 0.07

November 0.17 0.23 0.08 0.05

December 0.24 0.26 0.07 0.03

-ve indicates southerly +ve indicates northerly

Table 7.2. Seasonal variation of longshore current at Ratnagiri and Puducherry

Mean current ( 1ms )

season Ratnagiri Puducherry

Pre-monsoon 0.07 0.06

SW monsoon 0.21 0.03

Post-monsoon 0.06 0.13
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At Puducherry average currents show that both the northern and southern flow

balance each other with a negligible (0.003 1ms ) net current. Currents varied

between -0.66 and 0.78 1ms with a standard deviation of 0.11 1ms . Flow towards

northern side is obtained mainly during the pre and SW monsoon season while in the

post-monsoon season the currents are mainly directed towards the south. Along the

south east coast of India Kumar et al. (2000a) observed a strong longshore current

during the SW monsoon period. The present study shows that the longshore current

is stronger in the pre-monsoon season because of calm waves prevailing in the

south-east coast of India at Puducherry than the SW monsoon season when sea

breeze induced waves are active over the region. During the post-monsoon season,

the plunging waves generated by the higher winds from the NE monsoon and

cyclonic activity over the region cause even higher longshore currents in the region.

During the season, the highest current speed of 0.66 1ms towards the south and a

speed of 0.74 1ms towards the north is obtained in the month of December. The

monthly average of longshore currents shows the net current of minimum and

maximum are obtained during July (0.02 1ms ) and January (-0.11 1ms ) with values

ranges from -0.31 to 0 1ms and -0.21to 0.48 1ms (Table 7.3). The absolute

averaged current speed at a location is 0.08 m/s. The high currents in the post-

monsoon season are obtained during the waves generated by the cyclonic storms

Jal and Giri which pass through the nearshore region of Puducherry during the study

period.

7.3 Longshore current: empirical equations
Most of the longshore current estimation in the past along the Indian coast have

been done using the empirical equation (Kumar et al., 2002; Kumar et al., 2000b;

Shanas et al., 2014). The estimation of longshore current using different formulation

allows including various parameters such as breaker height, breaker period and

beaching slope, into the prediction of the currents. In most of the cases, the breaking

parameters are calculated from solitary wave theory or using small amplitude wave

theory(Kumar et al., 2000b; Skovgaard et al., 1975). A study based on the theoretical

framework by Broaching (1997) found that the measured longshore current and

estimation based on the Longuet-Higgin’s has found a 15% discrepancy in
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magnitude between these values. A study by Kumar et al., in 2001 at

Vishakhapatnam along the east coast of India indicates that the empirical formulation

of Longuet‐Higgins (1970) and Galvin et al. (1964) over predict the longshore

currents by 25 and 22% than the measured current. So in this section we have

compared the simulated longshore current with two well-known formulations which

are widely known and commonly used in the study. The longshore formulations used

in the study are Longuet‐Higgins (1970) and Galvin et al. (1964).

Table 7.3. Longshore current statistics at Puducherry in 2010

Month Southerly

max

( 1ms )

Northerly

max

( 1ms )

Mean

( 1ms )

Net

( 1ms )

January 0.21 0.48 0.12 -0.11

February 0.14 0.26 0.06 -0.04

March 0.44 0.15 0.03 0.03

April 0.19 0.08 0.03 0.03

May 0.62 0.48 0.1 0.07

June 0.51 0.12 0.05 0.05

July 0.31 0 0.02 0.02

August 0.44 0.01 0.03 0.03

September 0.26 0.04 0.03 0.03

October 0.42 0.3 0.1 0.05

November 0.78 0.51 0.12 -0.02

December 0.74 0.66 0.17 -0.09

-ve indicates southerly +ve indicates northerly
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Galvin and Eagleson (1964): Before the wildly accepted radiation stress by

Longuet-Higgins (1964) coming into popularity, in 1964 Galvin and Eagleson framed

a formulation to estimate the longshore current speed based on momentum balance

(Sonu et al., 1966). According to this, the longshore currents estimated are related to

the beach slope as

)2(sin bbTKgmV  (7.1)

Longuet and Higgins (1970): After the arrival of radiation stress concept by 1964

and the importance of the concept to the estimation of longshore current, Longuet-

Higgins derived a formulation to obtain the longshore current speed as

)2sin()(7.20 2/1
bbLH gHbmV  (7.2)

K is a dimensionless coefficient depending on geometry of the breaking wave

(Galvin, 1967), g is acceleration due to gravity ( 2ms ), m is the beach slope of the

nearshore region from coastline extending up to the breaking point, The beach slope

calculated from the measurements at Ratnagiri is 0.5º and that from NHO chart at

Puducherry is 1.7º at . T is wave period, bH is breaking wave height and b is the

breaker angle makes with the normal. At Puducherry the coastline is inclined 15

towards the east from the true north. At Ratnagiri the coastline is 15 towards west

from the true north (Anoop et al., 2014).

The table 7.4 represents the monthly statistics of longshore current estimated using

the Longuet –Higgins and Galvin formulations. At Ratnagiri (Table 7.4), the monthly

variations indicate that the maximum longshore currents are obtained during the pre

and post-monsoon season while in the SW monsoon season the values are

comparably lower. A similar variation is observed for both formulations. During the

three seasons; the pre, SW and post-monsoon, the mean current ranges from 0.17-

0.25, 0.25-0.40, and 0.24-0.31 1ms respectively for Longuet–Higgins and 0.21-0.27,

0.29-0.34 and 0.28to 0.43 1ms respectively for Galvin. These statistics shows that

these calculated current speed values overestimate the simulated results many

times during pre and post-monsoon season compared to that during the SW

monsoon season. Similar results are also indicated in the current estimation using

the Galvin formulation. At Puducherry (Table 7.5) the overestimation is also noted for
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both Longuet-Higgins and Galvin formulation. The overestimation in breaking wave

height is found to be similar during three seasons.

Table 7.4. Monthly variation of longshore current estimated by empirical equations

at Ratnagiri

months

Longuet Higgins Galvin

South

erly

max

( 1ms )

Northe

rly

max

( 1ms )

Mean

( 1ms )

Net

( 1ms )

Souther

ly max

( 1ms )

Norther

ly max

( 1ms )

Mean

( 1ms )

Net

( 1ms )

January 0.18 0.51 0.24 0.10 0.23 0.58 0.28 0.09

February 0.18 0.50 0.17 0.00 0.23 0.54 0.21 -0.01

March 0.18 0.50 0.23 0.10 0.22 0.55 0.26 0.10

April 0.19 0.53 0.24 0.11 0.22 0.57 0.27 0.12

May 0.18 0.54 0.25 0.19 0.19 0.57 0.26 0.20

June 0 0.67 0.38 0.38 0 0.66 0.38 0.38

July 0 0.65 0.40 0.40 0 0.61 0.34 0.34

August 0 0.57 0.33 0.33 0 0.51 0.29 0.29

September 0.17 0.62 0.33 0.31 0.21 0.67 0.34 0.31

October 0.11 0.55 0.32 0.31 0.22 0.70 0.43 0.41

November 0.16 0.47 0.31 0.28 0.23 0.67 0.41 0.36

December 0.17 0.48 0.27 0.20 0.23 0.59 0.35 0.24

-ve indicates southerly +ve indicates northerly
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Table 7.5. Monthly variation of longshore current estimated by empirical equations

at Puducherry

months

Longuet Higgins Galvin

Souther

ly max

( 1ms )

Norther

ly max

( 1ms )

Mean

( 1ms

)

Net

( 1ms )

Souther

ly max

( 1ms )

Norther

ly max

( 1ms )

Mean

( 1ms )

Net

( 1ms )

January 0.74 1.41 0.75 0.69 0.52 1.05 0.57 0.52

February 1.00 1.10 0.47 0.34 0.75 0.99 0.38 0.27

March 1.22 0.83 0.27 -0.18 1.02 0.83 0.24 -0.15

April 0.84 0.43 0.32 -0.31 0.79 0.34 0.27 -0.26

May 1.08 1.43 0.50 -0.38 0.83 1.41 0.42 -0.31

June 1.35 0.62 0.44 -0.44 1.09 0.63 0.40 -0.39

July 1.08 0.34 0.27 -0.25 0.79 0.39 0.25 -0.23

August 1.21 0.58 0.26 -0.23 1.16 0.81 0.24 -0.21

September 1.06 0.62 0.29 -0.27 0.84 0.57 0.27 -0.25

October 0.98 1.21 0.42 -0.16 1.14 1.12 0.41 -0.12

November 1.35 1.48 0.52 0.18 1.10 1.24 0.44 0.11

December 0.98 1.65 0.68 0.44 0.77 1.44 0.54 0.33

-ve indicates southerly +ve indicates northerly

To provide a more suitable estimation of longshore current calculations using the two

well-known equation, study have been repeated with different constant for K in the

Galvin et al. (1964) and 20.7 in the Longuet-Higgins because the other variables

define the wave characteristics and beach slope which are the major factors

influencing the generation of longshore current by the wave effect. Hameed et al.

(1986) have done a similar study along the Kerala coast by changing the constant to

get reliable data for the longshore current. In the present study repeated estimation

of longshore current have been conducted for different constants and found that at
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Ratnagiri during the pre and post-monsoon season, a reduced value of 5 makes the

most reliable estimation of longshore current. While in the SW monsoon season the

preferred value of 18 gives good results with simulated datasets (Figure 7.2). In the

case of Galvin formulation, values are 0.2 and 1 during SW monsoon and rest of the

season respectively. The highly variable wave climate in SW monsoon and rest of

the year at Ratnagiri causes two different values for the constant in the estimation. At

Puducherry, a single value gives good results. The corrected constants for

estimating longshore current by Longuet- Higgins and Galvin are 5 and 0.3

respectively.

Figure 7.2. The comparison of model simulated longshore current and constant

corrected empirical equation at Ratnagiri and Puducherry.
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Chapter 8

Summary and conclusions

8.1 Introduction
The temporal variations of nearshore waves and longshore current at Ratnagiri and

Puducherry have been studied using in situ measurements and numerical approach.

This chapter depicts the different aspects of the work described in the previous

chapters. The first section summarises the contribution of the work. Then the next

section summarizes the important conclusions of the study.

Waves in the nearshore region play an important role in the coastal management of

India having a coastline of around 7517 km. The process at the nearshore region

largely depends on the waves and the currents in the region. This study analyses the

nearshore waves, its transformation and extreme conditions and presence of wave-

induced longshore current at Ratnagiri and Puducherry which are located along the

west and east coast of India. The wave data collected using directional waverider buoy

are analysed with available wind data either from the Autonomous Weather Station

(AWS) or the large-scale winds such as NCEP, ASCAT and JTWC cyclone information

for this study. Real time measurements carried out at outside (7 m) and inside (1.5 m)

the surf zones are used for validation of the numerical simulation. The simulated

currents are also validated using the measured data from the surf zone at a depth of

1.5 m using bottom mounted Seaguard current meter. The coupled Delft3d wave-flow

suite is used for the simulation of nearshore waves and currents from the measured

data collected at 14 m as a boundary condition.

The broad objectives of the present study are:

 To study the seasonal and annual variation of nearshore waves



171

 To estimate the role of nearshore waves in the refractive pattern and breaking

wave characteristics

 Comparative study of wave transformation and longshore current along the

selected locations.

8.2 Contribution of the work
The analysis of nearshore wave data measured at Ratnagiri and Puducherry, which

are located along the west and east coast of India shows significant differences in the

wave climate of the regions due to the difference in the area of exposure to the

meteorological as well as geographical conditions.

The wave climate of the west and east coast of India depends on both the locally as

well as the remotely generated waves throughout the annual cycle. At Ratnagiri, the

locally generated waves called wind-sea dominates during the pre and post-monsoon

season. In the SW monsoon season, the waves in the intermediate range (8 pT 13s)

dominates. The presence of short period and long period waves are also observed

during all three seasons. However, the percentage occurrence of short period and long

period waves are lower compared to the intermediate period waves. At Ratnagiri, apart

from the local wind-sea or short period waves which are mainly generated by the local

wind system called land-sea breeze, the NW winds which are blowing from the Arabian

Gulf reaches the west coast of India and generates high-frequency waves over the

region. The presence of these winds at Ratnagiri depends on the seasonal strength of

the winds in the Arabian Gulf as well as the Arabian Sea. This type of wind-sea

generation is observed only during the pre and post-monsoon season while during the

SW monsoon season this wind does not have enough strength to reach the Indian

west coast.
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The sea breeze influence is observed in the wave climate of Ratnagiri. Nearshore

wave climate during the sea breeze system is purely dependent on the short period

waves (wind-seas). Minimum wave height is observed during the early hours of the day

(03:00-06:00 UTC) due to the land breeze system and the presence of swells cause

higher mean wave period. Analysis of observed wave components shows that during

the pre- and post-monsoon periods, wave height reaches a maximum value at around

15:00 UTC. The hourly average of the mean wave period indicates the co-occurrence

of maximum sea breeze and a decrease in the mean wave period between 09:30 UTC

and 12:30 UTC during the pre- and post-monsoon seasons. The sea breeze winds

cause a larger time lag to reach the maximum values in the wave height in the post-

monsoon than the pre-monsoon season. However, during the SW monsoon season,

the SW winds dominate and the sea breeze induced waves are not noticed during this

period.

At Puducherry, the seasonal occurrence of sea breeze induced waves show a

contradiction to the wave climate observed at Ratnagiri, because of the geographical

settings. The influence of locally generated wave climate induced by the sea/land

breeze system is high during the SW monsoon season due to the absence of SW

monsoon winds in this region and the presence of high wind condition in the pre and

post-monsoon season. Even if winds during the NE monsoon and the cyclone period

cause the extreme wave conditions in the south-eastern part of India, the presence of

diurnal variation of wind-sea is observed during the pre and post-monsoon season.

Maximum wave height (0.74– 1.04 m) is observed between 17:00 and 18:00 UTC and

minimum (0.53–0.72 m) during 10:00 UTC during this period.

The swells which are able to travel large distance through the ocean shows different

nature. Along the west coast, the presence of swells is identified from both southwest

and northwest of the study area, which is observed throughout the annual cycle either

as summer shamal swells, SW monsoon-induced waves or Southern ocean swells.

The presence of a northwest swell is identified at Ratnagiri along the west coast of

India from the measured wave data which is supported by the ASCAT and AWS wind
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data during the SW monsoon season. These swells arrive the nearshore region of the

study area from the northwest direction during May and from the west-northwest

direction during the remaining months. The observed summer shamal swells show an

increase during 2011 compared to 2010 due to the stronger summer shamal winds in

2011 than in 2010. The observed summer shamal swell events was maximum in May

and showed a decrease in number as the southwest monsoon reached the Indian

subcontinent and minimum events during July due to the strong southwest monsoon.

The mean period of shamal swells is higher with values in the range of 6.5–11.2s
during summer, whereas during winter, the mean wave period varies between 6 and

8s. The significant wave height associated with the shamal swells is high, and it

reaches a maximum of 3.4 m and is twice the significant wave height observed during

the winter season. The passage of summer shamal swells through the Arabian Sea is

dependent on the strength of the southwest monsoon winds blowing over the Arabian

Sea. The wind pattern over the west coast of India at Ratnagiri is driven by northwest

winds in May. However, during the summer monsoon, the wind pattern depends on the

strength of the monsoon winds from the southwest and summer shamal winds from the

northwest.

The swells arrive from the SW direction are either the intermediate period waves or

long period waves and depends on how far the waves are generated. The intermediate

waves are generated by the SW monsoon winds and propagated towards the west

coast of India from the region near Somalia, north of African continent. While the long

period waves whose peak period exceeds 13s are generated by the easterly moving

cyclonic storms in the southern ocean. During the SW monsoon season, the long

period swells are rare towards the Indian nearshore region due to the strong SW

monsoon wind and associated rough ocean surface conditions in the eastern Arabian

Sea. These swells arrive at the west coast of India after 5–6 days of generation which

is identified during the SW monsoon by inverse estimation of wind speed from NCEP

winds from wave characteristics with a unique direction of 240º.
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The presence of frequent storm and cyclonic wind condition contributes to the swell

climate of Puducherry. These waves are not only generated by the north Indian Ocean

wind condition, but also from the south Indian Ocean tropical cyclones off west/north-

west of Australia with peak wave period between 8.3 and 12 s and with a time lag of 4–

6 days during different cyclones. Besides the swells from the southern side, 5% of

swells are arriving from the northeast of the study location.

As the wave propagates into the nearshore region, the two important process are; i)

the interaction with the marine boundary layer and ii) the reflection from the coastline.

The fast moving waves are able to change the marine boundary layer which depends

on the winds over the region. The inverse wave age parameter shows that the

nearshore region is a mixed state for 77 %, wave modified wind for 21 % and wind

driven wave for 2 % of the time during an annual cycle. The study shows that long

period waves have a role in the air-sea interaction during the calm wind condition.

The directional wave data in the frequency band of 0.045–0.12 Hz are used to study

reflection pattern at Ratnagiri and Puducherry. Even though the beaches of west coast

are steeper during the monsoon season, less influence is observed on reflection

coefficient, but the presence of long-period waves cause higher reflection during rest of

the seasons. Effect of seasons on reflection coefficient is not significant for location off

the east coast, but higher beach slope causes higher reflection. The presence of

cyclone cause inverse effect in the reflection coefficient with the decrease in wave

reflection due to the high energy of the incident waves even if the reflected energy is

higher than that during the rest of the time.

The extreme wave condition over the two study locations depends on the conditions

persisting over the region. The tropical cyclones are frequent at the Bay of Bengal and

extreme wave conditions prevail during this period. While in the Arabian Sea, the

severe wave climate occurs during the SW monsoon. High waves are most frequent in

the Arabian Sea with wave height more than 2 m in the SW monsoon season. The

maximum wave height observed during the study is 6.9 m and 8.3 m at Ratnagiri and
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Puducherry respectively. At Puducherry, the high waves ( Hs >6m) are associated with

wave period 8-12s with wave steepness less than the limiting values.

The freak waves are mainly generated due to the nonlinear process during the rough

wave conditions. Abnormality index varied between 2 and 2.5 at Ratnagiri and 2 and

2.2 at Puducherry. Intra-seasonal variation of freak events is correlated to sea breeze

induced rough conditions. The highest freak wave of height 4.5 m and maximum

events occurred in November corresponding to a significant wave height of 2.1 m in

the post-monsoon season at Puducherry. Due to the smaller wave heights during the

pre and SW monsoon season, the freak events are not of destructive in nature and the

wave heights are always less than 2 m. Only during the post-monsoon season when

NE winds are active, an increase in freak wave events (45 %) with height more than

2 m are observed.

The nearshore transformation of waves are simulated using the numerical model

Delft3d wave. The decrease in wave height and directional change due to bottom

friction are analysed during the nearshore wave propagation. The decrease in wave

height is minimum in the higher depth region while the percentage of change is more

significant in the shallow region. The directional shift in refracted wave is minimum for

SW monsoon waves compared to the waves during rest of the year at Ratnagiri. The

higher wave dissipation rates obtained during the SW monsoon at Ratnagiri and during

post-monsoon season at Puducherry. The dissipation rate is maximum between 5 m
and 2 m contours except during the SW monsoon season at Ratnagiri.

In the nearshore waters, the bottom friction causes the waves to increase the

steepness and break at the shallow water region. The dominant wave breaker type are

spilling at Ratnagiri and plunging at Puducherry due to the difference in bottom slope at

the study locations. The mean wave breaking height at Ratnagiri and Puducherry are

0.87 and 0.55 m respectively. At both the locations, the major part of the wave

breaking height is in the range of 0.25 and 0.75 m, but a secondary peak of breaker

height is also observed at Ratnagiri in the 1.5 to 2 m interval. In the shallow water
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region, wave damping is observed on the simulated waves compared to the breaker

wave height calculated from the empirical formulation of Komar and Gaughan (1972).

The simulated results show more wave damping in the long period waves during the

pre and post-monsoon season. The average difference in breaking height between the

simulated and Komar and Gaughan formulation are 0.39 and 0.27 m respectively at

Ratnagiri and Puducherry.

The longshore current at the study location is simulated using the coupled Delft3d

wave – flow model using the measured wave and tidal constituents at the boundary.

The model simulated water level and longshore current at both the locations compared

reasonably well to the measurements. At Ratnagiri, during the pre-monsoon and post-

monsoon season, the longshore current direction is transitional, while during the SW

monsoon season, most of the time the longshore current is unidirectional and flow

towards north and the current speed varied between -0.38 and 0.64 1ms . At

Puducherry, the currents varied between -0.66 and 0.78 1ms . The longshore currents

are also estimated from the wave data using Longuet-Higgins (1970) and Galvin

(1965), which shows that the estimated current from empirical relation over-estimate

the current at both the locations with the defaults constants of 20.8 and K=1. A better

agreement between both the simulated and measured currents are obtained for

Longuet-Higgins (1970) using constant 18 during SW monsoon and 5 during the pre

and post-monsoon season and K=1 during SW monsoon season and K=0.2 during rest

of the year in Galvin (1965) at Ratnagiri. At Puducherry, a single value of 5 and K=0.3

estimated the currents well for Longuet- Higgins and Galvin respectively.

8.3 Conclusions
 Wind pattern over the west coast of India at Ratnagiri is driven by northwest

winds in May. However, during the summer monsoon, the wind pattern

depends on the strength of the monsoon winds from the southwest and

summer Shamal winds from the northwest.
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 Presence of a northwest swell is identified at Ratnagiri during the summer

Shamal events from measured wave data. Presences of waves from the NW

at Ratnagiri are due to the wind-seas produced by the sea breeze and short

period swells by the Shamal events.

 Swells propagated from the Southern Ocean during an event in 2011 SW

monsoon period are identified with a travelling time of 5–6 days to reach the

west coast of India with a unique direction of 240º.

 At Ratnagiri, during the pre-monsoon and post-monsoon periods, the

nearshore wave characteristics are influenced by the sea breeze blowing

over the region and wave heights reach maximum values at around 15:00

UTC. The wind-sea domination is observed during the calm pre-monsoon

season and swells domination during the rough SW monsoon season.

 At Puducherry, during the pre-monsoon and SW monsoon period, the near-

shore wave characteristics are a function of winds associated with sea

breeze over the region and reach the maximum height at mid-day (14:00

UTC), whereas over the eastern Arabian Sea, sea breeze influence is not

found during the SW monsoon period.

 Waves generated by the cyclonic activities play an important role in the wave

climate off Puducherry during the pre and post-monsoon season with

extreme wave conditions. Maximum wave height of 8.3 m is observed at

Puducherry during Thane cyclone while along the west coast maximum

wave height observed is 6.9 m as a result of the SW monsoon.

 Good correlations are observed between modelled waves with the

observation. The breaking wave height based on Komar and Gaughan
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(1972) overestimates the measured values at both locations by 0.27 and

0.39 m.

 Empirical equations over-estimate the longshore current at Ratnagiri and

Puducherry compared with the model currents. Better results are obtained

for longshore currents with change in constants used in the empirical

formulae. This study will help to calculate breaker height and longshore

current using corrected constants in most commonly used equations.

8.4 Scope for further studies

Due to the importance of the nearshore region, additional research should be carried

out to improve the understanding of the influence of waves in the nearshore region.

i) As the remotely generated waves dominate the nearshore region, long period

swells play a role in the upward momentum transfer, which is a key parameter in

air–sea interaction studies, so in this regard more detailed study is required to

understand this phenomena in the region.

ii) The presence of Shamal swells identified from this study has shown a shift in

direction from NW to W during the SW monsoon season. The interaction of NW

and SW swells should be studied in more detail using numerical models.

iii) As the waves break in the nearshore region and can unsettle a large amount of

bottom sediments and initiate its movement, which also cause the generation of

infragravity waves due to nonlinearity in swell components. The role of

infragravity waves on the nearshore waves and longshore currents needs to be

investigated.
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iv) This study has been carried out to analyse the seasonal and intra-annual

variation in longshore currents. This can be further extended to study the spatial

and vertical profiles of longshore currents in the surf zone.
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Annexure-1

The reflection of ocean surface waves from the shore line is calculated based on shore

line orientation. The shore line orientation is calculated from the national hydrographic

chart. The wave data from the directional wave rider buoy provides the wave direction

based on true north. The buoys are deployed in the shallow water areas of Ratnagiri

and Puducherry.. The shore line orientation of Ratnagiri is 345° based on true north

and the waves with direction 165 degree to 345 degree is considered as the land ward

(towards land) propagating wave energy and remaining is considered as sea ward

(towards sea) propagating wave energy i.e. reflective energy. Similarly for Puducherry,

the shoreline orientation is 15 degree, so the land ward propagating wave energy is by

waves with direction 15 degree to 195 degree.   Since influence of locally generated

wind waves also has influence on the wave climate, in the present study only the swell

waves (frequency band 0.045–0.12 Hz) is considered. The buoy is only 2 km away

from the shoreline both at Ratnagiri and Puducherry. Hence, the area between buoy

and shore line is insufficient for the generation of swell waves from the shoreline to the

buoy location

For Ratnagiri,
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For Puducherry
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Where E (f, θ) is the spectral energy density.

d = 4 deg

df = 0.005 Hz for frequency up to 0.1 Hz and is 0.01 Hz from 0.1 Hz onwards

The spectral moment is derived from time series data on heave and two translational

motions of the directional wave rider buoy.
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