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Small islands experience variation in wave energy regime along shorter shoreline due to refraction, diffraction and variability in direction of wave travel. Nearshore wave climate around these islands is quite complex due to wave transformation associated with configuration of islands, and high steepness in the bathymetry. Understanding wave energy will help in identifying suitable locations for coastal structures, wave energy devices and sediment budgeting. Assessment of extreme wave climate around the islands play a crucial role in the design and survival of coastal infrastructure for any developmental activities in islands. This study investigates the extreme wave climate around the Agatti island of Union Territory of Lakshadweep located in west coast of India. The spatial variability of wave power distribution around the Agatti island is analyzed based on 10 years of wave hindcast data from spectral wave modelling for the period between 2011 and 2020 using spectral wave model. In this study, third-generation spectral wave model was used to simulate the wave climate over the Arabian Sea. Regional model was established using ECMWF model winds and the offshore wave parameters were validated with deep water ocean observations AD07 and AD09 deployed in the Arabian Sea. To understand the nearshore wave transformation along the Agatti island, local wave model of fine resolution was established using high resolution bathymetry and is validated using the coastal buoy (CB02) deployed near Agatti. Nearshore wave parameters such as Significant wave height, Peak wave period (Tp) and Mean wave direction (θm) were analyzed. The wave power distribution around the island was quantified and demarcated for siting of offshore structures for developmental activities. The study reveals that the south zone of the island is more energetic with annual mean wave power of 8–12 kW/m and during monsoon, wave power more than 28 kW/m is observed. The extreme value theory based on Generalized Extreme Value distribution is applied to the extreme wave height estimate based on modelled wave data around the Agatti island. The extreme wave heights for different return periods were estimated around the Agatti island for design and analysis of coastal infrastructure.
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INTRODUCTION
Development activities are rapidly increasing along the coastal areas and there is increasing demand for marine infrastructures to sustain commercial and tourist activities. Coastal infrastructure forms the backbone of every society, providing essential services that include coastal defense, trade, tourism, fisheries and aquaculture, energy, water, waste management, transport, telecommunications and other industries (Steven et al., 2020). Coastal structures are capital-intensive, and complicated structures placed in a complex environment and their design and development require proper understanding of hydrodynamics. Wave energy assessment play an important role to develop strategies for selection of site for ocean structures, wave energy devices and sediment budgeting. Similarly for the design and survival of coastal infrastructures, extreme wave heights form the most decisive parameter. Extreme significant wave height (SWH) is increasing globally as well as regionally, especially in coastal regions (Woo and Park, 2021). Increases in extreme wave height caused by tropical cyclones and hazardous events, combined with predicted sea-level rises (Ruggiero et al., 2010), have the potential to increase the magnitude of disasters along with coastal erosion.
The accurate and reliable long-term wave climate data is one of the challenging and crucial steps for wave resource assessment and for estimation of extreme wave heights. A long-term wave climate data can be obtained from various sources such as in-situ buoy, wave observation from ships, numerical modeling and satellite altimeters (Patel et al., 2020). In the recent years, numerical wave models such as WAVEWATCH-III (WWIII), Simulating WAves Nearshore (SWAN), WAve Modelling (WAM) and MIKE 21 Spectral Wave (MIKE 21 SW) (Venugopal and Nemalidinne. 2015; Jadidoleslam et al., 2016) have become feasible tools for evaluating wave potential, primarily due to their ability to produce long-term wave hindcasts with high spatial and temporal resolution. The 34-year ERA-I dataset produced by the ECMWF (European Centre for Medium-Range Weather Forecasts) was analyzed to examine the temporal and spatial variability of the wave power along the shelf seas of India (Sanil Kumar and Anoop, 2015). The spatial distribution of total mean wave energy flux and seasonal mean wave energy flux along Indian coast was studied and is found that the west coast of India is more energetic which may be due to the open exposure to swell coming from southern Indian ocean (Patel et al., 2020). Similarly, the variation in wave power off the central west coast of India was examined for different years from 2009 to 2015 at water depths of 30, 9, and 5 m based on the measurement from wave rider buoy (Amrutha and Sanil Kumar, 2016). Wave energy assessment along the Exclusive Economic Zone (EEZ) of India for 39 years using ERA-Interim dataset indicates that the western coast of India adjoining the states of Maharashtra, Goa, Karnataka and Kerala shows an annual average of 10–15 kW/m Wave Power (Haripriya et al., 2021). A lot of work has been performed to assess the wave power potential worldwide. This generally involves running numerical spectral wave model hindcasts, which are validated against measured data. (Ariyarthne and Jayarathne, 2020) presented the spatial and temporal assessment of nearshore wave energy along the Sri Lanka coast to identify the wave potential sites. Similar wave energy assessment studies have been carried out for Faroe Islands in North Atlantic Ocean (Joensen et al., 2021), Black Sea (Akpınar and Kömürcü, 2013), Marmara Sea (Abdollahzadehmoradi et al., 2019), Mediterranean Sea (Besio et al., 2016) and Madeira Islands (Rusu and Guedes Soares, 2012).
Wave energy resource assessment primarily focuses on the demarcation of sites for coastal structures, wave energy devices and sediment budgeting. The design and survival of such coastal infrastructures requires estimation of design wave heights for which the extreme value analysis of significant wave height is always performed. Understanding of extreme climatic conditions is crucial when dealing with design of coastal and offshore structures, coastal management plans, shipping and navigational activities etc. (Shamji et al., 2020), Extreme value analysis on significant wave height requires historical buoy records of sufficient length and good quality. However, such observation datasets are often inexistent and numerical hindcasts of waves are used instead. The advantage of using model outputs is that an extreme value analysis over a large spatial area is possible, enabling one to highlight spatial variations on extremes (Bulteau et al., 2013). The central idea of extreme wave height analysis is to determine the long-term variability of significant wave height through implementations of distribution functions and quantile functions as well as extrapolation of historical data (Muir and El-Shaarawi. 1986; Goda, 1992; Muraleedharan et al., 2012). The extreme significant wave heights and wind speeds from 33 years of hindcast data for six locations along the Indian coast was estimated and the return value estimates were compared with the values obtained from the well-known Generalised extreme value distribution and Generalised Pareto distribution methods (Polnikov et al., 2017). The return levels of significant wave height (Hs) were analysed at central western shelf of India for different periods estimated using Generalized Extreme Value (GEV) and Generalized Pareto Distribution (GPD) based on the wave rider buoy data spanning for 8 years and the ERA-Interim reanalysis data for 38 years (Muhammed Naseef and Sanil Kumar, 2017). The result showed that the 100-year return levels by using GEV method give comparable results of extreme wave heights for short-term buoy data of 8 years when compared with long-term data of 1979–2016 ERA-Interim shallow data. The minimum period of data required to make estimates was studied by analysing the data in subsets. The means and standard deviations for the subsets indicated that the minimum duration of data to be considered in extreme wave analysis may be as little as 10 years to obtain a reliable estimate (Agarwal et al., 2013).
Remote islands of Lakshadweep group of islands situated in the west coast of India are subjected to high waves and undergo complex nearshore wave transformation due to high steepness in bathymetry and variability in direction of wave travel. Nearshore wave climate of islands is very complex with waves generated by local winds and also from multiple swell fields. Kumaran et al. (2015) assessed the wave climate in Lakshadweep group of islands in order to understand the wave climate for the construction of any offshore structures and to locate an ideal place for the offshore structures. Past study revealed that the Lakshadweep Sea shows an annual average Wave Power of 10–15 kW/m with the western parts showing higher values ranging between 15 and 20 kW/m (Haripriya et al., 2021). However, the studies on the high-resolution mapping of the wave energy potential around the Lakshadweep islands is very scarce. The analysis of renewable energy potential sources for Kavaratti island of Lakshadweep revealed that estimated wave energy potential in the Kavaratti offshore and coastal areas ranges from 1.5–8 kW/m for different seasons using MIKE 21 (Jinoj et al., 2019). The present study focuses on preliminary assessment of the wave power potential and extreme wave climate around the Agatti island of Lakshadweep. The study analyses long-term assessment of the nearshore wave climate propagated around the Agatti island of Lakshadweep, based on a 10-year wave hindcast. The wave hindcast dataset was developed using the third-generation spectral wave model DHI (Danish Hydraulic Institute, 2015) MIKE 21 Spectral wave model, calibrated and validated against wave measurements available on the west coast. The study investigates the wave power distribution around the islands for proper siting of development activities. In small islands like Agatti island, wave heights are generally higher due to constructive interference of wave trains from different directions. Lakshadweep is influenced by southwest monsoon and during monsoon, high waves with intense storms results in extreme waves with high energy intensity approaching the coast. Extreme waves have the potential to cause severe coastal erosion, flooding and as well as causing significant damage to coastal infrastructure. Coastal erosion is a serious problem faced by the islands every year resulting in the construction of coastal protection structures like seawalls along the shoreline. Also, there has been rapid development in Lakshadweep islands like construction of jetties, port and harbor development, widening of entrance channel, etc., to promote tourism and to enhance livelihood. For the design and survival of coastal infrastructure for coastal protection or for any developmental activities in Lakshadweep such as harbors, energy infrastructure, desalination plants, tourism, navigation, etc, proper understanding of the wave climate and estimation of the extreme wave heights is necessary and essential for building resilient coastal infrastructure.
MATERIALS AND METHODS
Description of the study area
Lakshadweep, known as the coral paradise of Arabian Sea, constitutes a group of islands lying scattered, at a distance of 220–460 km away off Kerala in the west coast of India between 8° and 12° 3′ North Latitude and 71° and 74° East Longitude. Lakshadweep is an archipelago consisting of twelve atolls, three reefs and five submerged banks with geographical area of 32 sq. Km. The islands are grouped into three main clusters named as Laccadive, Amindivi and Minicoy and the islands comprising each group which include both inhabited and uninhabited. Lakshadweep consists of 36 islands, of which 10 islands are inhabited namely Agatti, Amini, Androth, Bitra, Chetlat, Kadmat, Kalpeni, Kavaratti, Kiltan and Minicoy.
Agatti island is a 7.6 km long coral island located about 459 km from Kochi and is the virtual gateway to the islands. It has an area of 3.84 sq. Km and has a north-east, south-west trend with a long tail on the south. All the islands have a northeast-southwest orientation and are characterized by lagoon on the western side and open sea on eastern side. The lagoon area of Agatti island is 17.50 sq. Km and the water depth in lagoon ranges from 0.5 m to 2.5 m. Agatti island is the only island in Lakshadweep archipelago and has a high potential in terms of tourism and recreation. Agatti island, with a tiny land area the erosion of even a small portion of the land can be a significant loss. Hence the present study focuses on Agatti island of UT Lakshadweep for analysis of wave power distribution and estimation of extreme wave climate. Figure 1 shows the study area map for Agatti island, Lakshadweep.
[image: Figure 1]FIGURE 1 | Map showing study area.
Spectral wave modelling
In the present study, the third-generation spectral wave model MIKE 21 SW has been used for modeling the waves. This model discretizes the governing equations in geographical and spectral space using a cell-centered finite volume method. In the geographical domain an unstructured mesh technique is used. The time integration is performed using a fractional step approach where a multi-sequence explicit method is applied for the propagation of wave action. The Spectral wave model has been effectively used to simulate growth, decay, and transformation of wind generated waves and swells in offshore and coastal areas. MIKE 21 SW model is based on flexible mesh, which allows for coarse spatial resolution in the offshore area and high resolution in the shallow coastal waters. The governing equation of this model is based on a wave action density spectrum N (σ, θ), where σ is the independent phase parameter (the relative angular frequency) and θ is the direction of wave propagation. The action density, N (σ, θ), is dependent on energy density.
[image: image]
MIKE 21 SW includes two types of formulations: Directional decoupled formulation and fully spectral formulation. The first formulation is based on the parameterization of the wave action conservation equation and is more appropriate for nearshore processes, while the second formulation is also suitable for the offshore area. The evolution of the wave spectrum is described by the spectral action wave balance equation given below,
[image: image]
where N (X, σ, θ, t) is the action density, t is the time, X = (x, y) are the Cartesian coordinates, and ν = (cx, cy, cσ, cθ) is the propagation velocity of a wave group in the four-dimensional phase space X, σ, and θ. S is the source term for the energy balance equation, and ∇ is the four-dimensional differential operator in the X, σ, and θ space. The source function term of the energy balance equation, S is given 
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where [image: image] represents the generation of energy by wind, [image: image] is the wave energy transfer due to non-linear wave interactions, [image: image] is the dissipation of wave energy due to white capping, [image: image] is the dissipation due to bottom friction and [image: image] is the dissipation of wave energy due to depth-induced breaking. In this study, spectral wave model in regional scale was established to study the wave climate along Arabian Sea. The computational model domain ranges from -30° to 25° latitude and 30° to 115° longitude based on unstructured flexible mesh approach. To reduce the computational burden, small islands were not included in the regional wave model and the unstructured mesh was set up with large scale regional grid with resolution of 0.5° for the Indian coast. The bathymetry mesh file is generated using MIKE C-MAP bathymetry. The regional wind to wave model is forced using the ERA 5 reanalyzed winds from European Centre for Medium Range Weather Forecasts (ECMWF) to simulate the time evolution of the wave spectrum over a spatial grid by solving the wave action conservation equation. ERA 5 re-analysed wind dataset observed at 10 m at every hour interval with spatial resolution of 0. 25° latitude/longitude grid. The model is simulated for 10 years during the period of 2011–2020 with a time step of 3600 s. To simulate the nearshore wave climate particularly in Agatti island, local wave model in UTM 43 with minimum resolution of 30 m was established. C-MAP data for deep water regions and measured bathymetry using single beam echosounder in nearshore waters of Agatti island are applied to shallow water regions in the study area, by interpolating them to each element in the flexible mesh bathymetry. The local wave model for Agatti island is forced using the wave boundary conditions extracted from the regional wave model. The fully spectral formulation was chosen for regional model and directional decoupled formulation for local nearshore model. Figures 2A,B shows the computational domain of regional wave model and nearshore wave model used for the simulations.
[image: Figure 2]FIGURE 2 | Computational model domain (A) Regional wave model for Indian ocean (B) Local wave model for Agatti island.
Calculation of wave power
The energy flux or power (p) transmitted by a regular wave per unit crest width can be estimated as, [image: image], where [image: image] is the significant wave height, [image: image] is the group velocity, which is defined as, 
[image: image]
The real sea is generally assumed as a combination of a large number of regular waves having different frequencies, wave heights and wave directions. Hence the wave energy flux, or wave power, in a real sea state in arbitrary water depth, can be expressed as
[image: image]
where E (σ, θ) is the energy density, c (σ, θ) is the group velocity, ρ is the density of water and g is the gravitational acceleration.
Estimation of extreme wave heights
Extreme waves mainly occur during major storms at sea by means of constructive interference of wave trains or by nonlinear wave interaction, but extreme waves may also be associated with tsunami or meteo tsunami events. Design of marine structures in remote islands like Agatti requires estimation of design wave height for different return periods. Long term hindcast wave data available for estimation of extreme waves were of minimum resolution 0.25 ° × 0.25 °. Unfortunately, this coarse grid hindcast wave data cannot be used for small islands having total length which is of the order 0.07°. Hence the high-resolution numerical modelling established for Agatti island for the period of 10 years were used in the extreme wave height analysis. In this study, General Pareto, General Extreme Value (GEV), Weibull (3-parameter) and Rayleigh model are considered for estimation of extreme wave height. Extreme value analysis was carried out using the monthly maximum of modelled significant wave heights. Maximum likelihood method is used for determination of parameters of the distributions. Kolmorgov Smirnov test and Anderson-darling test is used for checking the adequacy of fitting the method/distribution to the recorded data. The goodness of fit for the models is performed on General Pareto, GEV, Weibull (3 P) and Rayleigh using Probability-Probability Plots as shown in Figure 3. The General Extreme Value appears to be the distribution that best fits the Significant wave height data, as it has the highest correlation coefficient (r = 0.9969) compared to the other distribution models. Therefore, Generalised Extreme Value distribution method is preferred over the other distribution method for this present study.
[image: Figure 3]FIGURE 3 | Probability-Probability Plot for various distributions.
The generalized extreme value (GEV) distribution has the cumulative distribution function (CDF) as:
[image: image]
where µ, σ and ζ represent the location, scale and shape parameters of the distribution, respectively, and within the range of −∞ < µ < 0 and −∞< ζ < ∞. The 1/T year wave height return value, HT, based on the GEV distribution model is given as
[image: image]
RESULTS AND DISCUSSIONS
Validation of the spectral wave model
The accuracy of regional model results is evaluated by validating the model with NIOT moored buoy AD07 (15°,68.8°) and AD09 (8.3°, 73.18°) deployed in the Arabian Sea as shown in Figure 2A. The comparison between the values of significant wave height, mean wave period and mean wave direction simulated by MIKE21 SW and wave parameters recorded by the buoy AD07 and AD09 is presented in Figures 4, 5 (left panel) respectively. To quantify the model performance, the scatter plots between simulations and measurements at AD07 and AD09 locations are also presented in Figures 4, 5 (right panel) respectively. The measured data were compared with the model results by using correlation coefficient (r), root mean square error (RMSE), MAE (mean absolute error), BIAS (mean difference between simulated and measured data), SI (scatter index) and is given in Table 1.
[image: Figure 4]FIGURE 4 | (left panel) Comparison of significant wave height between the modelled data and measured data at AD07 (A) Significant wave height (B) Mean wave period (C) Mean Wave direction; (right panel) Correlation between model simulated data and observed buoy AD07 data (A) Significant wave height (B) Mean Wave period (C) Mean Wave direction.
[image: Figure 5]FIGURE 5 | (left panel) Comparison of significant wave height between the modelled data and measured data at AD09 (A) Significant wave height (B) Mean wave period (C) Mean Wave direction; (right panel) Correlation between model simulated data and observed Buoy AD09 data (A) Significant wave height (B) Mean Wave period (C) Mean Wave direction.
TABLE 1 | Correlation statistics between simulated data and Observed buoy data.
[image: Table 1]The modelled significant wave height statistics reveals good agreement with the observed buoy statistics in both AD07 and AD09 location with correlation coefficient of 0.95 and 0.90 respectively. However, the time history comparison between the hindcast data and observed buoy data for significant wave height shows that the peaks in wave height induced by intense storms, are not simulated in the hindcast. The correlation coefficient of mean wave period between modelled data and AD07, AD09 buoy location is 0.70 and 0.65 respectively. The angular correlation coefficient of mean wave direction between modelled and buoy data generated is 0.6 and 0.88 for AD07 and AD09 respectively which indicates that the model is capable of simulating temporal variations of mean wave direction with reasonable accuracy.
To understand the nearshore wave transformation along the Agatti island, local wave model of fine resolution was established and the wave climate extracted from the regional wave model was given as forcing to the local wave model. Figure 4A and Figure 5A shows that the underestimation occurred in the regional model when waves higher than 6 m were recorded by the buoy. To understand the performance of local wave model in extreme situations, the nearshore wave parameters from the local wave model is validated using the coastal buoy (CB02) deployed near Agatti at 10.8° latitude and 72.2° longitude as indicated in Figure 2B. The comparison of moored buoy AD07, coastal buoy CB02 and the local model result extracted in CB02 location were compared as shown in Figure 6A. It is found that though regional model underestimates the extreme events in deep water, local model simulated the extreme conditions with correlation coefficient of 0.71 which demonstrates that the model provide a reliable wave height around the Agatti island.
[image: Figure 6]FIGURE 6 | Comparison of significant wave height between the modelled data and measured data at CB02 location (A) Time series of significant wave height (B) Scatter plot between model simulated and observed buoy CB02 data.
Wave climatology in Arabian sea
Offshore wave climate along the west coast of India was analysed for seasonal and annual variation in wave characteristics. The seasons were considered as June–September (JJAS) representing Monsoon, October–January (ONDJ) as post monsoon and the season from February–May (FMAM) as pre monsoon. Figure 7 displays the spatial distribution of annual mean significant wave height and the seasonal means.
[image: Figure 7]FIGURE 7 | Spatial distribution of Significant wave height (Hs) based on wave data for the year 2019 (A) Annual mean (B) Monsoon mean (C) Pre monsoon mean (D) Post monsoon mean.
The range of the annual mean significant wave height in the deep waters of the Arabian sea is within 1.3–2.3 m (Figure 7A). The seasonal climatology of the Hs in the pre monsoon period ranges from 0.5 to 1.3 m and during post monsoon the wave heights in Arabian sea is in the range of 0.7–1.7 m (Figure 7C and 7D). During monsoon, the waves are energetic with average wave heights of 1.7–2.5 m in the Arabian sea. The analysis of time series of Hs at AD07 location indicates that the annual significant wave height (Hs) ranges from 0.38 m to 5.5 m with average value of 1.75 m. The waves are high during monsoon up to 5.5 m with mean value of 3 m. During post monsoon, wave heights are in the range of 0.5–2 m with average value of 1.25 m and pre monsoon is observed with wave heights less than 2 m. During the study period, extreme wave heights of 8.5 m is observed during very severe cyclonic storm Ockhi, 2017 and cyclonic storm Nanauk, 2014. The Peak wave period (Tp) ranges from 4°s to 16°s with average value of 10.6°s. Peak swells more than 14°s occurs during monsoon and post monsoon and minimum during the pre monsoon months. Wave during pre monsoon particularly between February and March is from North direction and the wave direction gradually changes from North to South-South West (SSW) direction during April and May. During monsoon from June to September, swells occur predominantly from South West (SW) direction. October to January is observed with waves from North East (NE) direction. To understand the seasonal variation of waves within a year, modelled data at AD07 location is represented in Figure 8. Figure 8 shows the time series of significant wave height (Hs), peak wave period (Tp) and mean wave direction (θ) for the year 2019.
[image: Figure 8]FIGURE 8 | Distribution of significant wave height (Hs), peak wave period (Tp) and mean wave direction (θ) of waves for the period from February 2019 to January 2020.
Wave power distribution along agatti island
As the wave propagates from deep waters to Lakshadweep waters, a complex coastal process of shoaling, refraction, diffraction, reflection, and energy dissipation due to bed friction and wave breaking contribute to variations in the wave height, period and direction. The wave climate of the Lakshadweep Sea is dominated by the southwest monsoon. In order to understand the distribution of wave energy around the islands, 18 locations were selected around the Agatti island as presented in Figure 9. The directional spectrum for the different zones at sites P1, P4, P9 and P18 is shown in Figure 8. It is seen that the lowest energy was obtained at P4 location selected in the east coast of Agatti. It is clearly evident that the north of the island is subjected to waves dominant from NNW direction and also waves from NE and East direction.
[image: Figure 9]FIGURE 9 | Simulated wave directional-frequency spectrum around Agatti island.
The directional distribution of nearshore significant wave height at 5 m water depth extracted around the Agatti island is shown in Figure 10. Nearshore waves in open sea in the western side of the Agatti island experience high intensity waves due to island geomorphology and wave induced setup. The highest wave heights are observed during the monsoon from June to September with the dominant values of significant wave heights around 2.2 m in the west and about 1 m in the east. However, coral reefs bordering the lagoon protect the island from direct attack of waves by attenuating the high waves. The significant wave height greatly reduces from 1.2 m to 0.2 m inside the lagoon indicating that the coral reefs reduced the wave heights by 83% thus protecting the island from direct attack of high waves as shown in Figure 10. The mean significant wave height (Hs) generally varies in the range of 0.5 m to 1 m during pre monsoon and post monsoon whereas during monsoon, mean Hs varies in large range between 0.7 and 1.4 m. Table 2 represents the mean annual wave height and maximum wave height at sites selected around the island. Table 3 and 4 represents the monthly averaged significant wave height for the east and west coast of Agatti island respectively. Monthly averaged wave period is observed to be maximum around 10 s during July and minimum during January with mean value of 7 s. Averaged values of wave period during pre monsoon, post monsoon, and monsoon are 8.2, 7.6, and 9.2 s respectively. As the waves propagates from offshore towards coast, the waves align perpendicular to the coast.
[image: Figure 10]FIGURE 10 | Distribution of significant wave height around the island.
TABLE 2 | Annual averaged and maximum values of wave height, wave period and wave power at selected locations around the Agatti island.
[image: Table 2]TABLE 3 | Monthly averaged values of Significant wave height in east coast of Agatti island.
[image: Table 3]TABLE 4 | Monthly average values of Significant wave height in west coast open sea.
[image: Table 4]Annual mean spatial distribution maps of significant wave height and wave power were obtained from 10 years data generated from numerical model and were presented in the form of a contour map in Figure 11. It is seen that the west coast of the Agatti island is characterized by the waves more than the eastern part, and was also identified to possess higher wave energy and power compared to the eastern part of the Agatti island. It was observed that waves having annual mean significant wave heights between 0.5 and 1 m with 2–6 kW/m mean wave power capacity prevails in eastern part of the Agatti island. The waves with higher wave power capacity which is 8–12 kW/m and larger significant wave height of 1–1.5 m occurs in the western part of the Agatti island.
[image: Figure 11]FIGURE 11 | (A) Bathymetry around Agatti island (B) Spatial distribution of Mean annual significant wave height (C) Spatial distribution of Mean annual wave power for all years based on 10-year MIKE 21 SW results.
Mean Significant wave height and wave power were also analyzed to examine the seasonal dependencies. Average seasonal spatial distributions of significant wave height and wave power flux based on 10 years wave hindcast data from MIKE 21 were presented in Figure 12. It is seen that the waves are much higher (0.7–2.2 m) and more energetic (4–28 kW/m) in the monsoon when compared to the pre monsoon and post monsoon (0.5–1.1 m and 1–5.5 kW/m). During monsoon, mean wave power reaches 28 kW/m at approximately 15 m water depth in the region extending from south towards westward of the island. This high energetic zone lies within the distance of 0.5 km from the reefs bordering the lagoon. The North zone experiences less wave power capacity of 18–20 kW/m compared to south zone at approximately15 m water depth. The mean wave power of 4–5 kW/m is observed in the east coast at water depth of 15 m during monsoon. During pre and post monsoon, the wave power is of the order 3–4 kW/m for the entire island with south zone having comparatively more wave power of 5–6 kW/m.
[image: Figure 12]FIGURE 12 | (left panel) Spatial distribution of mean significant wave height around the island (A) Pre monsoon (B) Monsoon (C) Post monsoon; (right Panel) Spatial distribution of annual averaged wave power flux for (D) Pre monsoon (E) Monsoon (F) Post monsoon.
To understand the nearshore wave power distribution around the island, the seasonal mean wave energy flux interpolated at 5 m water depth is shown in Figure 13. Table 5 shows the seasonal distribution of mean wave energy flux for Agatti island. The North and South zone of Agatti island is observed to be hotspot for mean wave power having value of 4.6 kW/m and 7.8 kW/m due to constructive interference of waves approaching island from different directions. During monsoon the average value of wave power reaches its maximum up to 8.8 kW/m and 15 kW/m for North and South zone respectively. During pre monsoon and post monsoon, the average value of wave power is 2.7 kW/m and 4.7 kW/m for North and South zone respectively. The wave power in the east coast of Agatti island ranges from 2.5 to 3 kW/m and the west coast inside lagoon is experienced with wave power in the range of 0.05–0.15 kW/m due to very less intensity of waves in the lagoon. Figure 13 shows the spatial distribution of wave power at 5 m water depth around Agatti island for various seasons.
[image: Figure 13]FIGURE 13 | Nearshore wave power distribution around Agatti island (A) Pre monsoon (B) Monsoon (C) Post monsoon.
TABLE 5 | Seasonal distribution of Mean wave energy flux for Agatti island.
[image: Table 5]Extreme wave heights
In the present study, the extreme significant wave heights for different return periods were estimated around the Agatti island. In order to carry out the analysis, modelled significant wave heights for the period of 10 years i.e., from 2011 to 2020 were extracted at selected locations every 1 km along the Agatti island at 5 m and 10 m water depth. The extreme wave heights corresponding to different return periods were estimated using Generalized Extreme Value (GEV) distribution. The GEV analysis has been carried out over monthly maximum values. The estimation of parameter is performed by Maximum Likelihood method.
Extreme value analysis is carried out for various return periods 5 years, 10 years, 25 years, 50 years and 100 years at 5 m and 10 m water depth and the results are presented in Table 6 and Table 7 respectively. Spatial variations along the coast for several return values of Significant wave height (25 years, 50 years, 100 years) for water depth of 5 m and 10 m were presented in Figure 14. The results indicate that the extreme wave heights in the east coast ranges from 1.70 to 2.30 m. The extreme wave heights in north zone and south zone were estimated in the range of 2.3–4.0 m and 3.1–4.5 m respectively. The 100 years return wave heights of 4–4.6 m prevails in high energetic zones north, south and west of the Agatti island. The 100 years return period extreme waves in the west coast open sea ranges from 4.5 to 5 m. The highest return values of Hs among all the locations are found at P16 in the south zone with 4.54 m, 4.74 m, 5.09 m for 25 years, 50 years and 100 years return periods, respectively. The highest return value of Hs in the east coast is 2 m for 100 years return period and the extreme waves are 27% higher in 10 m water depth with wave height of 2.6 m. The extreme waves at 10 m water depth were estimated in the range of 6–7 m in the south zone. Figure 15 shows the relationship between extreme wave heights and the return periods at various zones of Agatti island.
TABLE 6 | Extreme wave heights for various return periods using GEV monthly maximum at nearshore water depth of 5 m.
[image: Table 6]TABLE 7 | Extreme wave heights for various return periods using GEV monthly maximum at water depth of 10 m.
[image: Table 7][image: Figure 14]FIGURE 14 | Extreme wave height distribution at 5 m water depth (A) 25-year return period (B)50-year return wave period (C) 100-year return period; 10 m water depth (D) 25-year return period (E)50-year return wave period (F) 100-year return period at 10 m water depth.
[image: Figure 15]FIGURE 15 | Extreme wave height values based on extreme wave heights vs. return periods at North, South, West and East zone of Agatti island.
CONCLUSION
In the present study, numerical modelling was carried out for 10 years (2011–2020) in regional scale for Indian Ocean and in local scale for Agatti island of Lakshadweep. A comprehensive validation of regional and local model was performed using measured wave data from moored buoy AD07 in west coast of India and CB02 off Agatti island respectively. The validation study showed that the significant wave height was successfully reproduced indicating that the wave model can be used to provide nearshore wave climate around Agatti island of Lakshadweep.
Offshore wave climate along the west coast of India was analyzed for seasonal and annual variation in wave characteristics. Waves around Agatti island are very complex due to island geomorphology and the variability in direction of wave travel. The distribution of nearshore wave heights around Agatti island show that the north and south zone are subjected to high waves with mean wave energy flux of (5–8 kW/m). Eastern coast experience waves of 0.5m–1 m and exhibits the mean wave energy flux of (2–6 kW/m). Further, monsoon is the most energetic among all three seasons with maximum wave power potential exceeding 28 kW/m in the south zone extending towards west. The high wave power in southern zone at shallow depths makes the zone promising location for the exploitation of wave energy. The north of the Agatti island with shallow 15 m water depth connects the atoll with Bangaram island and shows significant wave power potential particularly during monsoon. The west coast of Agatti island experiences high energetic waves with annual mean significant wave height of 1–1.5 m having annual mean wave power potential of 8–12 kW/m. The lagoon in the west bordered by reefs acts as a natural barrier protecting the west coast of Agatti island by dissipating 83% of high waves from directly attacking the coast. The significant wave height inside the lagoon ranges from 0.05 to 0.2 m with lowest mean energy flux of 0.05–0.15 kW/m. The east coast of Agatti has comparatively lesser energy and is ideal for any infrastructure development with the proper analysis of design wave heights.
This study also provides the insight on distribution of extreme wave heights around Agatti island which need to be considered for the design and analysis of the marine structure. Extreme wave heights were estimated based on the monthly maximum of 10 years hindcast wave data. From the results it can be seen that the significant height of extreme waves is location specific and it varies from one location to another. The extreme wave heights vary quite significantly, from a maximum of about 2 m in the east coast of Agatti island to a maximum of approximately 5 m in the South zone and in the western open sea. It is clearly evident that the reef bordering the lagoon acts as a natural defense protecting the west coast of Agatti island from extreme events. The predicted extreme waves for different return periods in the Agatti island can be used for economic and safe design of the ocean structures proposed for futuristic development. Due to limited data on Lakshadweep islands, the modelling approach for estimation of extreme wave heights shall be extended to other islands for enhancing the coastal resilience.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors upon reasonable request.
AUTHOR CONTRIBUTIONS
All authors agreed to be accountable for the content of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdollahzadehmoradi, Y., Özger, M., and Altunkaynak, A. (2019). Optimized numerical model based assessment of wave power potential of Marmara Sea. J. Ocean. Univ. China 18, 293–304. doi:10.1007/s11802-019-3826-5
 Agarwal, A., Venugopal, V., and Harrison, G. P. (2013). The assessment of extreme wave analysis methods applied to potential marine energy sites using numerical model data. Renew. Sustain. Energy Rev. 27, 244–257. doi:10.1016/j.rser.2013.06.049
 Akpınar, A., and Kömürcü, M. I. (2013). Assessment of wave energy resource of the Black Sea based on 15-year numerical hindcast data. Appl. Energy 101, 502–512. doi:10.1016/j.apenergy.2012.06.005
 Amrutha, M. M., and Sanil Kumar, V. (2016). Spatial and temporal variations of wave energy in the nearshore waters of the central west coast of India. Ann. Geophys. 34 (12), 1197–1208. doi:10.5194/angeo-34-1197-2016
 Ariyarathne, K., and Jayarathne, P. (2020). Preliminary assessment of wave energy in Sri Lanka. Int. Conf. Coast. Eng. 36, 21. doi:10.9753/icce.v36v.papers.21
 Besio, G., Mentaschi, L., and Mazzino, A. (2016). Wave energy resource assessment in the Mediterranean Sea on the basis of a 35-year hindcast. Energy 94, 50–63. doi:10.1016/j.energy.2015.10.044
 Bulteau, T., Lecacheux, S., Lerma, A. N., and Paris, F. (2013). Spatial extreme value analysis of significant wave heights along the French coast, international short conference on advances in extreme value analysis and application to natural hazards: EVAN2013. Siegen, Germany. 
 Danish Hydraulic Institute (DHI) (2015). “MIKE 21 SW reference manual, MIKE by DHI,” in Manual mesh generator; MIKE zero (Denmark: Hørsholm), 28–30. 
 Goda, Y. (1992). Uncertainty of design parameters from viewpoint of extreme statistics. ASME. J. Offshore Mech. Arct. Eng. May 114 (2), 76–82. doi:10.1115/1.2919962
 Haripriya, R., Misra, A., Jeyaraj, S., and Ramakrishnan, B. (2021). Wave energy assessment for 39 years along the exclusive economic zone (EEZ) of India. Regional Studies in Marine Science 45, 101809. doi:10.1016/j.rsma.2021.101809
 Jinoj, S., MahijaHann, J., and Bonthu, S. (2019). Analysis of renewable energy potential sources for kavaratti Island, Lakshadweep. IOSR Journal of Engineering (IOSRJEN) 2022, 91–97. 
 Jadidoleslam, N., Özger, M., and Ağiralioğlu, N. (2016). Wave power potential assessment of Aegean Sea with an integrated 15-year data. Renewable Energy 86, 1045–1059. doi:10.1016/j.renene.2015.09.022
 Joensen, B., Niclasen, B. A., and Bingham, H. B. (2021). Wave power assessment in Faroese waters using an oceanic to nearshore scale spectral wave model. Energy 235, 121404. doi:10.1016/j.energy.2021.121404
 Kumar, V. S., and Anoop, T. R. (2015). Spatial and temporal variations of wave height in shelf seas around India. Nat. Hazards (Dordr). 78 (3), 1693–1706. doi:10.1007/s11069-015-1796-5
 Kumaran, V., Nagamani, K., and Mullaivendhan, C. (2015). Wave climate for the design of island structures union - territory (Lakshadweep). Procedia Eng. 116, 398–405. doi:10.1016/j.proeng.2015.08.301
 Muhammed Naseef, T., and Sanil Kumar, V. (2017). Variations in return value estimate of Ocean surface waves – A study based on measured buoy data and ERA-interim reanalysis data. Nat. Hazards Earth Syst. Sci. 17, 1763–1778. doi:10.5194/nhess-17-1763-2017
 Muir, L. R., and El-Shaarawi, R. A. H. (1986). On the calculation of extreme wave heights: A review. Ocean. Eng. 13 (1), 93–118. doi:10.1016/0029-8018(86)90006-5
 Muraleedharan, G., Lucas, C., Soares, C. G., Nair, N. U., and Kurup, P. (2012). Modelling significant wave height distributions with quantile functions for estimation of extreme wave heights. Ocean. Eng. 54, 119–131. doi:10.1016/j.oceaneng.2012.07.007
 Patel, R. P., Nagababu, G., Surisetty, V. V., Seemanth, M., and Singh, S. (2020). Wave resource assessment and wave energy exploitation along the Indian coast. Ocean. Eng. 217, 107834. doi:10.1016/j.oceaneng.2020.107834
 Polnikov, V. G., Sannasiraj, S. A., Satish, S., Pogarskii, F. A., and Sundar, V. (2017). Estimation of extreme wind speeds and wave heights along the regional waters of India. Ocean. Eng. 146, 170–177. doi:10.1016/j.oceaneng.2017.09.031
 Ruggiero, P., Komar, P. D., and Allan, J. C. (2010). Increasing wave heights and extreme value projections: The wave climate of the U.S. Pacific Northwest. Coast. Eng. 57 (5), 539–552. doi:10.1016/j.coastaleng.2009.12.005
 Rusu, E., and Guedes Soares, C. (2012). Wave energy pattern around the Madeira Islands. Energy 45 (1), 771–785. doi:10.1016/j.energy.2012.07.013
 Sanil Kumar, V., and Anoop, T. R. (2015). Wave energy resource assessment for the Indian shelf seas. Renew. Energy 76, 212–219. doi:10.1016/j.renene.2014.11.034
 Shamji, V. R., Aboobacker, V. M., and Vineesh, T. C. (2020). Extreme value analysis of wave climate around Farasan Islands, southern Red Sea. Ocean. Eng. 207, 107395. doi:10.1016/j.oceaneng.2020.107395
 Steven, A. D. L., Appeaning Addo, K., Llewellyn, G., and Vu, T. C. (2020). Coastal development: Resilience, restoration and infrastructure requirements. Washington, DC: World Resources Institute. 
 Venugopal, V., and Nemalidinne, R. (2015). Wave resource assessment for Scottish waters using a large scale North Atlantic spectral wave model. Renew. Energy 76, 503–525. doi:10.1016/j.renene.2014.11.056
 Woo, H-J., and Park, K-A. (2021). Estimation of extreme significant wave height in the northwest pacific using satellite altimeter data focused on typhoons (1992–2016). Remote Sens. 13 (6), 1063. doi:10.3390/rs13061063
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Dinakaran, Alluri, Joseph, Murthy and Venkatesan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu5.gif
P=pg l: ]: E(0,6)c(0,6)dode





OPS/images/math_qu4.gif





OPS/images/math_qu7.gif
Hy

(b (9) ) g
oy (14)) forceo





OPS/images/math_qu6.gif
). s

forc

GEV (xi100.) e






OPS/images/math_qu1.gif
N(0,0) =






OPS/images/inline_8.gif





OPS/images/math_qu3.gif





OPS/images/math_qu2.gif
- S
S+ V.(N) = >







OPS/images/inline_6.gif






OPS/images/inline_5.gif
Ssur f






OPS/images/inline_7.gif





OPS/images/logo.jpg
in Built Environment





OPS/images/inline_2.gif





OPS/images/inline_1.gif
Sive





OPS/images/inline_4.gif
Shot





OPS/images/inline_3.gif
S





OPS/images/fbuil-08-991768-t005.jpg
Zones

East
West
North
South

Annual

24
0.1
46
78

Pre-monsoon

24
0.1
28
48

Monsoon

29
02
8.8
151

Post-monsoon

25
0.1
25
46





OPS/images/fbuil-08-991768-t007.jpg
Location Return period
Points X Y 5 10 25 50 100
1 1907412 1196150 362 404 460 483 525
2 1914438 1197158 204 221 242 251 267
3 1920093 1198215 204 219 238 246 259
4 1924780 1199404 195 208 225 231 242
5 1930186 1200435 200 214 232 240 252
6 1938606 1201673 214 230 249 257 271
7 1943815 1202595 204 220 241 249 264
8 194770.3 1203414 212 231 257 268 287
9 1952171 1204224 289 323 371 392 430
10 1947085 1204699 362 425 517 560 638
1 1938448 1204890 432 505 611 658 745
12 1928075 1204330 435 510 618 667  7.56
13 191888.0 1203578 347 392 453 4.79 524
14 1906134 1203029 414 479 571 611 684
15 1894226 1202182 446 518 618 662 74l
16 188517.0 1200752 5.08 593 6.52 7.05 7.56
17 1884010 1198729 511 602 658 7.0 761
18 1888008 1197249 514 600 642 737 778





OPS/images/fbuil-08-991768-t006.jpg
Points

e W, N W e

Location

X

190679.9
1913583
1919320
192383.5
1929170
1937903
1942713
194680.2
1946235
193857.8
1928714
1919273
190656.7
1895320
1887134
188612.8
1890195
189809.4

Y

1196288.0
1197231.0
1198257.3
1199436.2
1200465.0
12017085
1202595.6
1203448.2
1204540.5
1204601.7
1204105.1
1203461.1
1202894.2
1202079.3
1200679.4
1198734.6
1197278.0
1196205.4

Return period

277
162
175
1.65
171
1.66
167
2.00
283
Al9
347
253
344
354
362
364
3.64
330

10

294
171
1.84
172
179
175
176
13
316
3.53
388
277
3.82
392
401
4.03
399
349

25

315
1.81
193
1.80
1.88
1.85
1.88
228
361
3.98
443
3.06
431
439
452
454
442
3.70

50

323
1.85
197
1.83
1.91
1.89
1.93
234
3.80
4.16
4.66
318
4.51
4.59
472
4.74
4.59
3.78

100

335
192
203
1.88
1.96
1.96
2.00
244
4.14
447
5.05
338
4.85
491
5.07
5.09
4.8
3.90





OPS/images/fbuil-08-991768-t002.jpg
Points

P10
P11
P12
P13
P14
P15
P16
P17
P18

Significant wave

height, Hs (m)
Mean

114
0.68
072
0.62
065
070
0.66
077
096
096
097
079
096
1.05
116
118
124
136

316
249
263
265
253
263
270
3.06
249
281
3.04
233
305
3.09
3.09
3.0
317
3.09

Peak wave period,

Tp ()
Mean

836
796
8.40
836
8.44
824
823
838
812
819
839
8.08
8.49
853
836
8.44
850
8.42

13.79
13.46
13.89
1379
13.92
13.68
1373
14.08
1332
13.64
14.00
13.64
14.11
1410
1373
13.88
13.97
13.80

Mean wave period,

Tm (s)
Mean

6.94
661
697
6.94
7.00
6.84
6.83
696
674
6.80
696
670
7.04
7.08
6.94
7.01
7.06
699

1145
1117
1152
1145
1156
1135
1140
1169
1105
1132
1162
1132
1171
1170
1140
1152
1159
1146

‘Wave power, p
(kW/m)

Mean

574
191
204
1.63
178
202
1.86
245
404
4.68
520
341
515
595
7.04
7.5
7.69
851

46.61
3542
3225
3408
29.17
39.49
39.26
4147
2697
3523
41.99
2803
4091
4126
4508
43.99
4538
4212






OPS/images/fbuil-08-991768-t001.jpg
Correlation statistics ADO07 AD09

Hs Tm Hs Tm
Bias ~0.141 0475 ~0.203 ~0.245
Mean Absolute Error 0235 0.589 0247 0607
Root Mean Square Error 0291 0.826 0304 0790
Correlation coefficient 0950 0.705 0.901 0652
Index of Agreement 0983 0.875 0.950 0.845





OPS/images/fbuil-08-991768-t004.jpg
Jan March April May June July August Sep Oct Nov Dec
2011 063 062 064 063 086 190 187 171 145 064 063 066
2012 077 077 083 079 086 191 202 161 140 070 0.60 060
2013 070 075 0.68 078 114 219 211 169 129 0.90 045 071
2014 0.64 071 058 073 086 187 216 171 133 076 056 061
2015 074 067 0.68 059 087 182 178 151 115 099 102 102
2016 051 077 052 071 116 195 219 177 149 083 053 056
2017 052 065 062 0.68 087 194 190 179 124 089 0.60 079
2018 0.66 058 072 056 1.00 198 224 186 094 081 059 061
2019 055 069 0.68 065 080 175 198 183 129 085 051 047
2020 070 069 0.68 070 103 180 194 189 150 0.90 062 065





OPS/images/fbuil-08-991768-t003.jpg
Jan March April May June July August Sep Oct Nov Dec
2011 061 056 047 0.64 075 0.69 084 135 090 074 074 066
2012 055 041 0.69 072 053 090 087 083 090 091 075 076
2013 047 073 091 0.68 0.88 085 088 084 078 071 069 070
2014 052 064 0.60 0.66 097 096 100 077 079 089 067 064
2015 047 067 066 079 076 0.90 071 080 086 086 036 0386
2016 058 0.60 058 042 087 087 096 075 077 078 079 053
2017 046 054 075 0.69 079 095 080 104 075 088 051 060
2018 048 062 082 076 074 071 079 098 096 078 079 077
2019 047 040 075 065 075 084 092 096 070 087 074 072
2020 052 049 044 094 075 084 094 097 086 0.68 082 080





OPS/images/fbuil-08-991768-g013.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Modelling and simulation of extreme wave heights around agatti island of lakshadweep, west coast of India		Introduction

		Materials and methods		Description of the study area

		Spectral wave modelling

		Calculation of wave power

		Estimation of extreme wave heights





		Results and discussions		Validation of the spectral wave model

		Wave climatology in Arabian sea

		Wave power distribution along agatti island

		Extreme wave heights





		Conclusion

		Data availability statement

		Author contributions

		Publisher’s note

		References









OPS/images/fbuil-08-991768-g012.gif





OPS/images/fbuil-08-991768-g015.gif
[Extreme wave heights (m)

=o=fam -o=Somih —4=Was -o-Theeth

Wihern scitod i yoins:





OPS/images/fbuil-08-991768-g014.gif





OPS/images/fbuil-08-991768-g011.gif





OPS/images/fbuil-08-991768-g010.gif





OPS/images/crossmark.jpg
©

|





OPS/images/fbuil-08-991768-g005.gif





OPS/images/fbuil-08-991768-g006.gif





OPS/images/fbuil-08-991768-g003.gif





OPS/images/fbuil-08-991768-g004.gif





OPS/images/fbuil-08-991768-g009.gif





OPS/images/fbuil-08-991768-g007.gif





OPS/images/fbuil-08-991768-g008.gif
NAMNAL M e

Mo owe BSOS

B we e ww| s n me s | 0o e 0w
EE A A A A

e

N

N,
N
@ s8%

| Premonsoon | Monsoon | Postmonsoon






OPS/images/cover.jpg
’ frontiers | Frontiers in Built Environment






OPS/images/fbuil-08-991768-g001.gif
India






OPS/images/fbuil-08-991768-g002.gif





