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Waves-physical aspects,scales… 
Wave motion is a means whereby energy is transported across or through a 

material without any significant overall transport of the material itself. 

Frequencies and periods of the vertical motions of the ocean surface (after 

Munk, 1950). 



Surface gravity waves: Wind seas and swells 

Wind-generated waves with periods ~ 0.25-30s (wavelenghts ~ 0.1-1500 m) are 

called surface gravity waves, as they are dominated by gravity.  

Waves that are being generated by wind are irregular and short-crested -  called 

wind seas 

Waves that are out of their generation area are regular and long-crested - called 

swells 

Fetch is the unobstructed distance of sea, over which wind blows. This is the 

region where wind-generated waves begin. 

 



Seas and swells in real ocean 

Chaotic seas 

inside fetch area. 

Swells:  wave type found 

outside the fetch. 

Sea state is the combination of wind seas and swells 



Why Wave data is required? 
 Optimal ship routing and safe navigation 

 

 

 Loading and unloading operations in   

 ports and harbours  

 

 Maritime activities such  

as fishing, recreation, etc. 

 

 

 Design of coastal and  

offshore structures 

 



The solution? 

 In-situ wave observations are sparse  
 Buoys – give only location-specific 
 information  

 
 
 
 

 Satellites – give spatial wave data, but have  
only limited coverage 
 
 Observations are only of the past, no predictions are possible 

 
 

 Numerical Wave models can provide wave data with wide spatial 
coverage, they can hindcast/nowcast/forecast the sea state. 

https://www.datawell.nl/Portals/0/Documents/Brochures/datawell_brochure_dwr4_acm_b-38-07.pdf


Water particles move up and down, 

backwards and forwards as waves 

travel through water. This movement is 

different in different water depths.  

 

Given the water depth (d) and 

wavelength (λ): 

 

• Deep water d >= λ/2 

 

• Transitional depth λ/20 < d < λ/2 

 

• Shallow water d <= λ/20 

Influence of water depth on wave motion 

Water  particle movement in deep 
and shallow waters 

Deep 

Shallow 



Numerical modeling of ocean waves 
 Statistical properties of waves are defined and modelled by numerical wave 

models (NWM). 

 Based on the concept of wave spectrum, which can vary continuously in 
space and time. 

 Wave spectrum is calculated by the NWMs from winds, sea bed 
topography, and tides (optional). 

 NWMs forecast the wave spectrum, accounting for the generation, 
propagation and the dissipation of waves. 

 

 

Bathymetry 

Wind 
Wave parameters such as 

significant wave height, wave 
periods, wave directions, etc. 

 
Wave spectra : one- and two-

dimensional 

Numerical 
Wave model 

Tides, currents, 
etc. 

Initial conditions 

Boundary conditions 



Wave spectrum 

 Wave spectrum is the key concept on which wave models are 
based upon. 

 A wave record or a record of water surface elevation could be 
reproduced as the sum of a large number of wave components 
(Fourier analysis), i. e; 

                                                             

                                                           

 

 

 

 Variance (Energy) density spectrum is the distribution of the 
total variance (energy) of the sea-surface elevation over different 
frequencies (1D spectrum) and directions (2D spectrum). 



The character of the waves for three different widths of the 
spectrum. 



The spectrum at sea 

An interpretation of the wave spectrum off the Dutch coast when 
a northerly swell, generated by a storm off the Norwegian coast, 
meets a locally generated westerly wind sea. 



Model Wave spectra 

(i) Pierson-Moskowitz spectrum (1964): 

 Used for a fully developed sea (equilibrium state when fetch and 

duration are unlimited): 

 Originally developed based on sub-set of 420 (1955 – 1960) 

wave measurements with ship-borne wave recorder (Tucker, 

1956). 

 



Model Wave spectra 

(ii) Joint North Sea Wave Project (JONSWAP) 

spectrum (1973): 

 JONSWAP (1973) gave a description of wave spectra growing in 

fetch limited condition. The spectra observed appeared to have 

a sharper peak than the PM spectrum. Hence a peak 

enhancement factor was introduced.  

 

JONSWAP spectrum has been shown to be rather universal, not only for idealised fetch-
limited conditions but also for arbitrary wind conditions in deep water, including storms 
and hurricanes.  



How does the wave model work? 
 The wave model is based upon an energy balance equation 

with sources and sinks. It considers the  

 
 Wave growth by the wind (source term) 

 

 Wave decay due to (sink terms) 

 

oWhitecapping 

 

o Bottom friction 

 

o Depth-induced wave breaking 

 

 Nonlinear wave-wave interactions (triads and quadruplets) 



Schematic of a regular grid 
used by wave models 

 
 
 
 

The spectrum is computed 
simultaneously at all the grid 
points in this approach. 

A regular (longitude, latitude) grid for wave modelling in coastal waters. The 
energy balance is considered in each individual geographic cell. 



Wave propagation 
 

 Waves propagate along the great circles obeying the 

dispersion relationship 

  The propagation speed of the surface wave profile is 

called the   phase speed. It is readily obtained from 

the dispersion relationship as   

  

 

      

 In deep water                 and hence 

 

 In shallow water                  and hence c = sqrt (gd)  

 Thus deep water is dispersive (wave speed 

depends on its frequency) and shallow water is 

non-dispersive (wave speed depends only on the 

water depth) 

A great circle track is the 

shortest  route between 

two points on a sphere 

Dispersion is the 

variation of wave 

speed with 

wavelength 

gk2

dgk 22 

/gc 



Wave propagation... 

 

 In ocean, long waves travel faster than short waves because of 

dispersion relationship. Thus swells move faster than wind seas 

 

 Group velocity is the velocity at which a group of waves travel  

 

 Wave energy travels at the group velocity =  

 

  In Deep water, Cg=(1/2)* phase velocity 

 

 In Shallow water, Cg= phase velocity 

kcg  /



Wave Refraction 
As waves begin to feel the bottom refraction may occur.  

 

When waves enter water of transitional depth, if they are not travelling 

perpendicular to the depth contours, the part of the wave in deeper water 

moves more rapidly than the part in shallower water causing the crest to 

turn parallel to the bottom contours. 

 

Generally, any change in the wave speed, for instance due to gradients of 

surface currents, may lead to refraction, irrespective of the water depth. 

 

Possible Implications: 

 

1. Increase in wave height 

2. Decrease in wavelength 

3. Decrease in velocity 



Wave Energy Convergence and Divergence 



Wave Energy Convergence and Divergence 

http://earthweb.ess.washington.edu/EPIC/Geologic/Shorelines1/pages/36.EP_0072_DR_SH_36.htm


Shoaling As a wave enters the transition 

zone, the wave bottom begins to 

drag on the sea floor causing the 

wave to slow down 

Since wave period is always 

conserved (c= λ/T), any decrease 

in speed  is proportional to a 

corresponding decrease in 

wavelength 

Consequently, the wave energy 

becomes concentrated, its kinetic 

energy is converted into the 

potential energy of a slower, taller 

wave. Thus wave height 

increases. 

In the energy balance 

equation, shoaling is 

accounted for by using a depth-

dependent group velocity in the 

equation 



Spectral energy balance equation – the basis of 
any wave model 

 
 
 

 Here the action density is considered instead of the energy density. 
 

                                                                           relative frequency 
 

 The 1st term in the above equation represents the local rate of change of 
energy density, the 2nd and 3rd terms represent the propagation of wave 
energy in geographical space, the 4th term represents the depth- and current-
induced refraction, 5th term represents the frequency shift due to variations 
in depth and currents.  

 RHS represents sources and sinks 



Source/Sink terms in the wave 
action balance equation  

                      = Sin + Snl + Swc + Sbot + Sdb 

 

       In the above equation, 

 

 Sin takes care of the wave growth by the action of wind 

 Snl accounts for the non-linear wave-wave interactions 

 Swc sink term for dissipation due to white-capping 

 Sbot   sink term for dissipation due to bottom friction 

 Sdb  sink term for dissipation due to depth-induced 
wave breaking 



Wave growth by wind : Phillips term of Sin 
Transfer of wind energy to the waves is described with a 

resonance mechanism (Phillips, 1957) and a feedback 
mechanism (Miles, 1957). 

 According to Phillips (1957), waves are generated by resonance 
between propagating wind-induced pressure waves (i.e., air 
pressure) at the water surface and freely propagating water 
waves.  

 

 

 

 

 The energy input by this mechanism contributes to the initial 
stages of wave growth, varies linearly with time.  

The normal wind-induced 
pressure moving as a 
(nearly) frozen distribution 
across the water surface 



Wave growth by wind : Mile’s term of Sin  
 
 
 
 
 
 

 
 The air pressure at the water surface attains a maximum on the 

windward side of the wave crest and a minimum on the 
leeward side of the wave crest 

 This implies that the wind effectively pushes the water surface 
down where the wave surface is moving down (the windward 
side of the crest) and pulls the water surface up where the 
surface is moving up (the leeward side of the crest) 

The wave-induced wind-
pressure variation over a 
propagating harmonic 
wave 

The Miles (1957) term: feedback of wave-
induced pressure fluctuations 



Wave growth by wind : Mile’s term of Sin  

 This coupling between pressure and surface motion 
transfers energy to the waves 

 Since this transfer depends on the amplitude of the water 
wave, it becomes more effective as the wave evolves 

 As the wave grows, this mechanism becomes faster, thus 
making speeding up the wave growth 

 The process enforces itself: it is a positive-feedback 
mechanism and causes exponential growth of wave energy 
in time 

In summary, the source term for the generation of 

waves by wind can be written as 

Alpha depends on the wind speed. Beta depends on the speed and direction of wind and wave. 



Effect of wind on waves 

The basic factors affecting wave growth by wind are: 

o Wind speed 

o Fetch 

o Duration of wind 

 

  If  Wind speed > the wave speed, the wave will grow 

 

  If wind speed = Wave speed, the downward force on the windward side 

of the crest and the upward force on the leeward side of the crest will no 

longer exist    

 

  If wind speed is < the wave speed, the wind will have no effect on the 

wave, wave growth will not occur      



Shape of Sin for a JONSWAP spectrum 

The wind input source term, for a JONSWAP spectrum for Hm0 = 3.5m, Tpeak = 7 s 
and U10 = 20m/s) 

Apparently, most of the energy transfer 
from wind to waves occurs at the spectral 
peak and on its high-frequency side 



Nonlinear wave-wave interactions (quadruplet) : Snl4 
 This is a mechanism that affects wave growth in deep/shallow  

water and it transfers of energy amongst the waves, i.e., from one 
wave component to another, by resonance 

 These resonance conditions state that, if the frequency, wave number 
and direction of one diamond pattern (resultant of 2 wave 
components) coincide with those of another diamond pattern, then 
energy is transferred amongst the four free components involved.  
 
 
 
 
 
 
 

 Such a set of four wave components is called a quadruplet and the 
interactions are called quadruplet wave–wave interactions. 



Shape of Snl4 for a JONSWAP spectrum 

The quadruplet interactions transfer a significant fraction of the wind input from the mid-

range frequencies to lower frequencies and a small fraction to higher frequencies. At the 

high frequencies, white-capping dissipates this energy. At the low frequencies, the 

energy is absorbed without appreciable dissipation. The energy at the low frequencies 

therefore grows, shifting the peak of the spectrum to lower frequencies, and thus 

dominating the evolution of the spectrum. Thus Snl4 stabilizes the shape of the spectrum 

of steep waves. 

Note that the quadruplet wave–wave  
interactions only redistribute energy over 
the spectrum. No energy is added or  
withdrawn from the spectrum as a whole. 



Nonlinear wave-wave interactions (triads), its shape 

for a JONSWAP spectrum : Snl3 

  Snl3 is active only in very shallow water (surf zone) when 
the following resonance conditions for three wave 
components are satisfied: 

 

 

 

Triad interactions transfer 
energy from the primary 
peak to its superharmonic, 
resulting in a secondary peak 
at twice the peak frequency. 

The source term for triad wave–
wave interactions, for a JONSWAP 
spectrum in shallow water 
(computed with the LTA 
approximation of Eldeberky, 1996; 
for Hs = 3.5 m and Tpeak = 7 s) 



Dissipation Swc : white-capping 

This is the dissipation 

mechanism present in deep and 

shallow waters 

 

This is assumed to be dependent 

mainly on wave steepness 

(steepness=H/ λ=1/7) 

 

In the absence of white-capping 

the wave heights in deep water 

can grow unlimited 



Dissipation Swc : white-capping 
 Wave breaking in deep/shallow water by white-capping is a very 

complicated phenomenon, and is the least understood of all processes 
affecting waves 

 It seems reasonable to assume that it is the wave steepness which 
controls wave breaking in deep water 

 White-capping is obviously closely related to the wind 

 
The visually estimated fraction n of breaking 
waves as a function of wind speed (n is the 
number of observed breaking waves/total number 
of observed waves, at a fixed horizontal position) 

White-caps are not only important for the 
evolution of ocean waves; they also play a 
key role in the exchange of gas across the 
air–sea interface 



Shape of Swc for a JONSWAP spectrum 
The theory of Hasselmann (1974) gives only a general form for the 
white-capping source term: 

The white-capping source term, for a 
JONSWAP spectrum 

where k is the wave number and μ is a 
coefficient representing some statistical 
property of the white-caps such as wave 
steepness.  
 
White-capping is more prominent in 
shallow water due to increased wave 
steepness (as a result of shoaling) 



Dissipation term- the Bottom friction Sbot  

Water particle orbitals gradually diminish with depth and touch the bottom when waves 

propagate into shallow water 

Wave energy  is dissipated due to friction between the bottom and the orbital motion 

The amount of dissipation depends on the sea bottom characteristics 



Dissipation term- the Bottom friction, its shape for a 

JONSWAP spectrum :Sbot     

 For continental shelf seas with a sandy seabed, the  dominant mechanism 

for bottom dissipation is the bottom friction. 

 It depends on the bottom roughness, grain size.... 

The general character of the bottom-friction source term for a JONSWAP 

spectrum is given in Figure below.  

 

The bottom-friction source term, for a 
JONSWAP spectrum in shallow water. 



Dissipation term- the depth-induced wave breaking Sdb 

The process of breaking limits the wave height in shallow water.                      0.78 for design 
purposes.   



Dissipation term- the depth-induced wave breaking, its 
shape for a JONSWAP spectrum :Sdb  

 Specific to shallow water propagation 

 A classical and widely accepted model for depth-induced wave breaking 
(surfbreaking) is due to Battjes  and Janssen (1978)  

 Depends on the local water depth, incident wave steepness, bottom slope, 
etc. 
 

The depth-induced-breaking (surf-
breaking) source term, for a 
JONSWAP spectrum in shallow water 

The shape of the spectra is barely 
affected by this type of breaking 
(shape-conserving character of Sdb)  



Energy flow in the spectrum 
•Transfer of wind energy to the waves occurs 

mostly near the peak of the spectrum and at 

the mid-range frequencies  

•The corresponding energy gain at these 

frequencies is rapidly removed by wave–wave 

interactions (triad and quadruplet) to lower 

and higher frequency and by white-capping  

•Additionally, the energy at these intermediate 

frequencies is dissipated by bottom friction 

and surf-breaking  

•At the higher frequencies, most of the energy 

that is received from the mid-range frequencies 

is also dissipated, by white-capping and 

surf-breaking  

•Near the outer edge of the surf zone, the 

transfer of energy from the spectral peak to 

its second harmonic by triad wave–wave 

interactions  is so strong that a secondary 

high-frequency peak is created, but, deeper 

inside the surf zone, it disappears 

  

 

The energy flow through the 
spectrum in (very) shallow water 



The relative importance of the various processes 

affecting the evolution of waves in oceanic and coastal 

waters (after Battjes, 1994)  



Some operational wave models 
 Simulating Waves Nearshore (SWAN) 

 coastal/shallow water, structured/unstructured mesh 

 Open source, Unix-based 

 WAVEWATCH III 

 Global/deep water, structured/unstructured mesh 

 Open source, Unix-based 

 WAM  

 Global/deep water, structured 

 Open source, Unix-based 

 MIKE 21 Spectral waves 

 Regional/coastal, unstructured mesh 

 Commercial, Windows-based 



Structured vs unstructured mesh 
•Structured mesh is simple to 

set up and does well for coarse 

resolutions and deep sea 

conditions.  

•Finer resolutions are required 

near to the coast, and accurate 

representation of coastline 

demands very fine grids. This 

demands large computational 

resources. 

Flexible unstructured mesh and bathymetry (in meters) 

•Unstructured mesh is complex 

to set up, but more economical.  

•The reason is that we can 

setup high resolution along 

coastline and in regions of 

complex bathymetries, and 

relax the grid for deep sea. 

•Wave models use triangular 

meshes which represent the 

coastline accurately. 



Initial & boundary conditions 

 Different options for initial conditions are available in 
wave models 

 Calm conditions 

 Restart file from a previous model run 

 Wave parameters from a global model 

 Initial spectra calculated from local wind velocities 

 

 Global wave models such as WAVEWATCH III, and WAM 
can generate the boundary conditions (two-dimensional 
energy spectra/wave parameters) for coastal models such 
as SWAN 



Steps involved in the configuration of wave modeling system 

 Selecting appropriate wave model 

 Porting the model in HPC/machine 

 Setting up the model and customization for your domain 
of interest 

 Preparation of initial & boundary conditions 

 Preparation of forcing-preprocessing 

 Execution of model 

 Processing of model outputs to useful forms-
postprocessing 

 Analysis & Interpretation of model output 



References 

 Waves in oceanic and coastal waters ,Leo H. 

Holthuijsen,2007, Cambridge university press 

 

 Guide to analysis and forecasting, WMO- 

No.702,1998 

 

 SWAN Scientific And Technical Documentation  

 

 



sandhyakg@incois.gov.in 


