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Abstract

:

In this study, the wave conditions in the Arabian Sea induced by tropical cyclone Kyarr (2019) have been simulated by employing the 3rd generation wave model MIKE 21 SW. The model was run from 24 October to 1 November 2019, a total of 8 days. The MIKE 21 SW model was forced by reanalyzed ERA5 wind data from the European Centre for Medium-Range Weather Forecasts (ECMWF). The results are compared with buoy data from the Indian National Centre for Ocean Information Services (INCOIS), which is located at 67.44° E, 18.50° N. In addition, the satellite altimeter data (CryoSat-2, SARAL and Jason-3 satellite altimeter data) was utilized for validation. Three wave parameters are considered for the validation: the significant wave height; the peak wave period; and the mean wave direction. The validation results showed that the significant wave height, the peak wave period, and the mean wave direction could be reasonably predicted by the model with reanalysis wind data as input. The maximum significant wave height reached to 10.7 m (with an associated peak wave period of 12.5 s) on 28 October 2019 at 23:00:00 in the middle of the Arabian Sea. For coastal areas, the significant wave height along the Iran and Pakistan (north Arabian Sea) coasts increased to a range of 1.4–2.8 m when tropical cyclone Kyarr moved northward. This wave height along with elevated sea level may cause severe coastal erosion and nearshore inland flooding. Impacts of cyclones on coastal zones critical facilities and infrastructure can be reduced by timely and suitable action before the event, so coastal managers should understand the effect of cyclones and their destructive consequences. The validated model developed in this study may be utilized as input data of evaluating the risk to life and infrastructure in this area.
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1. Introduction


Tropical cyclones affect a large portion of the world’s coasts and are often linked with catastrophic consequences for coastal populations and extensive infrastructural damage [1,2,3]. Tropical cyclones form over warm, humid ocean waters close to the equator because they are linked with warm, humid air. The rising warm and humid air creates a zone of lower pressure underneath. Cooler air rises when it enters the lower pressure region and becomes humid. When warm, humid air ascends, it cools and condenses into clouds. The entire system of winds and clouds swirls and develops due to the heat and evaporation of the seas. Cyclones need at least 26.5 °C ocean water temperatures to form and expand through a relatively deep layer (approximately 50 m) [4]. Cyclones that form above the equator rotate counterclockwise, while those that originate below the equator rotate clockwise, due mainly to the Earth’s axis of rotation. As a result, cyclones are linked with a significant pressure gradient, generating powerful winds, and storm surges. The extent of a tropical cyclone’s damage is determined by its strength, size, and position [5]. Cyclones can cause a high death toll and severe damage to property, ecosystems and maritime infrastructure [6]. Numerous municipalities situated along the shore, have a sizeable population with accompanying commercial areas and industrial centers, making them very important [7,8]. Cyclones create a significant hazard to human life and property in coastal regions, particularly densely populated low-lying regions.



In the Arabian Sea, approximately 29 significant tropical cyclones have occurred since 1945. In 1977, a cyclone hit the Masirah Island and south Omani coasts killing almost one hundred people and demolishing many dwellings [9]. In 2002, a tropical cyclone affected the south of the Arabian Peninsula, resulting in the region’s highest rainfall in 30 years [10]. In 2007, the Gonu tropical cyclone (the most significant storm to ever form in the Arabian Sea) killed 23 people off the south coast of Iran and 49 people off the coast of Oman. Additionally, the storm caused $4 billion in economic damage to Oman and approximately $215 million in damage to Iran [11]. Cyclones Phet in 2010, Nilofar in 2015, Mekunu in 2018, and Kyarr in 2019 were other powerful tropical cyclones that affected the Arabian Sea and surrounding countries. Therefore, it is crucial to assess the effects of cyclones and to simulate them to identify the most dangerous zones along the coastlines for future planning and management.



Tropical cyclones that form in the Arabian Sea, regularly affect the northern Indian Ocean throughout the summer, although they seldom enter the north Arabian Sea or Gulf of Oman [12,13,14]. On 30 October 2019, Kyarr cyclone originated approximately 1400 km east of the Sultanate of Oman (Figure 1). It moved north-westward and developed into a Category 4 cyclone (Based on Saffir–Simpson scale) on 26 October. On 27 October, it achieved the maximum wind speed of 131 km/h and the minimum central pressure of 923 mbar. On 30 October, it began propagating southwest, gradually losing its strength until it faded into a tropical depression on 31 October [15]. Although this tropical cyclone did not move to the Gulf of Oman, extreme erosion of shorelines and flooding of roadways, coastal developments, and other coastal infrastructures across the east coast of the United Arab Emirates were observed due to the unfavorable co-occurrence of cyclonic waves and spring tides.



Dibajnia et al. [16] assessed the maximum wave heights of the Arabian Sea during the Gonu cyclone. Sarker [17], conducted an investigation on determining the maximum wave height caused by the Nilofar cyclone in the Arabian Sea by using MIKE 21 model. The model performance was evaluated at a measurement point at Chabahar Bay in Iran at 30 m depth. Bakhtiari et al. [18] used the 2D MIKE 21 model to evaluate recent storms in the Arabian Sea, including the Gonu cyclone and evaluated the results of the wave and hydrodynamic models using observed data in the Oman Gulf. As well, computer simulations and field observations have been used to predict the wave characteristics associated with cyclones [19,20,21,22,23,24,25,26]. Global reanalyzed wave and wind data is widely used in ocean and marine hindcasting [27,28,29]. Hodges et al. [30] demonstrated that global models lack the precision required to accurately replicate the atmospheric fields of low frequency high impact extreme conditions, such as tropical cyclones, a weakness that is also transmitted to upper-tail storm surge levels, which are typically overestimated by reanalyses. Pan et al. [31] developed methods and utilized reanalyzed data to enhance tropical cyclones wind field forecast. In comparison to the global wind model and reanalysis data, the results demonstrated an improvement in the hindcasting of wind fields. However, the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 is one of the most reliable and comprehensive of the global-gridded reanalysis meteorological datasets [32].



Reanalysed data is widely believed to underestimate the wind field during cyclones and as a result is not generally suggested as the primary input data for cyclone simulation [22]. However, for studies with the aim of simulating the waves at a location far from the storm center, it was helpful in investigating the use of hindcast data as wave model in this study. ECMWF ERA5 is the 5th generation ECMWF atmospheric reanalysis of global climate since January 1950. ERA5 provides hourly estimates of a variety of atmospheric, land, and oceanic climate variables. This paper employs ECMWF ERA5 reanalysis wind data to investigate the wave model during Cyclone Kyarr in the Arabian Sea. The aim of this study is to describe wave pattern induced by Cyclone Kyarr using MIKE 21 SW numerical model and to examine the suitability of the ECMWF ERA 5 data for wave modeling under hurricane conditions. Considering the increase of the resolution of ECMWF wind data products in recent years, the novelty of this study is to investigate the effectiveness of ECMWF ERA5 wind data with resolution of 0.25 for wave modeling.




2. Materials and Methods


2.1. Study Area/Meteorological Conditions


The Arabian Sea is an area of the northern Indian Ocean that is constrained on the north by Iran, the Gulf of Oman and Pakistan; on the west by the Gulf of Aden, the Arabian Peninsula, and the Guardafui Channel; on the southwest by the Somali Sea; on the southeast by the Laccadive Sea; and on the east by India. It covers an area of 3,862,000 km2 and reaches a maximum depth of 4652 m.



Summer and winter monsoons strongly affect the circulation pattern throughout the Arabian Sea. The winter monsoon lasts from November to April characterized by northeasterly winds averaging 5 m/s, while the summer monsoon lasts from July to September characterized by southerly and southwesterly winds with an average speed of 15 m/s. The remaining months are called post-monsoon (October) or pre-monsoon (May and June) [33]. Most of the tropical cyclones in the Arabian Sea form during in pre-monsoon (May) and post-monsoon (October and November) seasons. Nevertheless, some cyclones form between June and early September [34]. The monthly averages of daily average wind speeds during the Kharif season (March to June) in the Gulf of Oman were derived from reanalysis data (1981 to 2019) by the ECMWF. During the Kharif season, wind grew in strength and reached up to 4 m/s, with the North Northeast (NNE) being the predominant wind direction (Figure 2).



Figure 3 illustrates the frequency of very severe cyclonic storms in the north Indian Ocean, which encompasses the Bay of Bengal and the Arabian Sea, over the last 120 years based on IMD categorizing, which can be found in http://imd.gov (accessed on 27 May 2017) in [35]. According to the data analysis, 298 severe cyclonic storms have been recorded for the north Indian Ocean up to the present. October and November recorded total severe cyclonic storms of 53 and 85, respectively, whereas May and June reported overall of 60 and 20, respectively (CWRC, 2011). Additionally, the annual probability of intensification from depression to cyclonic storm was 44.8% during the last 125 years, 21.2% from depression to severe cyclonic storms, and 47.3% from cyclonic storm to severe cyclonic storms. March–April–May had the most probable of intensification (71.4%, 78%, and 69.9%, respectively) for depressions that ultimately changed to cyclonic storms, whereas October–November–December had the lowest probability of intensification (50%, 67.6%, and 59.8% respectively).



Apart from the Kyarr, four additional Category 4 or greater tropical storms have been reported in the Arabian Sea since 1998, as per the NOAA’s Historical Hurricane Tracks Database: Phet, 2010 (145 mph winds), Nilofar, 2014 (130 mph winds), Chapala, 2015 (140 mph winds), and Gonu, 2007 (165 mph winds, the Arabian Sea’s only Category 5 recorded). In this study, the numerical model was forced by reanalysis ERA5 wind data from the ECMWF. The Figure 4 illustrates the wind field generated by the ECMWF data as it passed over the Arabian Sea at four different locations of cyclone eye (Table 1).




2.2. General Aspects (Numerical Model)


The MIKE 21 Spectral Wave Model (Mike 21 SW) is a 3rd generation spectral wind-wave model based on unstructured mesh developed by the Danish Hydraulic Institute. The model simulates the growth, decay and transformation of wind-generated waves and swells in coastal regions. The model contains the following components: wave growth caused by wind, nonlinear wave-wave interaction, dissipation caused by white-capping, dissipation caused by bottom friction, dissipation caused by wave breaking, shoaling and refraction caused by depth variations, wave-current interaction and the effect of changing water depths over the time, as well as drying and flooding. The model employs the wave action balance equation which uses the spectrum of wave action density to describe the wave field. The model is based on numerical integration of the equation for the balance of wave action in Cartesian coordinates [36,37].



This study provides an estimation of the wave characteristics of the Arabian Sea during the 2019 tropical cyclone Kyarr. The bathymetry and computational domain are shown in Figure 5. The considered region covers the latitudes of 5 to 30 N and longitudes of 43 to 76.5 E, with a resolution of 100 km for large elements but the element resolution becomes finer towards the cyclone track with the smallest resolutions of approximately 1 km. Additionally, a total of 236,677 nodes considered to encompass the study area adequately. Bathymetry data for the area is provided by merging data from two sources. Firstly, the 1 arc-minute global relief model of Earth’s surface that integrates land topography and ocean bathymetry (Etopo1) and secondly, the MIKE C-MAP with the scale of 1:50,000.



2.2.1. The Governing Equation of MIKE21 SW


By solving the energy transfer equation along with the source and sink terms, the MIKE 21 SW is derived. The wave model’s governing equation is defined in terms of the wave action density spectrum N(σ,θ) (Equation (1)).


  N   σ .    θ    =  E σ  ,  



(1)




where θ denotes the wave propagation direction, and σ is the independent phase parameter. E represents the energy density [38].



In the wave model of this study, S (energy source) represents an interaction between multiple source functions that describe various physical phenomena (Equation (2)).


S = Sin + Swc + Snl + Sbf + Sbr,



(2)




where Swc and Sbr are the dissipation of wave energy caused by the white-capping and depth-induced breaking, meanwhile Sin is the wind generated energy and Snl represents the energy transfer by nonlinear wave–wave interactions.




2.2.2. Input Wind Data


A precise wind field is critical for wave modeling since it is the wind that produces shear stresses, which in turn make waves, currents and surges. Analytical formulas are often used to estimate the 2D pressure and wind fields inside a tropical cyclone (Vortex model). Numerous studies have implemented such models to create input circumstances and correctly predict storm surge occurrences caused by cyclones [39,40,41,42,43]. On the other hand, analytical vortex models assume an idealistic cyclone and ignore interactions with other meteorological systems, which results in an incorrect depiction of the wind field distant from the cyclone center [44]. To fill these gaps, wind and pressure input data was collected with a temporal resolution of one hour and a spatial resolution of 0.25° from the ECMWF ERA5 dataset from 24 October to 1 November 2019 in the study area. It should be noted that global wind models have specific resolutions, so they are not accurate in the cyclone’s path. The use of global wind models will produce inaccurate results if the cyclone passes close to the study area (the resolution of the wind model must be small enough to achieve accurate results, while as mentioned, the global wind models have a fixed resolution in the whole world). As shown in Figure 1, the path of tropical cyclone Kyarr was far from the coasts of Makran, so the global model can be employed with confidence.




2.2.3. Boundary Condition


The significant wave height, the peak wave period and the mean wave direction were the boundary conditions which were extracted from the ECMWF ERA5 dataset with a temporal resolution of one hour and a spatial resolution of 0.5°. The wave parameters were imported to the wave model’s open boundary (5° N).





2.3. Model Calibration and Validation


The MIKE 21 SW model was run for eight days, from 24 October through 1 November, 2019. In this study, the modeled wave characteristics were compared to the buoy wave data (Indian National Centre for Ocean Information Services (INCOIS)). Three-hourly buoy wave data at AD06 station, which is situated at approximately 67.44° E, 18.50° N was used for the duration of tropical cyclone Kyarr. The MIKE 21 model was calibrated by minimizing the wave height simulation error. The calibration parameter was the whitecapping dissipation rate. In deep seas, the whitecapping dissipation rate is often employed as the parameter of calibration in deep waters [45,46,47]. Furthermore, the study of model sensitivity showed that other physical factors had no important impact on the wave characteristics.



Choosing the right whitecapping formulation and its related parameters is a critical component of a reliable wave model [48,49]. It is found that whitecapping formulations that use average spectral properties provide the most accurate representation of total energy in the higher frequency part of a combined sea state which is related to local waves [50]. The Komen-type approaches of whitecapping modeling are one of widely used methods and originated from Hasselmann, formulated by Komen et al., and enhanced by Janssen [22].



Equations (3)–(5) are utilized in Mike21 SW to describe the energy dissipation rate caused by whitecapping:


   S  d s     f . θ   = −  C  d s          α ˆ     α  P M        m      1 − δ    k   k ¯    + δ      k   k ¯       2     σ ¯  E   f . θ    



(3)






   α  P M   =     3.02 ×   10   − 3       1 / 2    



(4)






   α ˆ  =  k ¯     E   tot         



(5)




where Cds represents the white capping coefficient with default value of 4.5. Although, it can be considered as a calibration parameter for deep-water waves. It is possible to partially calibrate wave period by modifying parameter δ, which has a default value of 0.5 [22]. In addition, k represents wave number the average of    k ¯   . Parameter m is assumed to be 1 based on WAMDI group studies [51]. Finally, Etot and    σ ¯    are the total energy of the wave spectrum and average angular velocity, respectively. Therefore, in this study, for calibration purposes, the parameters Cds and δ (whitecapping dissipation coefficients) for the Arabian Sea were adjusted to 0.5 and 2.5, respectively.



ECMWF ERA5 data were used to generate the wind field of the Kyarr cyclone during its passage. Every three hours, the results were compared to data from the Chabahar meteorology synoptic station. Using data from the Chabahar meteorological synoptic station, the wind field modeled with ECMWF ERA5 data was validated. The generated wind field accurately captured [Root Mean Square Errors (RMSE) is 0.79] the wind speed during cyclone passage from the study region (Figure 6). Figure 6 shows that the numerical results of the wind speed at the peak wind speed using reanalyses data from the ECMWF ERA5 have successfully simulated the wind field, and the result on 10/30/2019 at 9:00 AM is very close to the real values. Wind and pressure fields of tropical cyclones are estimated using analytical formulas.



Analytical and parametric models for tropical cyclones surface wind distribution are commonly utilized for risk evaluations [52]. Analytical wind models employ an idealized cyclone, which may lead to erroneous wind field representations far from the cyclone’s center [44]. Additionally, the MIKE 21 Cyclone Wind Generation was applied in this study to generate the cyclone’s wind field. Wind fields were generated using the Young and Sobey (1981), Holland (1980), and Rankine (1872) vortex models during the passage of the Kyarr cyclone. The model requires cyclone position, center pressure, maximum sustained wind speed, and maximum wind radius (RVmax) as input variables. Using the International Best Track Archive for Climate Stewardship (IBTrACS) global tropical cyclone database, these statistics were compiled. The comparison between analytical wind models and observed peak wind speed for the Kyarr cyclone reveals that while simulations with the ECMWF ERA5 dataset perform well, the Young and Sobey model underestimates the wind speed measured at the Chabahar station. Meanwhile, Rankine and Holland models typically overestimate the wind speed (Figure 6).



In Figure 7, a comparison of the measured and modeled wave parameters demonstrates that the modeled significant wave heights closely match the observed data with highest significant wave height, at 7.5 m. As well, the mean wave periods closely match the observation data. For Tm02 and Hm0, Correlation Coefficients (CC) of 0.64 and 0.095, RMSE of 0.65 s and 0.34 m, Biases of +0.39 s and 0.19 m, and Scattering Indexes (SI) of 0.075 and 0.092 were calculated, respectively.



Finally, for the model validation, the significant wave heights extracted from the model results were compared with the satellite altimeter data for tropical cyclone Kyarr. The National Oceanic and Atmospheric Administration (NOAA) CoastWatch/OceanWatch Portal was implemented to acquire the satellite altimeter data in this study. As shown in Figure 8, for a thorough evaluation of the wave heights along the cyclone tracks, this research examined all the data spanning the Arabian Sea for the duration of tropical cyclone Kyarr (obtained from CryoSat-2, SARAL and Jason-3 satellite altimeter data). The scatter plot of the satellite altimeter data against the model results (Figure 9) demonstrates a very close correspondence. The comparison result is acceptable, with a CC of 0.88, a RMSE of 0.83 m, a Bias of 0.36 m, and a Scattering Index of 0.20. The validation demonstrates a high degree of agreement, given the research area’s size.





3. Results and Discussion


The tropical cyclone Kyarr was numerically simulated utilizing the ECMWF ERA5 dataset as wave and wind inputs. The run was conducted using a 3rd generation wave model of MIKE 21 SW. The outputs of this simulation was examined at various locations across the Arabian Sea.



Statistical analysis of the model results was conducted to evaluate the maximum significant wave conditions throughout the entire model domain during the tropical cyclone Kyarr. On 28 October 2019, at 23:00:00, a significant wave height of approximately 10.7 m (with corresponding peak wave period of 12.5 s) was observed at 63.049 E, 19.959 N. (Figure 10). As shown in Figure 10, for this time step isoline, the maximum significant wave height is almost parallel to the Iranian and Pakistani coasts. Additionally, Figure 10 illustrates 13 points along the cyclone’s track where the model results were extracted.



The patterns of the significant wave height, the maximum wave height, the wind speed and the peak weave period for the above-mentioned time step are illustrated in Figure 11. Figure 11a shows that maximum significant wave height during simulation, which occurred near the central area of the Arabian Sea. As shown in the Figure 11, the maximum wave height and the peak wave period for this time step were approximately 19.8 m and 16.7 s, respectively. Furthermore, the results showed that significant wave heights of more than 9 m could only last for approximately 28 h.



To compare the significant wave heights at different locations along the cyclone track, the maximum significant wave heights were displayed in Figure 12. As shown in Figure 12, around the central area of the Arabian Sea, the significant wave height became significantly higher than in other areas.



Maximum wave heights were derived from the modeling results for the study region throughout tropical cyclone Kyarr (Figure 13). During simulation, the maximum wave height was 19.8 m at 63.188° E, 19.847° N.



Figure 14 indicates that significant wave heights were reached along the Iranian and Pakistani coasts (north Arabian Sea) to a range of 1.4–2.8 m as tropical cyclone Kyarr moved north. Kyarr became a Super Cyclonic Storm, resulting in significant wave heights in the range of 1.5–3.5 m along Ormara, Gaddani, Konarak, Pasni, Gwatr, and Chabahar (See Figure 14). Therefore, the significant wave height is lower along the northwest and northeast coasts of the Arabian Sea than along the northern coasts.




4. Conclusions


Based on an 8-day period of numerical simulations of tropical cyclone Kyarr (2019), this study investigates the wave characteristics in the Arabian Sea and the Gulf of Oman. Tropical cyclone Kyarr’s (2019) wave generation is validated using offshore wave observations and satellite altimeter data. If no field data is available, altimeter data was used to validate model results. Wind data from the ECMWF ERA5 model were also employed to force wind field throughout the tropical cyclone Kyarr’s passage. Conclusions are listed below:



(1) Cyclone model simulations indicated that the maximum significant wave height occurred throughout tropical cyclone Kyarr was 10.7 m. The maximum significant wave height occurred at 63.049° E, 19.959° N, approximately 400 km off the coast of Oman. Significant wave heights along the Iranian coast reached up to 3.51 m at Chabahar Port (60.619° E, 25.264° N) and up to 3.45 m in Pakistan’s coasts (Ormara, 64.700° E, 25.215° N) during Kyarr’s upgrade to Super Cyclonic Storm;



(2) Using the ECMWF ERA5 input data, the model captured the wind field generated by tropical cyclone Kyarr in the studied region with high accuracy. This study showed that the MIKE 21 SW model could successfully hindcast the tropical cyclone waves using ERA5 wind field;



(3) The model’s outputs may be employed as inputs for research on coastal planning, management, and risk assessment. Additionally, the validated model may be utilized for forecast purpose. As a consequence of the sea-level rise, cyclonic wave conditions nearshore may increase, potentially resulting in greater coastal erosion and floods. Forecasting cyclone-generated waves allows for the prediction of the possible effects on the shore.
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Figure 1. Tropical cyclone Kyarr track in the Arabian Sea (2019). 
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Figure 2. Wind rose for the Gulf of Oman in Kharif season (1981–2019). 






Figure 2. Wind rose for the Gulf of Oman in Kharif season (1981–2019).



[image: Atmosphere 13 01914 g002]







[image: Atmosphere 13 01914 g003 550] 





Figure 3. Frequency of very severe cyclones (1891–2011). 
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Figure 4. Tropical cyclone Kyarr wind field (based on ECMWF data) over the Arabian Sea at different times mentioned in Table 1; a darker gray color indicates a higher wind speed. (X and Y axis show the longitude and latitude, respectively). (a) 24 October, (b) 26 October, (c) 27 October and (d) 29 October. 
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Figure 5. Computational domain and bathymetry. 
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Figure 6. Comparison of the wind speed from simulations and meteorological synoptic data during tropical cyclone Kyarr at the Chabahar station. 
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Figure 7. Comparison of the (a) wave height and (b) wave period (c) wave direction from simulation and measurement data during tropical cyclone Kyarr. 
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Figure 8. Location of satellite altimeter measurements of wave height during tropical Cyclone Kyarr. 
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Figure 9. Satellite altimeter wave data against Mike 21 SW model results during tropical cyclone Kyarr (the blue line is x = y and redline is trendline). 
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Figure 10. Optional points along tropical cyclone Kyarr. 
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Figure 11. Wave parameters pattern in the computational domain (a) significant wave height, (b) maximum wave height, and (c) peak wave period. 
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Figure 12. Wave height at optional points along tropical cyclone Kyarr track. 
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Figure 13. Maximum wave height in the study area during tropical cyclone Kyarr. 
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Figure 14. Significant wave heights along the Iranian and Pakistani coastlines during tropical cyclone Kyarr. 
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Table 1. Track statistics related to four timesteps of tropical cyclone Kyarr illustrated in Figure 4.
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	Date
	Time
	Lat.
	Lon.
	Wind Speed (m/s)
	Category





	Formation (a)
	24 October
	18:30 GMT
	15.8
	71.3
	17.88
	-



	Reclassified as a Category 4 cyclone (b)
	26 October
	18:30 GMT
	16.8
	68.9
	58
	4



	Highest wind speed (1 min sustained) (c)
	27 October
	12:00 GMT
	17.5
	66.8
	69
	4



	Reclassified as a Category 3 cyclone (d)
	29 October
	12:00 GMT
	19.5
	63
	53
	3
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