
Author Version of : Ocean Engineering, vol.235; 2021; Article no: 109356 

 

Evaluation of wave growth and bottom friction parameterization schemes in the SWAN 

based on wave modelling for the central west coast of India 
 

S. V. Samiksha1*, Lincy Jancy2, K. Sudheesh1, V. Sanil Kumar1, P. R. Shanas1   
1CSIR-National Institute of Oceanography, Dona Paula, Goa – 403 004, India 
2Institute for Ocean Management, Anna University, Chennai – 600 025, India 

*Corresponding author: vsamiksha@nio.org 

 

Abstract 

In the present study, SWAN wave model is nested with Wavewatch 3 to reproduce waves off 

the central west coast of India using ERA-5 winds. The sensitivity of SWAN wave model was tested 

with different wave growth and bottom friction schemes to identify the most suitable scheme for this 

region. The model parameters have been validated with one year buoy measurements. Among all the 

four wave growth schemes (Komen, Janssen, Westhuysen and ST6) and three friction schemes 

(JONSWAP, Collin and Madsen) considered, SWAN with Komen or ST6 and JONSWAP setup 

performed better in predicting the waves, including the high waves during the southwest monsoon. 

Model performance has also been tested with high resolution WRF winds and the statistical results 

showed comparably the same performance as ERA5 winds. The model very well demonstrated the 

existence of single peaked spectra during the southwest monsoon and double/multi-peaked spectra 

due to strong local winds and the swells arriving from the Southern Ocean during fair/moderate 

weather season. Hence, Komen or ST6 wave growth with JONSWAP bottom friction is 

recommended for the prediction of waves off the central west coast of India using ERA5 winds.  
 

Keywords: SWAN model, Wavewatch 3 model, ERA5 data, wave growth, bottom friction, WRF 
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1. Introduction 

The major sources of wave information are from in-situ measurements, model hindcasts and 

reanalysis, voluntary observing ships (VOS) and remote sensing (Hithin et al., 2015). Visual 

observations of wave parameters from ships (VOS) data have been available along the shipping 

routes since 1784. However, by nature these observations are subjective, and there are large 

unsampled areas due to missing ship routes (Gulev and Grigorieva, 2004). Satellite altimetry and its 

recent improvement in resolution, as well as, data quality are worthwhile, but globally the repeat 

cycle of satellite altimetry for a location varies from 10 days for the TOPEX/Poseidon satellite 

mission to 35 days for ERS satellites, and hence there is a chance of missing extreme events. In-situ 

observations are location-specific and generally sparse. In the coastal regions of the Indian Ocean, 

unlike the Atlantic Ocean or the Pacific Ocean, long-term time series data of in-situ observations are 

mostly unavailable, and hence, it is rather difficult to estimate wave climate or extreme sea state 

accurately without long-term time series data. Also, the requirement for such high quality wave data 

is increasing constantly for the design of offshore structures as well as studying the coastal processes. 

Hence, we need to depend on numerical modelling based on a spectral concept, which is a powerful 

tool to calculate wave properties accurately for operational use and engineering studies, subject to the 

accuracy of input winds.  

Wave propagation within the coastal areas is strongly influenced by coastal morphology - its 

islands, bars, shoals and channels. Some of the widely used numerical wave models are Wave 

Modelling (WAM)(WAMDI, 1988), Wavewatch 3 (WW3) (the WAVEWATCH III® Development 

Group, 2019; Tolman, 2003) and Simulating Waves Nearshore (SWAN) (Booij et al., 1999). The 

state-of-art third generation wave models WW3 and SWAN represent better the transition between 

wind-seas and swells, compared to the former wave models. These models use full wave spectra 

based on the integration of wave action balance equation. WAM and WW3 are more suitable for 

global and regional modelling (Chawla, 2007; Remya et al., 2012; Samiksha et al., 2015, 2012; 

Sandhya et al., 2014; Strauss et al., 2007; Umesh et al., 2017; Umesh and Behera, 2020; Umesh and 

Swain, 2018). SWAN has been extensively validated and widely used across the globe in simulating 

coastal wave characteristics due to demand in the coastal areas (Amrutha et al., 2016; Bhowmick et 

al., 2011; Booij et al., 1999; Brown, 2010; Kumar et al., 2009; Mazaheri et al., 2013; Moeini et al., 

2012; Nikishova et al., 2017; Parvathy et al., 2017; Ris et al., 1999; Samiksha et al., 2019; Sandhya et 

al., 2014; Siadatmousavi et al., 2012; Swain et al., 2019; Umesh and Swain, 2018; Wang et al., 

2004). SWAN is a sophisticated model with various parameterizations to treat the physical processes 

with gradual bathymetric variations in the coastal regions. 



More importantly, the accuracy of the model output in the nearshore regions is governed by 

input forcing, parameterizations of various source terms and the effect of numeric used. Several 

studies tried to propose parameterizations for dissipation source terms (Donelan and Pierson Jr, 1987; 

Feng and Yeli, 1992; Hasselmann, 1974; Longuet-Higgins, 1969; Polnikov, 1994; WAMDI, 1988; 

Yuan et al., 1986). Researchers have also evaluated the suitability of different parameterized wave-

breaking and dissipation formulas for coastal spectral wave transformations (Zheng et al., 2008). 

Another important process is related to bottom friction. Bottom friction dissipation and nonlinear 

triad (3-wave) interactions are the potentially important processes. A study by (Luo and Monbaliu, 

1994) suggested that the bottom friction and triad interactions are sensitive to local environments in 

terms of water depth, bottom characteristics and wave properties.  

Along the west coast of India, significant wave heights (SWH) upto 6 m have been reported 

during the southwest monsoon period (Kumar et al., 2006); in the rest of the period, SWH will be 

normally less than 1.5 m (Kumar and Anand, 2004). Kumar et al., 2003 reported that along the Indian 

coast, about 60% of the wave spectra are multi-peaked, and they are single peaked when SWH  2 m. 

It was also observed that wave energy spectra generally have more than one peak depending on the 

generation source, and double peaked spectra are mainly swell dominated. Vethamony et al., 2009 

found that the co‐existence of wind seas and pre‐existing swells create diurnal variations on the 

resultant waves along the west coast of India during pre‐monsoon and northeast monsoon. Glejin et 

al. (2013) reported that swells are present throughout the year off Ratnagiri (central west coast), and 

swells are dominant during pre-monsoon and weak during southwest monsoon due to prevailing 

strong winds. Amrutha et al. (2016) analysed changes in nearshore waves during the active sea/land 

breeze period off Vengurla (central west coast), and found that peak wave period in a single day 

varied upto 8s. It was also found that reduction in the wave height of wind-sea was ≈ 20% and that of 

the swell ≈10% when waves travelled from 15m to 5m water depth. The mean wave spectrum 

showed the predominant swell peak at 0.074Hz both at 15 and 5m water depths, but the wind-sea 

peak shifted from 0.187 to 0.174Hz when waves travelled from 15m to 5m water depth. Dora et al. 

(2018) showed that during the summer monsoon (southwest monsoon) coastal breeze is absent as 

monsoon winds dominate, and pointed out the importance of having year long time series data for 

local weather predictions. Wave characteristics in the nearshore region off Vengurla at 15 m water 

depth revealed that the highest SWH was 5.05 m with an annual average (SWH) of 0.93 m, and the 

monthly average peak wave period ranged from 9.4 to 13s (Amrutha et al., 2016). 

 Wave characteristics in the shallow waters of the central west coast of India are explored 

mostly using measurements, which are time and space bounded. Several coastal development 



projects are proposed in the central west coast of India, and that may demand wave climate 

information, for which long-term time series data are required. Therefore, the present study is taken-

up, aiming at simulating waves off the central west coast of India using a shallow water nested 

numerical model (SWAN nested with WW3) with forcing from ERA5 winds. We have used wave 

data collected off Vengurla during 2018 for validation of the model results. Further, assuming that 

the nested model provides very reliable results, sensitivity analyses for wave growth and dissipation 

(bottom friction) have been carried out using the parameterization schemes available in the model 

with the aim of extending the model for the entire west coast of India. The accuracy of model wave 

parameters has been discussed using the results of statistical and spectral analyses. 

2. Area of study 

The location selected for the study is Vengurla, a port city in the coastal region of Sindhudurg 

on the central west coast of India (Fig. 1). It is situated at an average elevation of 11m above MSL 

and is bounded by the Arabian Sea on the west and the Western Ghats on the east. Vengurla is also 

surrounded by a semicircular range of hills. The beaches are characterized by fine grain size 

sediments with distinctly different magnetic signatures in terms of their concentration and magnetic 

grain sizes (Gawali et al., 2010). The coastal region of Vengurla is characterized by three different 

seasons, pre-monsoon (February–May), southwest monsoon (SWM, June–September) and northeast 

monsoon (NEM, October–January). SWM winds are stronger than NEM and pre-monsoon winds. 

Vengurla experiences a tropical climate and the annual precipitation is 3155.3 mm (Gawali et al., 

2010). The tides are predominantly semi-diurnal and mixed. It is exposed to open ocean waves from 

northwest to south (Amrutha et al., 2016). It is reported that wave height and wave period vary 

between 1.5 to 3.0m and 5 to 8s during June to September and 0.5 to 1.5m and 5 to 6s, during 

October to May, respectively (Sathasivam et al., 2015). Inter-annual variations in annual average 

values of SWH from 2014 to 2018 is upto 8%, while no significant variations in annually averaged 

values of mean wave period and peak wave period were observed (George et al., 2020). Figure 1 

shows the model domain chosen for the study as well as the location of a Datawell directional 

waverider buoy deployed at 13m water depth (latitude: 15.8420°N and longitude: 73.5837° E) during 

Jan-Dec 2018 for collecting wave data.  



 

Fig. 1. Indian Ocean model domain chosen for running WW3. The small square represents the model 

domain for SWAN. The buoy deployment location (15.8420°N, 73.5837°E) is shown with red dot. 

3. Data and methodology 

3.1 Wind Data 

The wind data used in this study is ERA5 from ECMWF (European Centre for Medium-

Range Weather Forecast) Copernicus Climate Change Service Climate Data Store (CDS), date of 

access. https://cds.climate.copernicus.eu/cdsapp#!/home) with a temporal resolution of 1h and a 

spatial resolution of 0.25° for WW3 and SWAN models. ERA5 is the new climate reanalysis dataset 

from ECMWF (5th gen). The most substantial upgrades compared to ERA-Interim are the finer 

spatial grid (31 km vs. 79 km), the higher time resolution (hourly vs. 3-hourly), the higher number of 

vertical levels (137 vs. 60), a new NWP model (IFS Cycle 41r2) and an increase in the amount of 

data assimilated (Hersbach et al., 2020). We also used the high resolution atmospheric simulated 

winds from WRF (Weather Research and Forecasting model) model. WRF (version 3.31) (Dudhia, 

2014; Skamarock et al., 2008) is a mesoscale numerical weather model designed to serve both 

operational forecasting and atmospheric research. The grid resolution for this model is 0.1°x0.1° 

(11.1 km x 11.1 km). The initial and boundary conditions were given from the NCEP analyses data. 

The boundary domains for the WRF model were extracted from the FNL(Final) files of the NCEP 

database (https://rda.ucar.edu/datasets/ds083.2/). NCEP FNL (Final) Operational Global Analysis 

data are on 1o x 1o grids prepared operationally every 6 hours. This product is from the Global Data 

Assimilation System (GDAS), which continuously collects observational data from the Global 

Telecommunications System (GTS), and other sources, for many analyses. The simulation was 

carried out for the full year (2018) with 3 hrs time interval for the smaller domain. Only ERA5 winds 

were given as input to Wavewatch III, and both ERA5 and WRF winds to the SWAN model.  

https://cds.climate.copernicus.eu/cdsapp#!/home
https://rda.ucar.edu/datasets/ds083.2/


3.2 Wave Data 

The wave data measured using a Datawell directional waverider buoy deployed at 15m water 

depth in a shallow water location off Vengurla from January to December 2018 have been used for 

model validation. The data were recorded continuously at 1.28Hz, and the data for every 30min were 

processed as one record. Data were sampled at a frequency of 1.28 Hz and fast Fourier transform of 8 

series, each consisting of 256 data points, were added to give spectra with 16 degrees of freedom. 

The high frequency cut-off was set at 0.6 Hz and the resolution was 0.005 Hz. The SWH and MWP 

were obtained from the spectral analysis. Based on circular moments, the MWD corresponding to the 

spectral peak frequency (fp) was estimated (Kuik et al., 1988).  

3.3 Statistical Indicators 

The accuracy of both the measured datasets and the model results was tested by subjecting 

these data to statistical analyses. The various statistical indicators used to determine the accuracy of 

the datasets are listed below. 

Correlation coefficient: 

                                                                                             (1) 

 Root-mean-squared error (RMSE): 

                                                                                                                                                   (2) 

BIAS: 

                                                                                                        (3) 

Scatter Index: 

                                                                                                           (4) 

 

Where represents the values of simulation parameters and  represents the measured values, N is 

the number of data values and  represents the mean value. 

 

 



3.4 SWAN Model 

SWAN 41.20, developed at the Delft University of Technology, is a third-generation wave 

model for obtaining realistic estimates of wave parameters in coastal areas, lakes and estuaries from 

given wind, bottom and current conditions (Booij et al., 1999; Ris et al., 1999). SWAN is 

computationally less efficient in deep water. However, SWAN can be used on any scale relevant for 

wind-generated surface gravity waves. It solves the action balance equation rather than the energy 

balance equation  (Hasselmann et al., 1973),  

                                             (5) 

Where, N, σ, θ, x and y, t, and S represent the wave-action density, relative frequency, wave 

direction, horizontal coordinates, time and total of source/sink terms (wave energy density), 

respectively. The left hand side represents the rate of change of action density in time and 

geographical space (x,y) with cx and cy as the propagation velocities. The right hand side represents 

the source term expressed as: 

                                     (6) 

It includes the wind input, triad wave–wave interactions, quadruplet wave–wave interactions, 

dissipation by white-capping, bottom friction and breaking respectively. The terms such as bottom 

friction and triad wave–wave interaction are considered only in shallow water wave calculations. 

In the model, the transfer of wind energy to the waves is described with a resonance 

mechanism  (Phillips, 1957) and a feed-back mechanism (Miles, 1957). 

Wave growth due to the wind is expressed as  

                                                         (7) 

in which A and B depend on wave frequency and direction, and wind speed and direction. The 

expression for the term A is from (Cavaleri and Rizzoli, 1981). Two optional expressions for the 

coefficient B are used - one from (Snyder et al., 1981)) and the second from (Janssen, 1991). 

The dissipation terms of the wave energy include white-capping , bottom 

friction ) and depth-induced breaking . As this study involves sensitivity analyses using 

bottom friction, we have discussed parameters related to the bottom friction equation. 

The bottom friction dissipation can be expressed as: 

                                                     (8) 



Where  is the bottom friction coefficient. The following  three types of bottom friction are 

defined in the SWAN model: (i) JONSWAP model of  (Hasselmann et al., 1973) with 

=0.038m2s−3 for swell conditions and =0.067m2s−3 for wind sea conditions (this is no 

longer used in the present version). This term is also represented ascfjon as a coefficient of the 

JONSWAP formulation, (ii) the drag law model of Collins (1972) with  with Cf 

as the bottom friction coefficient, gravitational acceleration g, and root-mean-square wave-induced 

orbital velocity at the bottom Urms and (iii) the eddy-viscosity model of Madsen et al. (1988) with 

= and  taken from Jonsson (1966, 1980) and Jonsson and Carlsen (1976). 

The depth-induced wave breaking in SWAN is defined from Battjes and Janssen (1978), 

where αBJ = 1 in SWAN. If Hm is the maximum wave height at a given water depth d, then Hm = γd, 

with the breaking parameter γ = 0.73. 

More information about the model physics and other details of SWAN is described in (Booij 

et al., 1999; Bunney, 2011; Ris et al., 1999; Team, 2011). The governing equations are solved using 

finite-difference schemes (two-dimensional, rectangular grid), which are simple, robust and 

economical for application in oceanic waters. SWAN computations can be made on a regular, 

curvilinear grid or a triangular mesh in a Cartesian or spherical coordinate system. SWAN has the 

option to make computations that are nested in (coarse) SWAN, WAM, or WAVEWATCH 3(WW3). 

In such runs, SWAN interpolates the spatial boundary of the SWAN, WAM or WW3 grid to the 

model domain (finer) grid of SWAN (that needs to coincide with the grid lines of WAM, WW3 or 

output nest grid boundaries of SWAN).  

Model setup: 

Wave model set-ups can vary depending on the physical characteristics of the study area, 

including geographical conditions, wave formations, bathymetry gradients and global and local wind 

effects (Atan et al., 2017). The studies by (Breivik et al., 2009) and (Anselmi-Molina et al., 2012) 

report the application of WAM/SWAN and WW3/SWAN nested models (Warner et al., 2008) for 

accurate prediction of nearshore waves. The parameterization of shallow water wave physics also 

influences the model results. 

In the present study, a nesting approach using two separate gridded model domains has been 

used to simulate wave conditions off Vengurla, central west coast of India. The larger model domain 

of the Indian Ocean (60°S to 30°N; 15°E to 130°E) (Fig. 1) had a coarse resolution (0.5° x 0.5°) to 

reproduce the propagation of swells from the Southern Ocean to the open ocean of Indian Ocean. A 



regional nested high-resolution smaller domain off Vengurla coast (72°E to 75°E and 14°N to 17°N) 

(Fig. 1) with 0.01°x0.01° (1.11 km x 1.11 km) has been used to reproduce the transformed offshore 

waves and locally generated waves in a limited fetch. Both the domains used GEBCO (General 

Bathymetric Chart of the Oceans) bathymetry database (available from 

http://www.ngdc.noaa.gov/mgg/gebco), a 30-arc-second global model of the Earth’s surface. 

The 2D spectral boundary conditions generated using WW3 (larger domain) were given as 

initial boundary conditions for SWAN (smaller domain). Wave frequencies were discretized from 

0.025 to 0.58 Hz over 63 bins on a logarithmic scale. The physics of SWAN model simulation 

includes depth-induced wave breaking (Hasselmann et al., 1973), bottom friction, wind-wave growth, 

white-capping, quadruplet and triad interactions. Vegetation and fluid mud set-ups were deactivated 

as there are no vegetation fields or fluid mud beds present in the study area. SWAN was tested with 

wave growth (Janssen, Komen, Westhyusen, ST6) and Bottom friction (Jonswap, Collin, Madsen). 

With the objective of selecting the best available parameterization schemes for the central west coast 

of India (Vengurla coast), each parameterization option has been estimated independently by 

verifying the model simulated wave parameters, viz., SWH (significant wave height), MWP (mean 

wave period) and MWD (mean wave direction) with the buoy observations off Vengurla. Wave 

modelled spectra were also compared with the measured spectra. 

4. Results and discussion 

Firstly, the accuracy of the reanalysis wind data was tested by validating ERA5 and WRF 

winds with measurements. As measured wind data was not available for Vengurla, AWS wind 

measurements off Goa for the period Jan- Feb 2018 have been used. The comparison of winds (u and 

v velocity components) is shown in Fig. 2 and the statistics in Table 1. The accuracy of reanalysis 

winds was found to be within the acceptable limit, and therefore, the reanalysis winds were used 

confidently in the wave model. The statistics show much improved accuracy with ERA5 than the 

ERA-Interim datasets used in previous studies. Moreover, ERA5 winds match very well with the 

WRF winds, and in turn with measured winds.  

 

 

 

 

 



Table 1. Statistical comparison of ERA5 and WRF wind velocity components with measured winds off 

Goa during Jan-Feb 2018. 

 Measured vs ERA5 Measured vs WRF 

Wind Velocity  

Components (m/s) 
U10 V10 U10 V10 

No. of obs. 724 

BIAS(m/s) 0.705 0.317 0.937 -0.421 

RMSE(m/s) 1.678 1.836 1.97 2.114 

Scatter Index 8.380 -0.838 9.88 -0.966 

Correlation Coeff. 0.860 0.793 0.832 0.799 

 

 

 

Fig. 2. Comparison of u and v velocity components of winds (ERA5 and WRF) with AWS measured 

winds off Goa during Jan-Feb 2018. 



The performance of SWAN nested in WW3 was tested by validating the model parameters 

(statistical analysis and spectral distribution) with one year measured waves off Vengurla. The 

regional wave model downscaling was carried out using SWAN by considering two approaches: (i) a 

regional SWAN model (without boundary conditions), and (ii) a nested SWAN model with the 

boundary conditions from WW3. The results show that the regional model (without boundary input) 

underestimates the SWH whereas the nested model gives reasonable agreement with the measured 

SWH (Fig.3a). This implies that boundary conditions from a global model are required for accurately 

simulating waves in shallow regions. These results are compatible with the earlier studies 

(Aboobacker et al., 2011; Sabique et al., 2012; Samiksha et al., 2012), proving that nesting of any 

coastal model with a global model is a convenient option for better simulation of wave parameters in 

the coastal areas, especially in the Indian Ocean context to accommodate the swells coming from the 

Southern Ocean/Atlantic Ocean. We have plotted 1D wave spectra (Fig. 3b) from the adjacent grids 

(WW3 and SWAN grids) at a few time instances to show the role of boundary conditions, especially 

the swells coming from the outer domain into the local domain. The shift of the spectrum including 

the peak towards low frequency and spread of energy over a wide frequency range is evident when 

the boundary conditions are applied to the smaller domain.  

Nevertheless, the comparative study signifies that the nested model performs reasonably well 

to reproduce the wave conditions off Vengurla coast not only during fair weather season but also for 

high waves during southwest monsoon. A study by (Atan et al., 2017) revealed that SWAN 

performance is most sensitive to the type and parameterisation of wave generation formulation and 

bottom friction. Since more than one formulation is available in SWAN for each source term, in the 

present study, tests were performed by selecting different formulations that provide the best 

agreement with the observations. Assuming that the nested model provides very reliable results, 

performing sensitivity analyses for wave growth and dissipation (bottom friction) using the 

parameterization schemes (available in the model) so that the model can be extended for the entire 

west coast of India.  Following sub-sections present the detailed analyses of model results obtained 

for various combinations of wave growth physics and bottom friction. 



 

Fig. 3. (a) Comparison between SWAN modeled SWHs and measured SWHs with boundary (WB-

red curve) and without boundary (WOB-blue curve) conditions (Jan-Apr 2018) and (b) 1D spectral 

plots showing the change in spectral characteristics at two instances and adjacent grids at 2 locations 

(BP1 and BP2) with and without boundary conditions. 

4.1 Coastal wave modelling with different wave growth formulations and bottom friction 

The model sensitivity was evaluated with respect to input and dissipation parameterization for 

four different combinations of wave growth and bottom friction terms. (Amrutha et al., 2016) used 



nested SWAN wave model to hindcast waves off Karwar (≈150 km south of the present study area), 

and found that wave growth and bottom friction, i.e Komen with JONSWAP, is the best suitable 

parameterization for that region. As this is the default setup suggested by the SWAN team, we also 

initially setup the model using Komen wave growth physics and JONSWAP bottom friction by 

keeping the coefficient, cfjon=0.038, for the whole year. Subsequently, by keeping the same bottom 

friction, a sensitivity analysis was carried out for various wave growth terms, viz., Janssen, 

Westhuysen and ST6 (Fig. 4). The simulated wave parameters, viz., SWH, MWP and MWD were 

compared with the measured data of 1-year period covering all the seasons, and the accuracy was 

determined using statistical parameters (Table 2). For case-1, model simulations using Komen wave 

growth and JONSWAP bottom friction showed good performance for SWH (bias= 0.03m, RMSE= 

0.18m, SI=0.18 and CC=0.97). Case-2 simulations using the Janssen-JONSWAP combination 

showed a good match with the measured data for the entire period, including high waves during 

SWM. However, Case 3 simulations with Westhuysen formulation showed drastic underestimation 

compared to all other simulations. This may be due to the Westhuysen scheme (van der Westhuysen 

et al., 2007), which uses a saturation-based expression to calculate the whitecapping dissipation 

combined with wind input of (Yan, 1987), that essentially computes whitecapping dissipation locally 

in wavenumber space (Alves and Banner, 2003; Babanin and Westhuysen, 2008; van der 

Westhuysen et al., 2007). It depends on quantities that are local in the frequency spectrum, opposed 

to ones that are distributed over the spectrum, as in the expression of (Komen et al., 1984). However, 

the final whitecapping expression proposed by (Alves and Banner, 2003) features additional 

dependencies on the spectral mean wavenumber and steepness, which is problematic in situations of 

the mixed sea and swell often encountered in the nearshore. 

Case-4 with ST6 wave growth and JONSWAP bottom friction reproduced waves matching 

well with the measured data (Bias=0.09m, RMSE=0.20m, SI=0.20 and CC=0.97). (Edwards et al., 

2018) performed a cost benefit analysis of SWAN with the source term package of ST6 by concluded 

that the ST6 source term is better than other source term packages, and they recommended the use of 

the ST6 source term in complex sea state conditions, where wind seas and swells co-exist. In the 

present study, we find that amongst the 4 categories, Komen (Case 1) and ST6 (Case 4) formulations 

performed better than other combinations with less bias. Though we could not ascertain any specific 

reason for the schemes producing different responses, possible reasons could be that (i) wind input is 

balanced with white-capping dissipation in Westhuysen in combination with non-linear wave 

interaction and dissipation due to bottom friction and (ii) energy dissipation described by the 

breaking wave physics is not adequately modelled and it represents the wave conditions just before 



breaking or continuing features after breaking, which in turn is associated with the previous breaking 

due to dissipation (Umesh and Behera, 2020). 

Table 2.Statistical estimates of simulated and measured wave parameters with different wave growth 

formulations and same bottom friction using ERA5 as input winds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Case 1 Case 2 Case 3 Case 4 

Wave Growth Komen Janssen Westhuysen ST6 

Friction JONSWAP 

No. of Obs. 16800 

 Significant wave height (m) 

Bias(m) 0.04 0.12 -0.34 0.09 

RMSE (m) 0.18 0.21 0.43 0.20 

Scatter Index 0.18 0.22 0.43 0.20 

Corr. Coefft. 0.98 0.97 0.96 0.97 

 Mean wave period (s) 

Bias (s) 0.11 0.21 1.09 0.48 

RMSE (s) 0.92 1.11 2.07 1.14 

Scatter Index 0.17 0.21 0.48 0.21 

Corr. Coefft. 0.75 0.69 0.16 0.70 

 Mean wave direction (°) 

BIAS (°) 14.42 13.00 -4.37 14.87 

RMSE (°) 29.58 29.03 19.35 24.12 

Scatter Index 0.12 0.12 0.08 0.10 



 

 

 

 

Fig. 4. Comparison of model wave parameters (a) SWH, (b) MWP and (c) MWD obtained from 

SWAN (using 4 different formulations) using ERA 5 winds with measured waves and ERA5 data. 

Besides model validation of significant wave height, we have also validated the mean wave 

period and mean wave direction. The MWP (Table 2 and Fig. 4b) calculated with default setup (case 

1) provided better results (with bias=0.11 s and RMSE=0.92 s) compared to other cases, including 

ST6. However, SWAN simulated with ST6 physics gave the best results for MWD (low RMSE and 

low bias; of course, with marginal differences compared to other cases), followed by Komen-

JONSWAP (Table 2 and Fig.4c). Model results show that 86% of the time waves were approaching 

from the southwest, agreeing very close to the measured value (86% of the time from that sector), 

and the difference is very marginal. A study by (Umesh and Behera, 2020) showed that possible 

deviation in direction could be due to the representation of swells-wind seas interaction in the source 

physics. 



We also compared the model output with the wave parameters extracted from the ERA5 

database off Vengurla for the year 2018. The statistical results show good accuracy viz., SWH 

(bias=-0.09m and RMSE=0.14m, CC=0.99); MWP (bias=-2.08s and RMSE=2.18s, CC=0.89) and 

MWD (bias=-0.15° and RMSE=17.11°). Though results showed good accuracy with model output, 

the resolution of ERA5 data is 0.25°x0.25° which makes it difficult to use in the nearshore region and 

demands for model output in fine resolution scale. To check the accuracy of the model for a longer 

period we simulated the wave characteristics for additional year 2019 and compared the output with 

the ERA5 data. The statistical results are SWH (bias=0.08m and RMSE=0.14m, CC=0.99); MWP 

(bias=2.09s and RMSE=2.19s, CC=0.89) and MWD (bias=-0.79° and RMSE=17.11°). The 

comparison showed that statistical parameters for both years are nearly similar. In another sensitivity 

analysis, Komen physics was used with different bottom friction terms, viz, JONSWAP, Collin and 

Madsen, and the results are presented in Table 3. On comparing the statistical results of SWH, MWP 

and MWD (Table 3), it is very evident that Komen–Collin and Komen-Madsen simulations 

underestimate the wave parameters for high waves during SW monsoon, but perform better during 

the rest of the year. It may be noted that the mean wave direction in the study region varies between 

180° and 360° in all seasons. In Figure 5c, we could observe two clusters of wave direction (180°-

270° and 270°-360°). A recent study by (George et al., 2020) discussed about the wave direction off 

Vengurla with respect to seasons. From February to May (pre-monsoon), wave direction is from the 

northwest; during monsoon (June-Sept), waves are predominantly from the west-southwest due to the 

dominance of swells; in the post-monsoon season (October–January), waves mostly approach from 

the southwest. This seasonal distribution of waves indicates that the study region has 3 wave regimes: 

(i) swells from the southwest, (ii) wind-seas from the northwest and (iii) westerly waves during 

monsoon. On comparing the model results of SWH, we find that Komen wave growth physics with 

JONSWAP friction performs better (less bias and RMSE) than other combinations. Similarly, model 

simulation with Komen-JONSWAP formulation provides better results for MWP and MWD.   

 

 

 

 

 

 

 



Table 3. Statistical results of SWAN (Komen with different bottom friction terms) wave parameters 

with buoy data. 

Wave Growth Komen 

Friction JONSWAP Collin Madsen 

No. of Obs. 16800 

 Significant wave height (m) 

Bias(m) 0.03 0.06 -0.11 

RMSE (m) 0.18 0.22 0.27 

Scatter Index 0.18 0.22 0.27 

Corr. Coefft. 0.97 0.97 0.97 

 Mean wave period (s) 

BIAS (s) 0.11 0.31 0.15 

RMSE (s) 0.92 1.06 0.83 

Scatter Index 0.17 0.20 0.15 

Corr. Coefft. 0.75 0.73 0.78 

 Mean wave direction (°) 

BIAS (°) 14.42 12.61 14.16 

RMSE (°) 29.58 28.06 28.04 

Scatter Index 00.12 00.12 00.12 

 

 



 

Fig. 5. Sensitivity analysis for wave modelling with Komen physics with different bottom friction; 

also, comparison of model results with measured data: (a) SWH, (b) MWP and (c) MWD off 

Vengurla. 

4.2 Sensitivity analysis for high waves 

Subsequent to the above results, a few more sensitivity analyses were carried out to 

investigate the performance of the SWAN model, especially for high wave conditions (>2 m), such 

as during SW monsoon season (say, June). The sea state of  the Arabian Sea depends on the 



prevailing winds in the three different seasons, namely, southwest monsoon (June-September), 

northeast monsoon (October-January) and pre-monsoon (February-May). Among these seasons, high 

waves are observed during the southwest monsoon season (Glejin et al., 2013; Kumar et al., 2006). 

Considering the computational time and previous results, simulations have been restricted to one 

month only, but taking into account different combinations of wave growth and bottom friction 

terms. As Komen wave growth has been already tested for different bottom friction parameterizations 

(section 4.1), we have carried out simulations with the remaining wave growth schemes (Janssen, 

Westhuysen and ST6) and different bottom friction terms. Fig 6 shows the comparison of the model 

with the measurements during the SW monsoon season when there were larger waves. Table 4 

presents the statistical estimates for the various physics tested during the high wave conditions (SW 

monsoon season). The results (Table 4) show that the model performance for SWH is good with 

Janssen-JONSWAP scheme (low values of RMSE and SI and good CC) compared to Janssen-Collin 

simulation. On the contrary, Janssen-Madsen scheme in simulation provided more biased results for 

SWH with high RMSE and SI values, of course with good CC (similar to Komen-Madsen results) i.e. 

underestimation of wave parameters during the monsoon season for high waves (Fig.6). In Fig. 6b, 

we observe that model run with JANSEEN (wave growth scheme) and bottom friction; COLLIN 

could not able to capture short period waves. However, JANSEEN with MADSEN and JOWSWAP 

bottom frictions could capture the short period waves. Based on the results of these setups, 

subsequent simulations have been carried out, considering only two bottom friction schemes, viz., 

JONSWAP and Collin. Westhuysen wave growth simulation with JONSWAP and Collin friction 

also underestimated wave height during monsoon season (increased bias, RMSE and SI, compared to 

other simulation results; Fig. 7). ST6 with JONSWAP showed good performance for monsoon waves 

compared to other simulations with low bias (0.02m), RMSE (0.22m) and SI (0.11). ST6-Collin 

statistics resembled those of Janssen-Collin simulations for SWH. Although Janssen-Madsen 

simulated the mean wave period accurately compared to other simulations, it underpredicted SWH 

and MWD most of the time. We also changed the default values of coefficients of JONSWAP 

friction (0.038, 0.02 and 0.01) for the month of June keeping Komen wave growth constant. From the 

three values considered for bottom friction, it was observed that the accuracy of the model results 

(SWH) improved (bias reduced from -0.14 m to 0.01m and RMSE from 0.25m to 0.19m) when the 

friction coefficient values were reduced. But, in the case of MWP and MWD, the simulation results 

revealed that the default value of JONSWAP friction (-0.038) gives better results compared to other 

friction values. Comparing all the combinations given in Table 4, we find that Janssen-JONSWAP 

and ST6-JONSWAP provide accurate results than all other simulations. Based on the results of all 

the sensitivity analyses (Tables 3 and 4), it can be concluded that Komen-JONSWAP and ST6-



JONSWAP reproduced the wave characteristics in the central west coast of India (off Vengurla) to a 

better extent using ERA5 winds. 

Table 4. Statistical results of SWAN (Janssen, Westhuysen and ST6 schemes with different bottom 

friction terms) wave parameters with buoy data. 

Wave 

Growth 

Janssen Westhuysen ST6 

Friction JONSWAP Collin Madsen JONSWAP Collin JONSWAP Collin 

No. of Obs. 1440 

 Significant wave height (m) 

Bias(m) -0.14 -0.14 -0.42 -0.62 -0.74 0.02 -0.14 

RMSE (m) 0.25 0.28 0.50 0.67 0.79 0.22 -0.28 

SI 0.12 0.14 0.25 0.33 0.39 0.11 0.14 

Corr. coefft 0.95 0.92 0.94 0.88 0.92 0.92 0.92 

 Mean wave period (s) 

BIAS (s) 0.51 0.86 0.18 1.70 2.25 0.88 0.99 

RMSE (s) 0.77 1.06 0.63 1.91 2.33 1.08 1.16 

SI 0.11 0.15 0.09 0.28 0.34 0.16 0.17 

Corr. coefft 0.39 0.34 0.40 -0.10 0.21 0.24 0.31 

 Mean wave direction (°) 

BIAS (°) -2.25 -1.59 -2.88 -1.25 -1.97 -2.44 -2.82 

RMSE (°) 5.31 5.17 5.77 5.31 5.23 5.05 5.25 

SI 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

 



 

 

Fig.6. Sensitivity analysis for wave modelling with Janssen wave growth scheme with different 

bottom friction terms; also comparison of model results with measured data: (a) SWH, (b) MWP and 

(c) MWD off Vengurla. 

 

 

 

 

 



 

 

 

Fig.7. Sensitivity analysis for wave modelling with Westhuysen and ST6 schemes for different 

bottom friction (JONSWAP and Collin) terms; also comparison of model results with measured data: 

(a) SWH, (b) MWP and (c) MWD off Vengurla. 

4.3 Simulation of waves using WRF winds 

The sensitivity of SWAN model output to winds in the coastal region was verified with WRF 

winds as well in addition to ERA5 winds. Based on the above results with ERA 5 winds (sections 4.1 

and 4.2), we setup the model with WRF winds using two best suited combinations, Komen wave 

growth-JONSWAP bottom friction and ST6 wave growth-JONSWAP bottom friction formulations; 

the results are presented in Fig. 8. The statistical analysis results for SWH, MWP and MWD are 

listed in Table 5. The comparison of statistical results obtained for the ERA and WRF generated 

wave parameters shows that both the winds reproduced wave characteristics with more or less the 

same accuracy for the above combination of model schemes. The model results for SWH and MWP 

are almost similar, with a marginal difference in MWD (reduction in bias value for WRF). This 



analysis further proves the reliability of the latest ERA5 wind datasets for wave modelling in coastal 

regions.  

Table 5. The statistical estimates of model simulated and measured wave parameters with different 

wave growth formulations and bottom friction using WRF as input winds  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wave Growth Komen- WRF ST6 –WRF 

Friction JONSWAP 

No. of Obs. 16800 

 Significant wave height (m) 

Bias(m) 0.04 0.09 

RMSE (m) 0.20 0.20 

Scatter Index 0.21 0.20 

Corr. Coefft. 0.97 0.97 

 Mean wave period (s) 

Bias (s) 0.11 0.48 

RMSE (s) 0.92 1.14 

Scatter Index 0.17 0.21 

Corr. Coefft. 0.75 0.70 

 Mean wave direction (°) 

BIAS (°) 5.42 4.31 

RMSE (°) 28.54 26.89 

Scatter Index 0.12 0.11 



 

 

 

 

Fig. 8. Comparison of model wave parameters (a) SWH (b) MWP and (c) MWD with measured 

results for Komen-JONSWAP and ST6-JONSWAP formulations in SWAN using WRF winds. 

4.4 spectral analysis 

The wave spectrum describes how the wave energy is distributed over a range of frequencies 

and it is used to identify different wave systems present at the measurement location (Cuchiara et al., 

2009; Guedes Soares, 1991; Phillips, 1985). A spectrum with two peaks is expected to occur 

whenever the sea state contains two wave systems with different average periods. Often this will be a 

combination of a swell component with wind seas. The west coast of India is known for the co-

existence of wind seas and swells, especially during the southwest monsoon season. In the present 

study, model 1D normalised wave spectra are compared with those from the buoy wave spectra (Fig. 

9). These spectra represent typical wave conditions off Vengurla for all the months of 2018. It is 

evident from the wave spectra that wave field along the coast of Vengurla comprises both wind-seas 

and swells. There are bi-modal and multi-modal (Fig. 9) peaks associated with distant swells 



reaching the coastal waters off Vengurla. The model wave spectra closely resemble the buoy wave 

spectra, even during high wave conditions of SW monsoon season, and in general, follow the energy 

level trend. Fig.10 shows the evolution of wave spectra off Vengurla for the year 2018 from the 

measured and modelled datasets. It is observed that when the spectrum is single-peaked, the model 

reproduces the waves very accurately, and the spectrum matches very well with the measured 

spectrum. Model performance is within acceptable limits, even for multipeaked spectra, especially in 

the high frequency region of the spectrum. The model very well demonstrated the existence of a 

single peaked spectrum during SW monsoon and double/multi peaked spectra during moderate 

weather due to strong local winds and the swells arriving from the Southern Ocean. Fig. 11 

represents the monthly compass plots to show the wave energy (represented by SWH) in different 

directional sectors, both for model and measured data.  It clearly shows the directional match, though 

there is a slight deviation in SWH magnitude. Fig 12 represents the 2D directional spectrum from 

measured and modelled data at a specific time interval. Two spectral peaks are clearly observed in 

both the datasets; however, model spectra could not reproduce the wind sea energy to a greater 

extent. 



  

Fig.9. Comparison of typical model and measured 1D normalised wave spectra representing all the 

months of 2018. 

 



 

Fig. 10. Time series of (a) modelled (b) measured wave spectra off Vengurla for the year 2018. 

Legend depicts spectral energy density in m2/Hz 

    

Fig. 11. Monthly wave rose plots for 2018 off Vengurla from the measured and modelled data 

(a) 

(b) 



 

Fig. 12. Comparison of 2D directional spectrum off Vengurla obtained from the buoy and model. 

 

5. Conclusions 

In this study, the SWAN wave model nested with WW3 has been used to simulate wave 

parameters off Vengurla coast located along the central west coast of India. The global WW3 model 

provided time-varying two-dimensional energy spectra at the boundaries of the SWAN model. 

SWAN was tested for different wave growth and bottom friction terms to select the formulation that 

is most suitable for the study region. Based on different simulations, it was found that Komen and 

ST6 wave growth schemes with JONSWAP bottom friction has a good level of accuracy with the 

measured data. Wave growth with Janssen too predicts the wave parameters accurately, but not to the 

extent of the above formulations. The Westhuysen wave growth significantly underpredicts high 

waves for both the frictions (JONSWAP and Collin). Similarly, model results of all wave growth 

formulations with different bottom friction schemes show that Madsen friction underpredicts for high 

waves during monsoon, whereas JONSWAP and Collin frictions show good model performance for 

high waves too. The sensitivity of the SWAN wave model to high resolution WRF winds was also 

analysed. Statistical results show that the model performed reasonably well with both the winds- 

WRF and ERA5. Spectral analysis signifies that model spectra follow the buoy spectra very closely. 

Based on all the results, it can be concluded that for the central west coast of India, Komen and ST6 

wave growth physics with JONSWAP bottom friction suit very well to accurately reproduce the 

wave characteristics using ERA5 winds. 
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Table captions 

Table 1. Statistical comparison of ERA5 and WRF wind velocity components with measured winds off 

Goa during Jan-Feb 2018. 

Table 2.Statistical estimates of simulated and measured wave parameters with different wave growth 

formulations and same bottom friction using ERA5 as input winds 

Table 3. Statistical results of SWAN (Komen with different bottom friction terms) wave parameters 

with buoy data. 

Table 4. Statistical results of SWAN (Janssen, Westhuysen and ST6 schemes with different bottom 

friction terms) wave parameters with buoy data. 

Table 5. The statistical estimates of model simulated and measured wave parameters with different 

wave growth formulations and bottom friction using WRF as input winds  

 

Figure captions 

Fig. 1. Indian Ocean model domain chosen for running WW3. The small square represents the model 

domain for SWAN. The buoy deployment location (15.8420°N, 73.5837°E) is shown with red dot. 

Fig. 2. Comparison of u and v velocity components of winds (ERA5 and WRF) with AWS measured 

winds off Goa during Jan-Feb 2018. 

Fig. 3. (a) Comparison between SWAN modelled SWHs and measured SWHs with boundary (WB-

red curve) and without boundary (WOB-blue curve) conditions (Jan-Apr 2018) and (b) 1D spectral 

plots showing the change in spectral characteristics at two instances and adjacent grids at 2 locations 

(BP1 and BP2) with and without boundary conditions. 

Fig. 4. Comparison of model wave parameters (a) SWH, (b) MWP and (c) MWD obtained from 

SWAN (using 4 different formulations) using ERA 5 winds with measured waves and ERA5 data. 

Fig. 5. Sensitivity analysis for wave modelling with Komen physics with different bottom friction; 

also, comparison of model results with measured data: (a) SWH, (b) MWP and (c) MWD off 

Vengurla. 

Fig.6. Sensitivity analysis for wave modelling with Janssen wave growth scheme with different 

bottom friction terms; also comparison of model results with measured data: (a) SWH, (b) MWP and 

(c) MWD off Vengurla. 

Fig.7. Sensitivity analysis for wave modelling with Westhuysen and ST6 schemes for different 

bottom friction (JONSWAP and Collin) terms; also comparison of model results with measured data: 

(a) SWH, (b) MWP and (c) MWD off Vengurla. 

Fig. 8. Comparison of model wave parameters (a) SWH (b) MWP and (c) MWD with measured 

results for Komen-JONSWAP and ST6-JONSWAP formulations in SWAN using WRF winds. 

Fig.9. Comparison of typical model and measured 1D normalised wave spectra representing all the 

months of 2018.Fig. 10. Time series of (a) modelled (b) measured wave spectra off Vengurla for the 

year 2018. Legend depicts spectral energy density in m2/Hz 

Fig. 11. Monthly wave rose plots for 2018 off Vengurla from the measured and modelled data 

Fig. 12. Comparison of 2d directional spectrum off Vengurla obtained from the buoy and model. 

 

 


