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Abstract 

 The spatial and temporal variability of the high individual wave heights, which pose a hazard 

in India's shelf seas, has not been investigated. In this study, the spatial and temporal variation of 

hourly maximum individual wave height (Hmax) in the Indian shelf seas is examined based on 40 

years ERA5 Re-Analysis data from European Centre for Medium-Range Weather Forecasts. 

Waverider buoy data from five locations are used to assess ERA5 Hmax. Variability of Hmax in 

different temporal scales; daily, monthly and interannual and their linkages with major ocean-

atmosphere coupled interaction in the Pacific and the Indian Ocean are presented. Wave climatology 

throughout India's western shelf seas shows average Hmax exceeding 2m during most of the year. 

Maximum Hmax in the western shelf seas is during May-July, whereas in the southern tip and the 

eastern shelf seas are during the tropical cyclones and are either in October-December or May. 

Maximum Hmax is 17.94m and it occurred at the northern Bay of Bengal on 25 May 2009 during the 

passage of tropical cyclone Aila. Spatial variations in Hmax between locations spaced at 1.5 latitude 

are less than 10% in the northwestern and southeastern shelf seas, but large variations (~28%) are in 

the southwestern and northeastern shelf seas. Annual mean Hmax shows contrasting trends when data 

for 1979 to 2018 and 1992 to 2018 is considered. Indian Ocean Dipole influence on the Hmax 

suggests negative correlations in the western shelf seas and positive correlations in the eastern shelf 

seas. The correlation with climate indices is similar for both significant wave height and Hmax. 

Keywords: climate indices, maximum wave height, north Indian Ocean, reanalysis data, surface 

waves, wave climatology . 
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1. Introduction 

 Ocean surface waves have a significant role in planning activities in the coastal zones and 

offshore areas (Tucker and Pitt 2001). The response of the waves to atmospheric forcing is complex 

since waves in the oceans compose wind-seas generated locally and remotely generated swells. 

Mainly the information on waves is obtained through, i) visual observations, ii) in situ measurements 

by wave buoys or satellite altimeter, iii) wave hindcast model (Cavaleri and Sclavo 2006). The data 

from the wave buoys are sparse and the spatial availability of the data is limited. In contrast, the data 

from the altimeters onboard satellite covers spatially large areas, but the temporal resolution (~ 10 

days) is poor (Cooper and Forristall 1997). The wave hindcast model datasets have excellent spatial 

and temporal coverage, but the coarse resolution might not replicate the actual wave conditions. Data 

at larger time scales ( > 3 h) underestimate the maximum value of significant wave height (Hs) by 6 

to 26% during the monsoon and storm events (Anoop et al. 2014). Reanalysis gives the recent 

climate description by combining models with satellite altimeter data. Reanalysis data, especially 

from European Centre for Medium-Range Weather Forecasts (ECMWF), are now extensively used 

in climate studies in global and regional scales (Aarnes et al. 2014; Anoop et al. 2015). Recently, 

ECMWF released a new climate reanalysis data (ERA5), which is the 5th generation atmospheric 

reanalyses of the global climate (Hersbach and Dee 2016). ERA5 provides hourly data on a 31 km 

grid of a large number of climate variables related to the atmosphere and ocean. 

 For practical applications, like designing the air gap for offshore platforms and fixing the top 

level of the berthing structures, the value of the maximum height of an individual wave (Hmax), i.e., 

the largest single one wave in a record (say 20 to 30 minutes), at a given place is required. Large 

wave heights also pose dangers to coastal and offshore infrastructure. Statistics on Hmax can be 

derived from long historical records of hourly wave measurements. Numerical wave models or 

historical records provide values for Hs and hence, most of the studies based on wave models 

describe the variations in the bulk wave parameters such as; Hs, mean wave direction and wave 

period of wind sea and swell and do not describe the Hmax (Aarnes et al. 2014; Amrutha et al. 2016; 

Sandhya et al. 2014; Semedo et al. 2011), except the recent study by Barbariola et al. (2019) and 

Naseef and Kumar (2020). When Hmax is not known, generally, it is taken as 1.8 times the Hs (Goda 

2000). The ERA5 data contain the information on Hmax and recently, Naseef and Kumar (2019) 

studied the climatology of Hmax in the Indian Ocean. All other reanalysis data sets like ERA-40, 

ECMWF Reanalysis Interim (ERA-Interim), National Centers for Environmental Predictions 

(NCEP)-Climate Forecast System Reanalysis (CFSR) do not contain Hmax data. 
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 The Indian Ocean monsoons are strong ocean-atmosphere interaction over the north Indian 

Ocean (NIO) during June-September. The wave heights, especially in the Arabian Sea (AS) and 

northern Bay of Bengal (BoB), are much higher during this period compared to the rest of the year 

(Naseef and Kumar 2020; Sanil Kumar and Anoop 2015). Hence, it is important to examine the Hmax 

during the monsoon period. Similarly, NIO is frequented by tropical cyclonic storms and the impact 

of these storms is higher in the BoB than in the AS (Singh et al. 2000). The tropical cyclones 

generate higher wave heights at a location for a shorter period of 3 to 5 days (Amrutha et al. 2014) 

and these higher wave heights pose a significant threat to the coastal areas. Waves generated by 

tropical cyclones dominate the extreme wave climate of the BoB and the waves generated in the 

Southern Hemisphere characterize swell waves in the NIO (Amrutha et al. 2017). Hence, the wave 

climate of the NIO consists of swells from the Southern Hemisphere as well as the locally generated 

wind waves and is influenced by a number of factors including the monsoon, tropical cyclones and 

large scale ocean-atmosphere coupled phenomena (Anoop et al. 2016; George et al. 2019; Hemer et 

al. 2010; Naseef and Kumar 2020). 

 Large-scale changes in waves in the nearshore are of critical importance for coastal engineers 

and scientists. The influence of climate indices on waves in the Indian Ocean was previously 

reported. For example, Hemer et al. (2010) observed that the Southern Annular Mode influences 

wave climate variability in the Indian Ocean. Lopez and Kirtman (2016) identified El Niño–Southern 

Oscillation (ENSO) as a potential source of wave height variability in the Indian Ocean. During El 

Niño events, Shukla et al. (2018) observed negative wave height anomaly over the BOB. During the 

NE monsoon period, Anjali Nair et al. (2019) reported that during strong El Niño years, the seasonal 

average wave height is relatively low in the northwestern BoB. 

  Changes in wave climate are quantified through trend estimation of wave height. All of the 

studies on long-term trend analysis describe the variations in the bulk wave parameters and do not 

describe the Hmax (Gulev and Grigorieva 2004; Semedo et al. 2011; Young et al. 2011) except the 

recent studies by Naseef and Kumar (2020), which examined the climatology and trend of waves in 

the Indian Ocean and the study by Barbariola et al. (2019), which analysed the characteristics of the 

maximal wave heights over the world oceans during 25 years (1992–2016) through combined 

numerical wave model outputs and extreme statistics. With the increase in sea surface temperatures 

(SST) and increased potential intensity, stronger TCs are expected (Emanuel 1988), which can lead 

to high Hmax. Motivated by these aspects, the present study examines the Hmax at 19 locations in the 

Indian shelf seas (Fig. 1) in the recent 40-years (1979 to 2018). Locations spaced ~1.5 latitude are 

selected. The data is also compared with available buoy measured data at five coastal locations in the 
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NIO. The details of the locations and the periods of the data used in the analysis are presented in 

Table 1. The waves during the monsoon and the tropical cyclone are also examined. The remainder 

of the paper is arranged as follows. The buoy data, ERA5 reanalysis, the method of the study and the 

ERA5 performance evaluation are shown in Section 2. Section 3 presents the results and discussion 

is in section 4. The paper ends in Section 5 with concluding remarks. 

2. Data and method 

2.1 ERA data 

 The study is based on the hourly maximum individual wave height (Hmax) parameter obtained 

from ERA5 Re-Analysis data of ECMWF. The ERA5 assimilation system uses the latest version of 

the Integrated Forecasting System (IFS Cycle 41r2) and modern parameterization technique of earth 

process which allows to use variational bias scheme for not only satellite observation, but also for 

aircraft, ozone and surface pressure data. The ERA5 data contains one (31 km) high-resolution 

realisation and a reduced resolution ten-member ensemble (Hersbach and Dee 2016). The present 

version of the ECMWF wave prediction system has a spatial resolution of 28 km, while the spectrum 

is discretized with 36 directions and 36 frequencies with starting frequency at 0.035 Hz (ECMWF 

2019). Reanalysis data assimilate altimeter Hs into the product, starting in 1992. Based on the theory 

of wave-wave interaction, the height of the expected highest individual wave within a 20 minute time 

window (Hmax) is calculated from the wave spectrum. The calculation of Hmax is based on the work 

of Mori and Janssen (2006) for the determination of the time extreme. The Hmax distribution is 

obtained by simply writing down the probability that for a given number of waves, the Hmax has a 

certain chosen value. The climate at different locations is computed from the 40-year mean of the 

reanalysis from January 1979 to December 2018. The trend is the temporal linear changing rate of 

Hmax over 40 years. 

2.2 Buoy data 

 The Hmax data measured using the Datawell directional waverider buoy is compared with ERA5 

wave data. The locations and the period of data used for the comparison are presented in Table 1. 

The directional waverider buoy is neutrally buoyant and tracks the free surface and measure wave 

height using accelerometers. The buoy measures surface gravity waves with heaves in the range of -

20 and +20 m, with a resolution of 1 cm in heaves and a range of wave periods between 1.6 and 30 s. 

Data recorded continuously at an interval of 1.28 Hz, and the data for every 30 min are processed as 

one record. The Hmax is the maximum wave height in a 30-minutes duration and is obtained from the 
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zero-crossing analysis of the surface elevation time series. From the measured data, the records at 1-

hour intervals are utilized for comparative study with the ERA5 data. 

2.3  Wave height distribution functions 

 The commonly used distribution functions listed below are fitted to the wave height 

distribution. 
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Where β, μ and σ represents the shape, location, and scale parameters of the distribution function. 

The method of Probability Weighted Moments is used to estimate the distribution function. 

2.4 Comparison of ERA5 with measured data 

 In this section, the ERA5 Hmax data is compared with the measured buoy data. The 

parameters used for comparison of the ERA5 Hmax data with the measured wave data are the root-

mean-square error (RMSE), correlation coefficient (r), scattering index (SI) and bias, as defined 

below. The bias signifies the average difference between the ERA5 and buoy data and low RMSE 

values indicate a better fit of ERA5 data with measurements. 
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Where Ai represents the data obtained from the ERA5, Bi represents the data from the buoy 

measurements with N number of data points. Overbar represents the mean value. 

 The annual maximum value of Hmax at Ratnagiri from the ERA5 is 7.6 m, whereas the buoy 

measured data is 8.6 m, indicating an underestimation (~12%) in the ERA5 data (Fig. 2). Monthly 

maximum Hmax values are underestimated in ERA5 by 2 to 34%. At Karwar, the monthly maximum 

Hmax is underestimated by 2 to 10% in some months and overestimated by 2 to 20% in some months 

(Fig. 2). The annual maximum Hmax at Karwar from ERA5 is 6% less than the buoy measured value 

(Table 2). Whereas, in the western BoB at all the 3 locations, overestimation (3 to 25%) in annual 

maximum Hmax is noted in the ERA5 data (Table 2).  The annual mean Hmax from ERA5 at all 

locations is higher (17 to 54%) than the buoy data. In order to examine the accuracy of the ERA5 

during high sea states, the time series of buoy measured and ERA5 Hmax during peak monsoon at 

Ratnagiri and during TC Phailin at Gopalpur is compared (Fig. 3). The comparison statistics indicate 

that the Hmax is overestimated in ERA5 with RMSE of 0.69 m and 0.84 m during high monsoon and 

tropical cyclones, respectively (Table 2). One reason for the overestimation in ERA5 data is due to 

the fact that the ERA5 data grid point is a deeper water depth compared to the buoy location (Table 

1). Wave data in ERA-5 were produced on a grid with a resolution of the order of 31 km, whereas 

the measured data is a point measurement. Even though shallow water physics is active in the model, 

due to the coarseness of the grid, the coupled-wave component (Janssen 2004) is coarser at 

approximately 31 km and the mean water depth at the point of interest is different from the buoy 

location (Table 1). Also, the data used for evaluating the ERA-5 data in the present study were 

collected using buoys located 1.5 to 5 km from the coast (Table 1). But the maximum Hmax of 13.5 m 

during the TC Phailin is slightly (4%) underestimated in ERA5 (12.95 m). These comparisons 

demonstrate that ERA5 Hmax reproduces mean and maximum values in Indian shelf seas within the 

reasonable biases.  
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3. Results  

3.1 Monthly variations 

 Spatial distribution of the monthly average Hmax indicates that the Indian shelf seas have low 

values of Hmax (< 1 m) from January to April and from November to December except at the 

southern tip, where the wave heights are slightly higher (Fig. 4). From June to August, the wave 

heights in AS is higher than in the BoB. The highest monthly average Hmax is 6.9 m and is in July at 

16-17 N; 65-66 E followed by 6.1 m in June and 5.5 m in August and is due to the influence of 

Findlater jet (Anoop et al. 2015). Lowest wave heights are from February to April, with a monthly 

maximum Hmax of 2.9 m. 

 Monthly maps of Hmax in the western shelf seas (locations 1 to 10) reveal a clear seasonal 

cycle with higher waves occurring during the SW monsoon (Fig. 5). The SW monsoon average Hmax 

is more than 3.5 m at all locations in the western shelf seas except at location 9, where the mean 

value is low (~2.8 m) due to the shadow effects of the Lakshadweep islands. Daily variation in Hmax 

during a year is examined by selecting 2018. The daily variation in Hmax during 2018 ranged from 

0.01 to 5.55 m, with the mean value ranging from 0.29 to 0.58 m at different locations (Fig. 6). The 

maximum daily variation of 5.55 m is at location 16 on 17 December 2018 and this large variation is 

due to the severe cyclonic storm Phethai in the BoB. The monthly average Hmax is high in July in 

almost all the locations except at locations 12 to 15 and 18 (Fig. 7). The minimum of the monthly 

average Hmax for all locations in India's western shelf seas occurs in November-December, except at 

location 11 (Fig. 7). At locations 11 to 14, the monthly average Hmax is minimum in March, at 

locations 15 to 17, the minimum Hmax is in February and at 18 and 19, it is in January. The 

Coefficient of Variation (CV), namely the ratio between the standard deviations and the means, is 

low (~0.31) for locations 11, 14 and 15, indicating the low variability in wave height. In contrast, CV 

is high (~0.58) at locations 1 to 3. 

  The maximum value of Hmax in the Indian shelf seas in different years varied from 6.72 m 

(location 11) to 17.94 m (location 19). The maximum Hmax from 1979 to 2018 is 17.94 m and it 

occurred on 25 May 2009 at the northern BoB (location 19) during the passage of tropical cyclone 

Aila. The maximum Hmax in India's western shelf seas is 15.99 m and it occurred at location 2 on 8 

June 1998 at the northeastern AS during the cyclonic storm ARB02 (Table 3). At all the AS 

locations, the maximum Hmax occurred between May and July except at the southernmost point in 

AS. At all the locations in the BoB, the maximum Hmax is either during October-December or in May 

and is during the tropical cyclones (Table 3).  
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3.2 Annual cycle and inter-annual variations 

 The annual mean Hmax at different locations in the eastern AS varied from 1.87 (location 9) to 

2.94 m (location 11), whereas the annual mean Hmax at locations in the western BoB is 1.60 (location 

15) to 2.49 m (location 19) (Fig. 8 & Table 4). Large interannual variations are observed in the 

annual maximum value of Hmax from 1979 to 2018 at all the locations due to the influence of 

storm/tropical cyclone (Fig. 9). In contrast, the inter-annual variations in annual mean Hmax are less 

(Fig. 10) since the influence of tropical cyclones on the wave at a location lasted only for 3 to 4 days. 

The mean value of annual maximum Hmax at different locations varies from 4.95 (location 9) to 8.38 

m (location 2) in the eastern AS and from 4.90 (location 12) to 8.91 m (location 19) in the northern 

BoB (Table 4). The northern BoB is the region where intense tropical cyclones make their landfall 

and hence, the mean value of the annual maximum Hmax from 1979 to 2018 is maximum in this 

region. In contrast, the mean of the annual mean from 1979 to 2018 is less in the northern BoB (2.49 

m) compared to the southern location (2.94 m) and the eastern AS (2.60 to 2.67 m). The annual 

average Hmax in a year had the highest value (3.11 m in 1995) at location 11 and the lowest (1.50 m 

in 1998) is at location 15. 

 The annual averages of the Hmax and the annual maximum, the 95th and 99th percentiles of 

Hmax from 1979 to 2018, are plotted in Fig. 8. High waves are present and the higher values (95th 

percentile) in particular are noticeable throughout the year. The 99th, 95th and 90th percentile and 

annual mean values are minimum at location 15 and maximum at location 2. The 99th percentile Hmax 

varied from 3.2 m to 7.0 m with an average value of 5.3 m, whereas 95th percentile values ranged 

from 2.4 to 5.9 m and the 90th percentile ranged from 2.2 to 5.2 m with an average value of 3.8 m. 

Annually, in the western shelf seas at locations 1 to 5, Hmax more than 4 m occurred during 18 to 

20% of the time, whereas in the eastern shelf seas, it is less than 5% of the time, except at location 

19. Similarly, Hmax more than 8 m is during 0.1 to 0.2% of the time in locations 1 to 7 the western 

shelf seas and location 19 in the eastern shelf seas (Table 3). Among the locations studied, the 75th, 

50th and 25th percentiles of Hmax is highest at location 11, indicating that at this area, low wave 

heights are less. 

3.3 Abnormality index 

 The abnormality index, i.e., the Hmax to Hs ratio, varied from 1.72 to 2.10, with a mean value 

of 1.89 at different locations. When Hmax is more than two times the corresponding Hs, the wave is 

called as freak waves (Mori and Janssen 2006). On average, annually, freak waves occurred 0.1% the 

time in the study area with maximum (0.7%) at location 15. Most of the time, the abnormality index 
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varied from 1.6 to 2. The comparison of the abnormality index obtained from ERA5 with the buoy 

measurements indicates that the ERA5 values are high. Annually, the abnormality index from buoy 

measurements varies from 1.71 to 1.73, whereas the same from ERA5 data is 1.88 to 1.90 (Table 2). 

Also, the value of the abnormality index during the high waves at Ratnagiri and TC Phailin is 1.67, 

whereas that that from ERA5 is 1.84 to 1.88 (Table 2). The theoretical value of the abnormality 

index is 1.62 to 1.64 for 190 to 220 waves (Longuet-Higgins, 1952). Kumar et al. (2020) observed 

that during the TC Hudhud, the ratio between Hmax and Hs for the 30 minutes measured buoy data at 

a location in the Bay of Bengal varied from 1.4 to 2.3, with an average value of 1.66. 

3.4 Wave height distribution 

 The comparisons between the histograms of Hmax and the theoretical distributions, i.e., log-

normal and GEV distributions, are presented in Fig. 11. The theoretical wave height distributions do 

not show a good fit in the case of rapidly changing wave conditions similar to that at locations 1 to 7. 

The rapidly changing wave conditions at these locations are due to SW monsoon and the 

distributions were not able to pick up these variations.  All the distributions underestimate the peak 

of the histograms (Fig. 11) for locations 1 to 7.  Log-normal and GEV distributions produce a more 

accurate fit for those locations (locations 13 to 16) with exponential increase and decrease in wave 

height and comparatively low fit for locations with irregular distribution of wave heights. The most 

frequent high values occur at locations 1 to 7, whereas low values are least at location 11. The wave 

height distribution is narrow at locations 13 to 15. When the range of wave heights is too broad, the 

log-normal and GEV distributions show a slight shift from the peak values (locations 17 and 18). 

Also, the distributions are under-predicting for locations in the AS. For the locations from 17 to 19, 

the graphs are broad and have no sudden peak. In these cases, the log-normal and GEV distributions 

slightly under predicts the maximum values but gives a good estimation than Rayleigh distribution. 

Location 11 situated off the southern tip of India has the highest annual mean Hmax and lowest 

highest Hmax during the 40 years among the locations studied, indicating that the variability is least at 

this location. This location has no sudden peak or sudden decrease in the distribution of Hmax and the 

frequency of occurrence is almost the same for the range of 2 to 3m. 

 To further examine the fit of the distributions, RMSE is calculated for each location (Table 

5). RMSE values for log-normal and GEV distributions are greater than 1 in locations 1 to 7 and 

Rayleigh distribution showed very high values (RMSE > 2). RMSE is less for locations in the BoB 

than in the AS. Compared to other distributions, log-normal distribution fits better for locations in 

the AS. The log-normal and GEV distributions are almost similar for the locations in BoB. 
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Comparing the fitted distributions and the RMSE values for the wave data at locations 13 to 16, we 

can see that the log-normal and GEV distribution could give an acceptable representation to the 

measured wave data with RMSE values less than 0.32 (Table 5).  

3.5 Seasonal and annual anomalies 

 The earlier studies (Glejin et al. 2013; Anoop et al. 2015; Naseef and Kumar 2019) in the 

NIO indicate that the wave characteristics are different in 3 seasons; pre-monsoon (February-May), 

SW monsoon (June-September) and NE monsoon (October-January). Accordingly, the seasonal 

anomalies are calculated relative to the seasonal climatology (e.g., SW monsoon anomaly is relative 

to the average of all SW monsoon for the 40-year) (Fig. 12). The annual anomaly in Hmax varied 

from -0.24 to 0.25 m, whereas the seasonal anomaly during the pre-monsoon period varied from -

0.33 to 0.37 m and that during the SW monsoon varied from -0.59 to 0.64 m (Fig. 12). The seasonal 

anomaly during the NE monsoon varied from -0.33 to 0.43 m. The differences between the mean and 

maximum values of Hmax are more for most of the locations, as a result of the marked seasonality of 

the waves in the study area. Seasonally, in the western shelf seas, SW monsoon waves are the largest 

(mean = 3.9 m) and most variable, whereas NE monsoon waves are the smallest (mean = 1.7 m) and 

least variable. In the eastern shelf seas, SW monsoon waves are lower than in AS with a mean value 

of 2.4 m, while in the pre-monsoon seasonal mean Hmax is 1.8 m. During the NE monsoon, both in 

the western shelf seas and eastern shelf seas average seasonal Hmax is 1.7 m. The study shows 

pronounced interannual variability along with a seasonal cycle. During the NE monsoon season, 

typically from October to January, the seasonal maximum Hmax can change from year to year by a 

factor of 5, especially in the northeastern shelf seas (locations 17 to 19) and this change is due to the 

tropical cyclones. In contrast, the year to year variation in the seasonal mean Hmax is only by a factor 

1.2 to 1.4. During the SW monsoon, the year to year variation in the seasonal maximum Hmax is by a 

factor 1.3 to 2.4, while the variation in the seasonal mean Hmax is much less (1.2 to 1.3). 

3.6 Spatial variation 

 The spatial variations in wave climate are examined by computing the relative differences of 

both the average of the annual mean Hmax and the average of the annual maximum Hmax between the 

two locations. Between locations 1 to 7, the variations in the average of the annual mean Hmax are 

within 7% and that in the average of the annual maximum Hmax is within 8%. Between the locations 

8 to 10, a large difference (~28%) is observed due to the presence of the Lakshadweep Islands. The 

latitudinal variation in annual mean Hmax is 0.74 m in 3 and is highest between locations 7 and 9. 

Between locations 12 to 15, the variations in wave climate are within 10%. In contrast, between 15 to 
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19, large variations (~23%) is observed both in annual mean and annual maximum Hmax. From 

location 15 to 19, the annual mean Hmax increased from 1.6 m to 2.5 m and the annual maximum 

Hmax increased from 5.2 to 8.9 m. In the eastern shelf seas, the location 19 situated in the Head Bay 

of Bengal has higher extreme waves over the 40 years. 

 Along the west coast of the United States, the annual mean Hs varied from 2.1 to 2.3 m 

within 110 km indicating that the spatial variation in annual mean Hs is less than 10% (Altunkaynak 

and Özger 2018), which is similar to the variation observed in the present study between locations 1 

and 7. Ashton et al. (2013) studied wave data from an array of four directional wave buoys installed 

at the four corners of a square with 0.5 km in the Celtic Sea, UK and reported that the annual mean 

value changed from 1.74 to 1.78 m Southwards and 1.74 to 1.76 m Eastwards in a span of 0.5 km. 

3.7 Long-term trend 

 The 40-year long-term data, which is higher than the minimum (~30 years) recommended by 

the World Meteorological Organization to make reliable estimations of climate variables in a region 

(WMO, 1989), makes it possible to assess the interannual variability. At most of the locations, Hmax 

showed an overall increasing trend during the 40 years. The strongest positive trend in annual mean 

Hmax is found in the western shelf seas (0.17 to 0.44 cm/year), while the same trends in the annual 

maxima are rather spread across (Figs. 9 and 10). The trend in annual mean Hmax for the eastern shelf 

seas varied from 0 to 0.22 cm/year, while the trend in annual maximum varied in large range due to 

the frequent tropical cyclones in the BoB and is from -1.7 cm/year (location 19) to 4.6 cm/year 

(location 17) with the mean trend of 1.1 cm/year. The 99th percentile of Hmax showed -0.1 (location 

15) to 1.4 cm/year (location 7) with a mean trend of 0.75 cm/year. The average trend in the 95th and 

90th percentile of Hmax is 0.7 and 0.6 cm/year (Table 4). The annual maximum Hmax trend is slightly 

higher than the annual maximum Hs trend (Table 4). 

 Aarnes et al. (2015) reported that combining years before and after 1992 may not provide a 

meaningful trend in wave parameters due to the assimilation of altimeter wave heights into the 

reanalysis products starting in 1992.  In order to examine the difference in trend from 1979 to 1991 

and from 1992 to 2018, the trend of annual mean Hmax during both periods is estimated and presented 

in Fig. 10. The average trend in annual mean Hmax from 1992 to 2018 in the study area varied from -

0.68 to 0 cm/year with a mean value of -0.35 cm/year, whereas for the period before 1992, it varied 

from 0.1 to 1.4 cm/year. When full data (1979 to 2018) is considered, Hmax showed an overall 

increasing trend.  Similarly, the 99th percentile of Hmax also showed a negative trend with a mean 

value of -0.30 cm/year when 1992 to 2018 data is considered.  
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3.8 Relations to climate indices 

 Wave climate of the NIO is mainly influenced by two major ocean-atmosphere coupled 

phenomena; one in the Pacific Ocean, i.e., El Niño – Southern Oscillation (ENSO) (Schott et al. 

2009) and another in the Indian Ocean i.e., Indian Ocean Dipole (IOD) (Anoop et al. 2016; Fu et al. 

2018). Here we have examined the relationship of these two modes of climate variability with Hmax 

along Indian Shelf seas.  Figure 13a shows the correlations coefficients (R) of Hmax anomalies along 

19 locations during pre-monsoon, SW monsoon and NE monsoon seasons with annual averaged 

Oceanic Niño Index (ONI). During pre-monsoon, R values range from -0.44 to 0.15 with strong 

negative correlations observed along location 11, followed by location 12, whereas a positive 

correlation is observed along location 15.  Interestingly all the locations along the Indian shelf seas, 

except location 15, show negative correlations with ONI. However, during NE monsoon, the R 

values weaken (-0.2 to 0.2) with most locations showing a weak as well as strong negative 

correlations and few locations shows strong to weak positive correlations. During SW monsoon, a 

strong to weak negative correlations (R ranges from -0.19 to -0.05) were observed along the 

locations in the AS whereas, weak to strong positive correlations (R ranges from 0.06  to 0.38) in the 

locations along BoB. The R values along the BoB is observed to be stronger in comparison with R 

values along AS during SW monsoon. Maximum negative correlations are observed along location 

8, followed by location 9 and maximum positive correlation is along location 13, followed by 

location 12.  In general, during pre and NE monsoon seasons, most locations give weak, as well as 

strong negative correlations, whereas a few locations show weak positive correlations. But during the 

SW monsoon, shelf regions of AS show negative correlations and shelf regions of BoB show 

positive correlations.  

 Fig. 13b shows the correlations coefficients of Hmax anomalies observed during October with 

the dipole mode index (DMI). The month of October was chosen, as the significant wind anomalies 

induced by IOD peaks during this month (Anoop et al. 2016). The Hmax during October is 

significantly negatively correlated along the locations of the Arabian Sea with DMI (Fig. 13b). The 

R values with DMI and Hmax along AS ranges from -0.24 to -0.47, with the strongest correlation, 

observed along the location 6 and the weakest one along location 1.  In contrast, positive correlations 

are observed in the BoB locations (12-15, ranging from 0.06 to 0.26) and strong negative correlations 

in the rest of the locations (R ranging from -0.19 to -0.38). 
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4. Discussion 

 The maximum ERA5 Hmax data during the TC Phailin is lower (4%) than that of the 

measured buoy data. This is consistent with the earlier observation of 2.7% underestimation in ERA5 

Hs (Naseef and Kumar, 2020) during the tropical cyclone. Buoy data appear valid up to 10% of wave 

height (Jensen et al. 2015), so the difference of less than 10% is virtually identical. It also may be 

less important that the ERA5 data is off when Hmax is small. 

 The earlier measured maximum value of Hmax in the NIO is 13.5 m at 50 m water depth off 

Gopalpur during TC Phailin in 2013 (Amrutha et al. 2014). During TC Thane on 29 December 2011, 

Hmax of 8.1 m is measured off Puducherry (Kumar et al. 2013). Along the west coast of India, Hmax of 

~10.1 m is reported during a storm in 1996 at 23 m water depth (Kumar et al. 2006). The present 

study indicates that Hmax up to 15.99 m and 17.94 m can occur in India's western and eastern shelf 

seas. But the maximum Hmax in the Indian shelf areas is less than that in the Southern Ocean (Hmax ~ 

23.8 m) and North Atlantic Ocean (27.3 m) (Naseef and Kumar 2020). Whereas, the maximum Hs 

measured in the eastern and western shelf seas is 7.3 m (Amrutha et al., 2014) and 5.1 m (Kumar et 

al., 2000). Even though Hmax is the maximum value during the 30 minutes period and Hs is the 

average of the highest one-third of the waves in that 30 minutes, the climatology and seasonal 

variations of Hmax is similar to that of Hs, but with a higher magnitude, i.e., 1.89 times the Hs. 

 The comparisons between the histograms of Hmax and the theoretical distributions show that 

both log-normal and GEV distributions fit better than the Rayleigh distribution. The theoretical wave 

height distributions do not show a good fit for locations having rapidly changing wave conditions. 

Wave conditions at location 11 are different from others due to the presence of Sri Lanka has a very 

broad range of Hmax values and the distributions did not show good fit in the tail ends as well as at 

the peak. Li et al. (2016), Teng and Palao (1996) and Dong et al. (2013) reported a good fit for log-

normal distributions for Hs in various locations around the globe. 

 The trend presented from 1979 to 2018 is to be looked at with caution. Naseef and Kumar 

(2020) reported the average trend in annual mean Hs and maximum Hs from 1991 to 2017 in the 

Indian Ocean is -0.07 and -0.64 cm/year, respectively. The decreasing trend in Hmax observed in the 

present study is similar to the decreasing trend in Hs reported by Naseef and Kumar (2020). Also, 

Aarnes et al. (2015) showed that there is a decrease of Hs (0-0.5% of the annual mean value per year) 

from 1992 - 2012. The warmer seas produce extreme events like more tropical cyclones in Arabian 

Sea and Bay of Bengal. But the track of TC is not always the same. The maximum Hmax observed at 

most of the locations are due to different TCs (Table 3). The TC generated Hmax also varies 
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significantly within 300 km distance based on the characteristics of TC. During TC Phailin, on 12 

October 2013,  the Hmax at locations 17 and 18 spaced ~ 289 km is 11.59 and 12.49 m, whereas 

during TC Hudhud, on 12 October 2014, it is 12.67 and 7.88 m, respectively. Similarly, during the 

TC Hudhud, on 12 October 2014, the wave rider buoys in western Bay of Bengal located at 

Gangavaram and Gopalpur spaced at a distance of ~260 km recorded Hmax of 10.5 and 9.2 m. Also, 

for locations 1 to 7 (eastern Arabian Sea), the strongest TC were from 1989 to 1999 (Table 3). In the 

linear trend estimate, few peak values can alter the trend. Hence, the trend reported here is to be used 

with caution. Recently Lin and Oey (2020) reported that regions dominated by younger waves have 

an increasing trend in Hs and wind trends and areas dominated by older waves have a decreasing 

trend in Hs.  Since the Indian shelf seas is a swell dominated region with swells from the south Indian 

Ocean and the Southern Ocean (Stopa and Cheung 2014, Naseef and Kumar 2020), the decreasing 

trend in Hmax observed is in agreement with the observation of Lin and Lin and Oey (2020) for Hs. 

The study results emphasis that the reanalysis data has to be used with caution for long-term trend 

analysis because the quality of the data being assimilated changes in time (Stopa et al. 2019). 

 A strong to weak positive and negative correlation is observed with Hmax anomalies and ONI 

along different locations in the Indian shelf seas, particularly during pre and NE monsoon. Shukla et 

al. (2018) also observed similar negative (positive) anomalies in the Indian Ocean, but based on Hs 

anomalies, during January and May and are linked with El Niño (La Niña) events. The Hmax along 

the NIO decreases (increases) since the trade winds along the equatorial Indian Ocean weakens 

(strengthens) during El Niño (La Niña) events (Taschetto et al. 2011). But during the SW monsoon, 

weak negative correlations were observed along the locations in the AS whereas, strong positive 

correlations in the locations along BoB. The extreme waves generated in the mid-Indian Ocean 

during the negative phase of ENSO (Izaguirre et al. 2011) propagates to the NIO in an east-

northeastward direction and as a result, more swells propagates to BoB than to the AS (Sabique et al. 

2012). The observed weak positive correlations in the BoB might be due to the resultant effect of 

mid-Indian Ocean extreme waves reaching the BoB. But the south-west BoB (locations 12-15), 

which shows a strong positive correlation, are influenced by the landmass (Sri Lanka), which acts as 

a shadow zone and reduces the Hmax along this region (Table 3). Wind–seas along this region play a 

vital role in determining the wave climate, which enhances during La Niña conditions resulting in a 

strong positive correlation. Izaguirre et al. (2011), based on satellite data, suggests that negative 

phases in ENSO (La Niña) and IOD increase extreme wave heights in the central Indian Ocean and 

the eastern Indian Ocean, respectively. In October, we observed significant negative correlations 

with DMI and Hmax in the AS and in contrast, positive correlations in the BoB, which are similar to 
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the previously reported negative and positive correlations in Hs anomalies with DMI in AS (Anoop 

et al. 2016) and BoB (Fu et al. 2018) respectively. The present study shows that the correlation with 

climate indices is similar for both Hs and Hmax. 

5. Summary and conclusions 

 The present work characterizes the seasonal and inter-annual variability of the maximum 

wave height at 19 locations around the Indian sub-continent based on ERA5 data from 1979 to 2018. 

The data is compared with in situ buoy measurements at 5 locations. The annual maximum value of 

Hmax is slightly underestimated in the ERA5 data, but during the peak monsoon and Tropical 

Cyclone period, slight overestimation is observed. The abnormality ratio from ERA5 data is higher 

than that from the buoy measured values. After assessing the general characteristics and seasonality 

of the Hmax, the possible trends in time are examined. The maximum Hmax of 17.94 m in the shelf 

seas of India occurred at the northern Bay of Bengal on 25 May 2009 during the passage of tropical 

cyclone Aila. The variations up to 5.55 m are observed in the Hmax in a day due to the severe 

cyclonic storms. The maximum Hmax is from May to July in the AS, while at the southernmost point 

and at all the locations in the BoB, it is either during October-December or in May and is during the 

tropical cyclones. The seasonal maximum Hmax can change from year to year by a factor of 5, 

especially in the northeastern shelf seas during the NE monsoon due to the tropical cyclones. 

  The spatial variations in waves between locations spaced at 1.5 latitude are less than 10% in 

the northwestern and southeastern shelf seas. In contrast, the variations are high (~28%) in the 

southwestern shelf seas due to the presence of the Lakshadweep Islands and in the northeastern shelf 

seas due to the tropical cyclones. The other aspect explored in this study is how the theoretical 

distribution fits the Hmax distribution. The log-normal and GEV distributions fit well when the Hmax 

showed a gradual increase and decrease and the Hmax values are distributed within a short-range. 

Annually, 0.01 percentage of sea states are with an abnormality index of more than 2, resulting in 

freak waves. The trend estimate shows a positive trend in Hmax while considering data from 1979 to 

2018, while it becomes negative for data from 1992 to 2018. Hence, the reanalysis data has to be 

used with caution for long-term trend analysis due to the fact that the quality of the data being 

assimilated changes in time. The relationship between Hmax and ENSO suggests weak negative 

correlations during pre and NE monsoon season for almost all the locations and weak positive 

correlations in some locations, which are associated with El Niño and La Niña events. However, 

during SW monsoon, strong positive correlations in BoB are associated with La Niña conditions. 
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IOD influence on the Hmax suggests a negative correlation in the AS and positive correlations in the 

BoB. The correlation with climate indices is similar for both significant wave height and Hmax. 
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Table 1. Details of measured buoy data used in comparison of ERA5 data along with 1 

geographical positions and the water depth 2 

Location Wave buoy ERA5 Period of 

validation 

Location Latitude     

Longitude 

Water depth 

(m) 

Distance 

from coast 

(km) 

Latitude 

Longitude 

Water 

depth 

(m) 

Period of 

validation 

off Ratnagiri, 

eastern 

Arabian Sea 

16.980˚ 

N; 

73.258˚ E 

13 2.0 17.10 N; 

73.20 E 

47 1 January 2015 

to  

31 December 

2015 

off Karwar, 

eastern 

Arabian Sea 

14.822 

N, 

74.052 E 

15 5.0 14.70 N; 

73.80 E 

48 1 January 2014 

to 31 December 

2014 

off 

Puducherry, 

western Bay 

of Bengal 

11.925˚ N; 

79.851˚ E 

12 2.0 12.00 N; 

80.10 E 

159 1 January 2010 

to  

31 December 

2010 

off 

Gangavaram, 

western Bay 

of Bengal 

17.632˚ 

N; 

83.265˚ E 

18 2.0 17.70 N; 

83.40 E 

59 1 January 2010 

to  

31 December 

2010 

off Gopalpur, 

western Bay 

of Bengal 

19.282˚ 

N;  

84.964˚ E 

15 1.5 19.20 N; 

85.20 E 

97 1 January 2015 

to  

31 December 

2015 

9 October 2013 

to 14 October 

2013 

 3 
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Table 2. Comparison statistics of ERA5 maximum wave height with buoy data 4 

 5 

Location 

 

Number 

of data 

 

Buoy 

 

ERA5 

 

R RMSE 

(m) 

Bias  

(m) 

SI 

mean (m) maximum 

(m) 

Hmax/Hs mean 

(m) 

maximum 

(m) 

Hmax/Hs 

Ratnagiri 8756 1.63 8.60 1.72 1.92 7.60 1.88 0.97 0.40 0.29 0.15 

Karwar 8642 1.65 6.97 1.72 2.20 6.53 1.89 0.96 0.70 0.55 0.19 

Puducherry 8759 1.07 4.75 1.73 1.65 5.40 1.90 0.81 0.67 0.58 0.21 

Gangavaram 8539 1.55 5.24 1.72 2.05 5.42 1.89 0.88 0.63 0.50 0.19 

Gopalpur 8759 1.52 4.65 1.71 1.95 5.82 1.89 0.91 0.52 0.43 0.15 

Ratnagiri - 

high waves 
744 3.54 8.60 1.67 4.04 7.60 1.84 0.95 0.69 0.50 0.14 

Gopalpur -

tropical 

cyclone 

330 2.92 13.50 1.67 3.34 12.95 1.88 0.97 0.84 0.43 0.25 
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Table 3. The maximum value of annual average and maximum wave height during 1979 to 2018 6 

and the date of occurrence along with water depth of the locations studied 7 

Lo

cati

on 

Position Maximum 

value of 

annual 

average 

Hmax (m) 

Maximum 

value of 

Hmax (m) 

Date on which maximum 

value occurred 

water 

depth 

(m) 

% time Hmax 

> 4m > 8m 

1 22.50° N;68.25° E 2.71 11.58 20 May 1999 (Cyclonic 

Storm ARB01) 

63 18.35 0.04 

2 21.00° N; 69.50° E 2.90 15.99 8 June 1998 (Cyclonic 

Storm ARB 02) 

65 19.82 0.17 

3 19.50° N; 71.25° E 2.81 13.43 18 June 1996 (Cyclonic 

Storm ARB 01) 

75 18.28 0.14 

4 18.00° N; 72.00° E 2.91 11.67 18 June 1996 

(Cyclonic Storm ARB 

01) 

47 18.83 0.18 

5 16.50° N; 72.75° E 2.83 10.90 17 June 1996 (Cyclonic 

Storm ARB 01) 

68 18.07 0.16 

6 15.00° N; 73.50° E 2.62 10.17 23 July 1989 (Cyclonic 

Storm BOB 04) 

75 15.73 0.09 

7 13.50° N; 73.50° E 2.78 10.80 17 June 1996 (Cyclonic 

Storm ARB 01) 

80 17.88 0.12 

8 12.00° N; 74.50° E 2.47 9.04 7 June 2000 129 10.47 0.01 

9 10.50° N; 75.75° E 2.01 7.67 6 May 2004 (Cyclonic 

Storm ARB01) 

46 1.42 - 

10 09.00° N; 76.00° E 2.59 8.10 6 May 2004 (Cyclonic 

Storm ARB01) 

90 8.87 0.00 

11 07.75° N; 77.25° E 3.11 6.72 13 Nov 1992 (Cyclonic 

Storm BOB07) 

61 14.61 - 

12 10.50° N; 80.25° E 1.83 7.31 3 Dec 1993 (Cyclonic 

Storm BoB02) 

104 0.36 - 

13 12.00° N; 80.00° E 1.79 10.44 30 Dec 2011 (TC Thane) 27 0.37 0.01 

14 13.50° N; 80.50° E 1.89 11.88 12 Dec 2016 (TC 

Vardah) 

90 0.49 0.02 

15 15.00° N, 80.25° E 1.67 12.26 12 May 1979 (Category 2 

TC) 

49 0.34 0.01 

16 16.75° N, 82.50° E 2.05 9.47 12 May 1979 (Category 2 

TC) 

99 0.85 0.02 

17 18.50° N; 84.50° E 2.38 12.67 12 Oct 2014 (TC 

Hudhud) 

41 3.29 0.03 

18 20.00° N; 86.75° E 2.41 12.49 12 Oct 2013 (TC Phailin) 58 4.81 0.05 

19 21.00° N; 89.00° E 2.67 17.94 25 May 2009 (TC Aila) 75 10.59 0.13 

8 
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Table 4. Mean and trend value of annual maximum, 99th, 95th, 90th percentile and annual mean 9 

maximum wave height at different locations during 1979 to 2018. Last two columns shows the 10 

trend value of annual mean and annual maximum Hs  11 

L
o
ca

ti
o
n

 Annual 

maximum 

 

99th 

percentile 

 

95th 

percentile 

 

90th 

percentile 

 

Annual 

mean 

 

Annu

al 

mean 

Hs 

Annual 

maxim

um Hs 

Mea

n 

(m) 

Trend 

(cm/y

r) 

Mea

n 

(m) 

Trend 

(cm/y

r) 

Mea

n 

(m) 

Trend 

(cm/y

r) 

Mea

n 

(m) 

Trend 

(cm/y

r) 

Mea

n 

(m) 

Trend 

(cm/y

r) 

Trend 

(cm/y

r) 

Trend 

(cm/yr) 

1 7.76 -0.1 6.51 0.3 5.48 1.2 4.81 0.9 2.55 0.2 0.1 0.1 

2 8.38 -0.3 6.98 0.3 5.90 1.2 5.15 1.0 2.67 0.2 0.1 -0.1 

3 8.30 -0.2 6.81 0.9 5.69 1.1 4.98 0.8 2.59 0.3 0.2 0.0 

4 8.25 0.1 6.90 1.2 5.78 0.9 5.04 0.6 2.66 0.2 0.1 0.2 

5 8.04 0.9 6.83 1.2 5.69 0.8 4.91 0.6 2.60 0.2 0.1 0.6 

6 7.56 0.6 6.42 1.2 5.34 0.6 4.60 0.5 2.45 0.2 0.1 0.4 

7 7.84 1.2 6.62 1.4 5.55 0.8 4.79 0.8 2.61 0.3 0.2 0.7 

8 6.48 1.5 5.47 1.0 4.60 0.8 4.04 0.8 2.33 0.2 0.1 0.8 

9 4.95 2.0 4.07 1.0 3.44 0.8 3.10 0.8 1.87 0.3 0.2 1.1 

10 5.94 1.9 5.02 1.4 4.34 1.1 3.93 1.1 2.40 0.4 0.2 1.1 

11 5.84 0.7 5.07 0.4 4.53 0.6 4.21 0.6 2.94 0.3 0.2 0.5 

12 4.90 1.4 3.50 0.6 2.88 0.4 2.58 0.3 1.72 0.2 0.1 0.8 

13 5.25 3.2 3.38 0.9 2.67 0.3 2.38 0.2 1.69 0.2 0.1 1.7 

14 5.76 4.2 3.50 0.5 2.64 0.2 2.38 0.2 1.77 0.2 0.1 2.2 

15 5.24 -1.1 3.17 -0.1 2.37 -0.1 2.16 -0.1 1.60 0.0 0.0 -0.5 

16 5.66 1.5 3.92 0.1 3.08 0.3 2.77 0.3 1.94 0.1 0.1 0.7 

17 6.98 4.6 4.74 0.6 3.75 0.8 3.34 0.6 2.24 0.2 0.1 2.4 

18 7.36 0.4 5.08 0.7 3.98 0.5 3.53 0.4 2.27 0.2 0.1 0.3 

19 8.91 -1.7 6.09 0.6 4.63 0.3 4.04 0.6 2.49 0.1 0.1 -0.8 
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Table 5. Root Mean Square Error values for the three theoretical distributions with wave height 13 

distribution for all locations 14 

Location Root Mean Square Error (%) 

Rayleigh Log-normal GEV 

1 1.44 0.93 0.96 

2 1.51 1.04 0.87 

3 1.63 1.13 0.86 

4 1.89 1.35 0.96 

5 2.01 1.46 1.05 

6 2.23 1.70 1.28 

7 2.17 1.66 1.20 

8 2.16 1.60 1.24 

9 2.31 1.66 1.50 

10 1.71 1.26 1.25 

11 1.60 0.79 0.81 

12 1.66 0.65 0.70 

13 2.26 0.22 0.12 

14 2.43 0.31 0.33 

15 2.45 0.23 0.26 

16 1.79 0.48 0.43 

17 1.13 0.48 0.48 

18 0.88 0.66 0.68 

19 0.69 0.57 0.63 
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Figure Captions 17 

Figure 1. Locations  considered in the study are 1 to 19. Waverider buoy locations are shown as 18 
triangle. Colour shade is water depth in metres 19 

Figure 2. Scatter plots of maximum wave height from buoy against the ERA5 at different 20 

locations; a) Ratnagiri in 2015, b) Karwar in 2014, c) Puducherry in 2010, d) Gangavaram in 21 
2010, e) Gopalpur in 2015. Solid line is the exact match line and dotted lines are 10% deviation 22 
from the exact match line 23 

Figure 3. Time series plots of maximum wave height from ERA5 and buoy measured a) at 24 
Ratnagiri during 4 June 2015 to 4 July 2015, b) at Gopalpur during tropical cyclone Phailin (9-14 25 

October 2013) 26 

Figure 4. Spatial distribution of monthly average maximum wave height in different months. 27 
Data from 1979 to 2018 with temporal resolution of 1 hour and spatial resolution of 31 km is 28 

used 29 

Figure 5. Month versus year plots of maximum wave height at different locations 30 

Figure 6. Daily variation in maximum wave height in 2018 at different locations 31 

Figure 7. Monthly average maximum wave height at different locations in different months 32 

Figure 8. Plots of mean, median, 25th percentile, 75th percentile, 90th percentile, 95th percentile, 33 

99th percentile of maximum wave height along with the standard deviation of annual mean from 34 
1979 to 2018 at 19 locations 35 

Figure 9. Time series plots of annual maximum value of maximum wave height from 1979 to 36 

2018 at the 19 locations 37 

Figure 10. Time series plots of annual mean value of maximum wave height from 1979 to 2018 38 
at the 19 locations. The trend for the period 1979 to 2018, 1979 to 1991 and 1992 to 2018 are 39 
also presented  40 

Figure 11. Histogram of maximum wave height and the corresponding Rayleigh, long-normal 41 
and Generalised Extreme Value distribution at different locations 42 

Figure 12. Seasonal and annual anomaly in maximum wave height at different locations. a) 43 
February-May, b) June-September, c) October-January and d) January-December 44 

Figure 13. Correlation coefficient between a) seasonal maximum wave height anomaly and 45 
Oceanic Niño Index (ONI) in three different seasons and b) maximum wave height anomaly in 46 
October and dipole mode index (DMI) 47 
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Figure 1. Locations  considered in the study are 1 to 19. Waverider buoy locations are shown as triangle. Colour shade is water depth 51 
in metres52 
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Figure 2. Scatter plots of maximum wave height from buoy against the ERA5 at different 

locations; a) Ratnagiri in 2015, b) Karwar in 2014, c) Puducherry in 2010, d) Gangavaram in 

2010, e) Gopalpur in 2015. Solid line is the exact match line and dotted lines are 10% 

deviation from the exact match line 
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Figure 3. Time series plots of maximum wave height from ERA5 and buoy measured a) at 

Ratnagiri during 4 June 2015 to 4 July 2015, b) at Gopalpur during tropical cyclone Phailin 

(9-14 October 2013) 
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Figure 4. Spatial distribution of monthly average maximum wave height in different months. 

Data from 1979 to 2018 with temporal resolution of 1 hour and spatial resolution of 31 km is 

used 
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Figure 5. Month versus year plots of maximum wave height at different locations 
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Figure 6. Daily variation in maximum wave height in 2018 at different locations 
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Figure 7. Monthly average maximum wave height at different locations in different months 
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Figure 8. Plots of mean, median, 25th percentile, 75th percentile, 90th percentile, 95th 

percentile, 99th percentile of maximum wave height along with the standard deviation of 

annual mean from 1979 to 2018 at 19 locations 
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Figure 9. Time series plots of annual maximum value of maximum wave height from 1979 to 

2018 at the 19 locations 
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Figure 10. Time series plots of annual mean value of maximum wave height from 1979 to 

2018 at the 19 locations. The trend for the period 1979 to 2018, 1979 to 1991 and 1992 to 

2018 are also presented 
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Figure 11. Histogram of maximum wave height and the corresponding Rayleigh, long-normal 

and Generalised Extreme Value distribution at different locations 
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Figure 12. Seasonal and annual anomaly in maximum wave height at different locations. a) 

February-May, b) June-September, c) October-January and d) January-December 
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Figure 13. Correlation coefficient between a) seasonal maximum wave height anomaly and 

Oceanic Niño Index (ONI) in three different seasons and b) maximum wave height anomaly 

in October and dipole mode index (DMI) 
 


