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Abstract

In this study, the wind and the surface waves in the Indian Ocean (10) during 1979-2017 are
studied based on the ECMWF ERA5 Reanalysis data. Long-term statistical analysis of extreme
waves is carried out based on Generalised Extreme Value distribution using annual maxima and the
spatial distribution of return levels for 50 and 100-years are studied. In general, the ERAS significant
wave height (Hs) and maximum wave height (Hmax) show a good agreement with measured buoy
data in the coastal (bias~0.29 m) and deep waters (bias~0.18 m). During the tropical cyclone,
underestimation of Hs and Hmax in the ERAS5 data compared to buoy data is 2.7% and 1.4%, but in
general the bias is large (~0.69 m). Swell domination is observed in larger regions of the IO,
whereas wind-seas are comparable to swells in the Southern Ocean. The meridional wind speed
largely influences the spatial pattern of Hs in the North 10. The stronger winds over the Southern
Ocean play a major role in generating higher waves at higher latitudes. Maximum value of the 100-
year return level for Hs in 10 is 17.8 m, whereas highest value of the Hs is 16.7 m and Hmax is 32.0 m.
Severe wave events are common at 50-60° S and only during 25% of the time in a year, Hmax is less
than 5 m in this region. Ratio of the Hmax to Hs varies from 1.46 to 2.3 with a mean value of 1.87.
The 100-year return value of Hs changed by -4 to 5 m, when the length of the dataset is decreased
from 39 years (1979-2017) to recent 20 years. On an average, from 1979 to 2017, the annual average
Hmax increased by 0.73 cm/year. In major areas of the 10, a clear decrease of the Hs is observed
during 1991-2017, whereas during 1979-2017, an increase in Hs is found.
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1. Introduction

Ocean surface waves (wind-waves, hereinafter waves) play a major role in activity planning
in the coastal zones and offshore areas (Tucker and Pitt, 2001). Information on waves are obtained
through 1) in situ measurements through buoys, ii) satellite-based altimeter measurements, iii) model
datasets (Cavaleri and Sclavo, 2006). Direct observations from buoys remain the most reliable
sources to study wave climate, but the data from the buoys are sparse and the spatial availability of
the data is limited and previous studies show that changes to the buoy hulls and payloads over time
cause discontinuities in the time series. The data from satellite altimeter covers large areas spatially,
but the temporal resolution is poor compared to the buoy data since the satellite takes at least 10 days
to return to the same point (Cooper and Forristall, 1997). The model datasets have good spatial and
temporal coverage since they can be run at any spatial and temporal resolution. But the model
datasets generally require validation for different geographical locations due to the difference in the
regional wave climate. Data at low temporal resolution ( > 3 h) underestimate the maximum
significant wave height (Hs) by 6 to 26% during the monsoon and storm events (Anoop et al., 2014).
The climatological behaviour of waves is of interest to both the coastal engineering and scientific
communities. Several global-scale wave climatologies have been developed using remotely sensed
data (Young, 1999), visual observations (Gulev et al., 2003), reanalysis data (Semedo et al., 2011)
and wind wave hindcasts (Cox and Swail, 2001; Liang et al., 2019). The global distribution of Hs
and the long-term wave height trends are estimated with the remotely sensed data by satellite radar
altimetry (lzaguirre et al., 2011; Young et al., 2011).

Reanalysis provides a numerical description of the climate by combining altimeter data with
models. Reanalysis wave data are now widely in wave climate studies in global and regional scales
(Stopa and Cheung, 2014; Anoop et al., 2015). ERA-Interim, the reanalysis data of the European
Centre for Medium-Range Weather Forecasts (ECMWF) has 6-hourly temporal resolution and 1 deg
spatial resolution (Dee et al., 2011). Recently many researchers compared the ERA-Interim with the
measured data. Stopa and Cheung (2014) observed that ERA-Interim data generally underestimate
the wave height with lower standard deviations in comparison to observations, but it maintains
slightly better error metrics. The ERA-Interim wave parameters are compared with the measured
data in the North Indian Ocean (NIO) by Sanil Kumar and Naseef (2015) and Shanas and Sanil
Kumar (2015) and observed that the high waves are largely underestimated by ERA-Interim. Nassef
and Sanil Kumar (2017) observed that the 6-hourly interval data tend to miss high values of Hs, and
hence there is a significant difference in the 100-year return level Hs obtained compared to data at

0.5-hourly interval. ECMWEF has released a new ECMWEF climate reanalysis data, ERA5 to replace
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ERA-Interim (Hersbach and Dee, 2016). ERAS is the fifth generation of atmospheric reanalysis from
ECMWEF. ERAS5 provides hourly estimates of a large number of atmospheric, land and oceanic

climate variables and the data cover the Earth with a 31 km grid.

Extreme waves are responsible for the most extreme loadings on ocean vessels and offshore
structures. All of the studies on wave climatology and long-term trend analysis based on models,
reanalysis or satellite altimeter data describe the variations in the Hs and/or mean wave period and do
not describe the maximum wave height (Semedo et al., 2011; Vinoth and Young. 2011; Young et al.,
2011; Kumar et al., 2013; Sandhya et al., 2014; Amrutha et al., 2016). For practical applications, it is
required to know the maximum height of an individual wave (Hmax) in the oceans at a given place
during a specific duration. Earlier Hmax data is obtained only through site-specific measurements. The

ERAJS data contain the information on Hmax along with Hs.

Waves are a key consideration for design and operation of offshore facilities. Thus, waves
with a certain return level (50 or 100-year) are required and the variations in the waves with certain
return level due to the change in length of the time series have significant impacts on many
industries. Return levels of Hs on a global scale from satellite altimetry data (Vinoth and Young,
2011) and modelled results (Caires and Sterl, 2005) have been estimated previously. But the studies

related to change in return level for Hs due to reduction in data length is limited.

Indian Ocean (IO) is the third largest ocean with ~20% of the water on the Earth's surface and
is surrounded by Asia in the north, Africa in the west, Australia in the east and the Southern Ocean
(SO) and Antarctica on the south (Fig. 1). The average depth of 10 is 3,890 m. The monsoon winds
are the dominant feature of the NIO, which reverses its direction over an annual cycle and are an
example of strong ocean-atmosphere interaction over basin scales (Schott and McCreary, 2001) and
the wave heights are much higher during the monsoon period (June-September) compared to rest of
the year (Kumar et al., 2014). Similarly, cyclonic storms are formed in NIO and the impact of the
cyclonic storm is higher in the Bay of Bengal (BoB) than in the Arabian Sea (AS) and these events
can cause higher wave heights for a shorter period of 3 to 5 days (Amrutha et al., 2014). Large wave
events generated from tropical cyclones (TCs) pose a significant threat to the coastal areas. Swells
generated by TCs dominates 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). In the AS, long
well-developed waves from south and southwest are superimposed to the locally generated wind
waves from west and northwest (Kumar et al., 2014). During an annual cycle, the monsoon is the
dominant mode of variability (92 % of the total variability) in the NIO (Anoop et al., 2015). The



southeast trade winds in the south Indian Ocean (SIO) region between 10 and 30°S generate waves
and it propagates into the NIO (Stopa and Cheung, 2014). Even though the SIO has severe wave
climate due to the cyclones, most of the studies on climatology are as part of the global studies (Sterl
et al., 1998; Young, 1999; Cox and Swail, 2001; Caires and Sterl, 2005; Hemer et al., 2010; Semedo
et al., 2011; Lecacheux et al., 2012; Zheng and Li, 2017; Liang et al., 2019; Young and Ribal, 2019).
But none of the studies examined the climatology and trend of Hmax in the 10. It is now understood
that the swells generated in the SO during intense SO extra-tropical cyclones propagate throughout
the World’s oceans (Hemer et al., 2010). The general wave characteristics of the coastal waters of
NIO are available in the literature (Anjali Nair and Sanil Kumar, 2016; Anjali Nair and Sanil Kumar,
2017; Glejin et al., 2016; Sanil Kumar et al., 2014; Patra et al., 2016; Anjali Nair et al., 2019).

Global climate change and its impact on the surface waves are discussed by various
researchers (Fan et al., 2013; Reguero et al., 2019). Studies based on simulations of the Coupled
Model Intercomparison Project (CMIP5) indicate an increasing trend in wave heights over the
southern high latitudes and the tropics (Wang et al., 2014). Different trends have been reported in
various basins. The 109-year numerical hindcast showed an increase in the yearly-mean Hs in the
North Atlantic Ocean (Bertin et al., 2013). Castelle et al. (2018) showed that the winter-mean wave
height increased significantly in the northeast Atlantic over the last seven decades. In the Italian seas
during the second half of the 20th century, the winter averaged Hs had a statistically significant
negative trend (Martucci et al., 2010). Based on ERA-Interim over the period 1979-2012, no trend or
a slightly negative trend in mean wave conditions are reported in the northern parts of the Pacific and
Atlantic Oceans (Aarens et al., 2015).

In the northern 10, historical satellite data (Patra and Bhaskaran, 2016) and reanalysis dataset
(Zheng and Li, 2017) show increasing trend in annual mean Hs. Patra and Bhaskaran (2016)
observed higher waves in the northern BoB during 2002-2012 than in the past decade. 18 years of
altimeter data from 1993 to 2010 indicate that the variation in Hs in the 10 is almost negligible
(Kumar et al., 2013). During 1979 to 2012, in the Central BoB, a weak decreasing trend is observed
in annual mean Hs (Shanas and Sanil Kumar, 2015). The 23 year period (1985-2008) satellite
altimeter data indicate a weak increase (0-0.25% of annual mean value) of Hs in NIO (Young et al.,
2011). During 1985-2008, in a small area of the central east coast of India Anoop et al. (2015)
reported a negative trend of Hs, whereas in the same area Young et al. (2011) observed a small
positive trend. In NIO, Aarnes et al. (2015) showed that there is an increase of Hs (0-0.5% of annual
mean value per year) during 1979 - 1991 and during 1992 - 2012, there is a decrease (0-0.5%). In the

central AS, a positive trend of 0.63 cm/year in the annual mean Hs is observed during 1996 to 2012
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based on satellite altimeter data (Hithin et al., 2015). Sanil Kumar et al. (2018) reported a
statistically significant positive trend of 0.8 to 1.4 cm/year in annual mean Hs during 1998 to 2012 in
the Indian shelf seas of NIO and the increasing trend is higher (~0.7 to 2.5 cm/year) during the Asian
summer monsoon period (June-September). From 1998 to 2012, the average trend of annual mean
wind speed is also positive and is higher (~1.67 cm/s/year) for the western shelf seas than that for
eastern shelf seas (~0.93 cm/s/year) of India (Sanil Kumar et al., 2018). Most of the studies related to
historical changes in wave height report an increase in wave height in the past (Young et al., 2011,
Bertin et al., 2013; Wang et al., 2014), whereas other studies report nil or decreasing trends (Aarens
et al., 2015). In view of the contrasting trends reported in the past, it is important to re-examine the

trends in the 10 using the new dataset, i.e., ERAb.

In this study, the ERAS5 wave height (Hs and Hmax), wave period (mean wave period and peak
wave period) and wind speed data from 1979 to 2017 are used to describe its climatology and the
ongoing trends. This 39 years period is more than the minimum period (30 years) for climate studies
recommended by the World Meteorological Organization. The spatial distribution of monthly mean
wind-sea and swell Hs are also examined. This is the first study which describes the climatology of
Hmax in the 10. Study also examines the difference in extreme waves estimated following the two
commonly used distributions; Generalized Extreme Value (GEV) distribution and Generalized
Pareto Distribution (GPD). The rest of the manuscript is as follow: the data and methods including
the data resources and comparison with buoy data are described in section 2. Section 3 consists of
results and discussion on the spatial and temporal variability of wind and wave climate and the long-

term changes. Section 4 contains the conclusions.
2. Data and method
2.1 ERAddata

ERAS (Hersbach and Dee,2016) is the fifth generation atmospheric reanalyses of the global
climate produced by ECMWF adding different characteristics to its predecessor, ERA-Interim. The
ERADS assimilation system uses the latest version of the Integrated Forecasting System (IFS Cycle
41r2) and modern parameterizations technique of earth process which allows to use variational bias
scheme for not only satellite observation as in ERA-Interim but also for aircraft, ozone and surface
pressure data. The ERA5 has improved spatio-temporal resolution compared to ERA-Interim as 6
hourly in ERA-Interim to hourly in ERA5 and from 79 km horizontal resolution with 60 vertical
levels up to 0.1 hPa to 31 km with 137 levels up to 0.01 hPa in ERA5. The ERAS data released so far

covers the period from 1 January 1979 to near real time. A number of gridded variables are available
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under ERA5, and here we focus on Hmax, Hs, mean wave period (Te), peak period (Tp) and the wind

speed.
2.2 Buoy data

Since ERAS assimilates only satellite altimetry, the comparison between reanalysis (which
assimilates observations) and buoy data is carried out for the NIO and this comparison represents an
independent source of information for validation. Table 1 provides the details of the locations and the
periods of the data used for the comparison with ERA5 data, which includes the waves during the
TC. The measured wave data using the moored directional waverider buoy in the coastal waters (1
off Ratnagiri, eastern AS and 1 off Gopalpur, northwestern BoB) and the moored Seatex buoy at 1
location in the central AS (AD02 15.00° N; 69.01° E) during February-December 2012 and 1
location in the central BoB (DS3 12.15° N; 90.75° E) during January-December 2003 are compared
with ERAS wave data. The wave data in the coastal areas are from measurements carried out by the
National Institute of Oceanography (Council of Scientific & Industrial Research, Govt. of India) and
the Indian National Centre for Ocean Information Services (Ministry of Earth Sciences, Govt. of
India) as part of the project “Real-time wave data collection in the Indian waters for Coastal Ocean
Forecast”. The deep water data are under the National Data Buoy Programme (Premkumar et al.,
2000). The directional waverider buoy measures surface gravity waves with heaves in the range of -
20 and +20 m, with a resolution of 0.01 m in heaves and range of wave periods between 1.6 and 30 s.
Accuracy of buoy measured significant wave height and period is 0.5% of measured value. Data
stored continuously at 1.28 Hz interval, and the data for every 30 min are processed as one record
(Datawell, 2009). The data analysis details are presented in Kumar et al. (2014). The Hs and the

m.,

mean wave period (T.) were obtained from the spectral moments as Hs = 4,/m, and Te= —,
0

where my is the nth order spectral moment and given by m_ = J.:f“S(f)df , n=0 and -1, and S(f) is the

spectral energy density at frequency f. In the time domain, each individual wave is selected based on
the zero-crossing method and the Hmax is computed. Spectral peak period (Tp) is the inverse of the
frequency at which the wave spectral density of the sea surface height reaches its maximum. T,
provides an indication of the source of waves; T, will be small for locally generated wind-sea and
swells will have longer wave periods. From the measured half-hour record, the records at 1-hr

intervals are used for comparison with the ERA5S data.



2.3  Methodology

The trend and the statistical significance of trends in seasonal and annual wave height and
wind speed are calculated using Mann-Kendall (MK) test (Sen, 1968, Burkey, 2006). The MK test is
a non parametric way for idendifiying trends in the time series which is endorsed by the World
Meteorological Organization (WMO) for hydro-meteorological trend assessments (Kundzewicz and
Robson, 2010). A negative slope indicates Hs decrease and positive slope a Hs increase. Extreme
waves, also referred to in terms of 39, 50 and 100-year return values (i.e., wave heights that are
likely to be exceeded, on average, once in every 39, 50 and 100 years) are estimated from 39 years
data using the commonly used methods in the Extreme Value Analysis (EVA), i.e., Generalized
Extreme Value (GEV) distribution with annual maxima (AM) observations (Goda, 1992) and
Generalized Pareto Distribution (GPD) with Peak Over Threshold (POT) approach (Coles et al.,
2001). The difference in 39, 50 and 100-year return level value using data with 10 years (2008-
2017), 15 years (2003-2017), 20 years (1998-2017), 25 years (1993-2017), 30 years (1988-2017) and
35 years (1983-2017) with 39 years (1979-2017) are estimated.

2.4 Comparison of ERA5 data with buoy data

Statistical parameters used for comparison of the ERA5 data with the measured wave data are
the root-mean-square error (RMSE), bias and correlation coefficient (r) and are defined below. The
bias is a statistical quantity that gives the average difference between the ERA5 and buoy data. A

better fit of data between ERAS5 and observations show a lower value of RMSE.
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where N is the number of data points, A; represents the ERAS data, Bi is the data from the buoy and

the over bar represents the mean value.



Wave height

The measured and ERA5 wave parameters; Hs, Hmax, Te and T, for two coastal stations (one
in AS and another in BoB) for a year are compared in Fig. 2. The annual maximum value of Hmax
measured at Ratnagiri is 8.6 m, whereas that from the ERA5 is 7.6 m indicating an underestimation
of ~12% in the ERAS5 Hmax data (Fig. 2). Similarly, the annual maximum Hs measured is 5.2 m,
whereas that from the ERA5 is 4.1 m. Monthly maximum Hs values are also underestimated in
ERAS by 9 to 39% with the maximum underestimation in March. Monthly maximum Hmax values
are underestimated in ERA5S by 2 to 34% (Fig. 2). The annual average value of Hs is close to buoy
data with a negative bias of 0.04 m at Ratnagiri. In the western BoB, the maximum Hs values are
overestimated 6% at Gopalpur (Fig. 2) and the annual average Hs values are overestimated by 3%
(Table 2). The maximum Hmax value is overestimated by 25% and the annual mean Hmax value is
overestimated in ERAS5 by 28% at Gopalpur (Fig. 2). In the deep waters of AS, the annual mean Hs
from ERAS5 is 1.78 m and is close to the buoy data (1.71 m). The ERA5 has a negative bias of 0.07 m
in the AS, whereas in the BoB, it has a positive bias of 0.18 m. The annual mean Hs in BoB from
ERAS is 1.80 m, whereas the buoy data has 1.61 m (Fig. 3). Since only mean wave period (Tmo2) is
available from the deep water buoys and the wave period of ERA5 data is close to the Te, large

scatter is observed in case of wave period (Fig. 3).

Figure 4 presents time series of buoy measured and ERA5 and ERA-Interim wave parameters
during TC Phailin. The maximum Hmax measured is 13.13 m and is close to the value (12.95 m) from
ERADS. Similarly, the maximum buoy measured Hs is 7.06 m and is close to the ERA5 value of 6.87
m, whereas the maximum Hs from ERA-Interim is 4.15 m indicating a large underestimation in
ERA-Interim. It is worth noticing that the ERA5 Hs is higher than in ERA-Interim. The
underestimation in ERAS during the TC Phailin is 1.4% in Hmax and 2.7% in Hs. The average Hmax
during October 2013 from buoy data is 2.92 m and that from ERAS is 3.34 m indicating an overall
positive bias of 0.43 m. But the average Hs from ERAS5 is 1.78 m and the buoy data is 1.91 m
indicating a negative bias of 0.13 m. The maximum Hmax measured in the North Atlantic Ocean is
~27.3 m between Iceland and the United Kingdom (~59° N, 11° W) by the buoy at 0600 UTC on 4
February 2013 (WMO, 2016) and the corresponding ERA5 Hmax is 26.4 m, indicating an

underestimation of only ~3%.
Wave period

The annual mean Te is underestimated with a negative bias of 0.28 s at Gopalpur, whereas at

Ratnagiri it was overestimated with a positive bias of 0.11 s (Table 2). The annual mean T, is
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underestimated with the bias of 0.78 to 2.61 s at all locations (Table 2). During the TC Phailin, the
maximum value of Te is 15.5 s, whereas the maximum wave period in ERAS5 is 10.7 s (Fig. 2). The
average Te during October 2013 is 9.4 s from buoy data and is 8.3 s in ERA5 with an overall
negative bias of 1.1 s. The average T, during October 2013 covering the TC Phailin from buoy data
is 12.7 s and that of ERA5 is 10.6 s with an overall negative bias of 2.1 s (Fig. 4).

3. Results and discussions
3.1  Spatial and temporal variability of wind and waves in the Indian Ocean

The annual and monthly mean values of wind speed and wave height (Hs and Hmax) were
calculated in the 10 (Figs. 5 and 6). The strongest summer mean wind speeds in the southern
hemisphere occur in the extra-tropical storm tracks. From April to September, the monthly average
wind speed is more than 9 m/s at 61-62° E; 69-70° S and in other months it is more than 8 m/s. The
intra-annual variability of the mean wind speeds in the SIO is lower compared to the NIO. A key
feature of the monthly mean wind (surface) is the year-round presence of strong easterlies across the
10-30° S region due to the south-easterly trade winds, whereas strong westerlies dominate the south
of 40° S (higher extra-tropical latitudes) with least longitudinal changes (Fig. 5). Meridional winds
are weak over the SO and here the wind is primarily westerly with a peak monthly mean magnitude
of 9 m/s and the temporal patterns in the zonal wind do not change dramatically in the SO (Fig. 5).
From June to September, the winds over the AS also reach monthly mean values over 10 m/s.
Monthly average wind is strongest (~14.1 m/s) in the central AS region in July. Throughout the year,
in the equatorial region, the zonal winds are weak and westerly. Young (1999) and Semedo et al.
(2011) observed that wind speeds are lowest in the tropical and low latitudes and are highest in the

mid- to high-latitudes, along the extra-tropical storm tracks.

Monthly mean wave heights were used to analyze the temporal variability. The NIO is
largely seasonal with energetic waves during June-September and relatively calm conditions during
the remaining months. In the 10, the Hs is strongest in the region 48-52° S, 89-93° E, with monthly
average values ranging from 3.9 m in December to 5.7 m in July and August (Fig. 6). The monthly
mean Hmax in the same region ranges from 7.3 to 9.9 m (Fig. 6). In June and July, the monthly mean
Hs along the SO storm belt reaches values up to 7.3 m (Fig. 6), and in April, May, August to October
these values are still high, with mean Hs higher than 5 m. Monthly mean Hmax in the SO is highest in
September in the region 65-66° S; 50-51° E with values of 14.9 m. Consistent with Anoop et al.
(2015), the peak magnitude of Hs over the AS region is in the western region and is in July. The
magnitude of Hs in the AS region is higher than that in the BOB. The wave climate of a major part of
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the eastern shelf seas of India is influenced by the Sri Lankan landmass (Anoop et al., 2015).
Recently Semedo et al. (2018) observed that the waves generated in the SO belt propagate eastward
as swell all year round and reach the West Australia coast, also propagate wave energy across the
entire 10 basin. Zheng and Li (2017) observed that ~30 hr is required for the swell of the Roaring
Forties and Furious Fifties (also referred as SO storm belt located between 30° to 60° S) to fully
respond to the wind in that region and it takes ~132—-138 hr for Hs to propagate from the Roaring
Forties to the NIO. The monthly average Hs in the SO from 0 to 180° E is examined to know the
influence of SO waves in the 10 (Fig. 7). The higher monthly mean Hs in the SO is in the Indian
sector of SO and is from June to October. The wave data is not available when ice is formed in the

SO and hence the average values presented here are excluding this period for regions south of 55° S.

The energetic wind conditions in the SO create enormous fetch for wave growth, making this
region a swell generating area and it propagate throughout the 10. The entire southern region of 10
has high wave amplitude compared to the NIO due to the strong Westerlies in 30-60°S and long
fetch due to the absence of land masses (Young, 1999). Peak amplitudes of Hs and Hmax in the 10 are
16.7 m and 32.0 m and is at 29.5° S, 63° E. Generally the region spanning 41-59° S, 50-74° E has
high waves (Fig. 8). The spatial distribution of the maximum value of Hs and Hmax in different
months shows that in all months, the maximum value of Hs and Hmax is at locations south of 40° S
latitude except in January to March, during which the highest value is at ~19-30° S and is due to the
TCs (Table 3). In January, the high Hs of 15.8 m is at 19° S, 61° E and is generated by intense TC
Geralda on 26 January 1993. In February 2007, the high Hs (~14.4 m) is at 24° S, 52.5° E and is
generated due to intense TC Gamede in the western 10 off the coast of Madagascar. In the NIO, Hs
more than 8 m occurred in northern BoB in April, May, October and November due to TCs and
during the same period Hmax more than 14 m occurred (Fig. 8). Similarly in AS, the Hs more than 8
m is in June. At 50-60° S, only 25% of the time in a year, Hmax is less than 5 m indicating the fact
that severe wave events are common in this part of the ocean. Hemer et al. (2010) reported the focus
of wave energy in the region 98-100° E which is located Southwest of Australia and is the most
severe wave conditions on the globe. Severe wave climate is reported in the SIO due to the intense
mid-latitude cyclones, strongest depressions found outside tropical waters, that traverse the southern
waters of the IO (Buckley and Leslie, 2004). The monthly variation of the Hs indicates a
considerable increase of Hs in June, July and August in the NIO due to the south-westerly monsoon.
Also, the mid-latitudes of the SIO show an increase in Hs during June to September. The southern

parts of the S1O experiences high waves all year-round while it is lower from November to March.
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The superposition of low-frequency swell waves with high-frequency wind-waves is one of
the cause for freak-waves. Other potential causes are the effects of currents, modulation instability
etc. One of the criteria of defining freak-waves is Hmax/Hs > 2. At most of the locations Hmax/Hs
exceeded 2 at least once, indicating there are potential freak-wave cases during 1979 to 2017 (Fig. 9).
The Hmax/Hs ratio in the study area varies from 1.46 to 2.3 with an average value of 1.87 during
1979-2017. Amrutha and Kumar (2017) observed that in the coastal waters of the eastern Arabian
Sea, the Hmax/Hs ratio is 1.50 to 1.62 times the Hs for different locations.

In the earlier sections, monthly average, yearly average and annual maximum wave
characteristics are discussed. In order to know the temporal variation of hourly Hs and T, over a year
along longitude, the time series data at 5 locations (20° N, 0°, 20° S, 40° S, 60° S) along 65° E and 5
points along 90° E for the year 2017 is examined (Fig. 10). In the AS (20° N, 65° E), the intra-annual
variability of Hs shows a gradual increase from May to July and then a decrease from July to
December, whereas such large seasonal variations are not observed at other locations. At 40 and 60°
S, the annual mean Hs is 3.5 to 3.6 m, whereas the annual maximum value is 12 m. At 20° S, the
wave activity reduces and the annual average Hs is 2.7 m with an annual maximum of ~5 m. From
40° to 20° S (~2222 km), the waves lose around 75% of the energy. Ardhuin et al. (2009) reported
that steep swell loses a significant fraction (~65%) of its energy over a distance of ~2800 km.
Among the 5 locations, the equator has the least wave intensity with annual average Hs of 1.5 and
annual maximum value of 2.6 m along the 65° longitude. While at 90° E, the annual maximum is 4
m and the average value is 2 m. In the NIO, the annual maximum value is 4.7 m with an average

value of 1.4 m in BoB, whereas in AS, itis 4.2 m and 1.6 m respectively (Fig. 10).

Characterizing the wave climate in a region by using the Hs and mean wave period might not
be enough since the wave climate contains two or more different wave fields generated at different
locations. Hence, the wind-sea and swell heights are examined separately. The monthly average
wind-sea and swell heights are maximum from July to September both in the S1O and NIO (Fig. 11).
Similar to Hs and Hmax, the maximum value of wind-sea and swell Hs, also are at locations south of
40° S latitude except those during the TCs. In January, the highest wind-sea Hs of 15.8 mis at 19° S,
61° E and is generated by intense TC Geralda on 26 January 1993 (Table 3). The monthly average
swell wave heights are higher than the monthly average wind-sea ones in most of the months (Fig.
11). The ratio of the wind-sea and the swell heights are presented in logarithmic scale and hence the
positive contours indicate locations with wind-sea heights more than the swell heights and the

negative contours indicate vice-versa. The spatial pattern of the ratio of the wind-sea and swell wave
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heights reveals that the entire 10 is swell dominated during most of the time (Fig. 12). Despite the
strong Asian monsoon generating local wind-sea waves in summer in the AS and BoB, waves keep
being generated along the SO storm belt in the 10 Sectors propagate northward as swells and reach
the NIO. The maximum wind speed ranged from 30 m/s in October to 35.1 m/s in February (Table
4). Except in the offshore of Somalia and the region between Indian and Sri Lanka (Gulf of Mannar
and Palk Bay), the monthly mean swell wave heights are clearly higher than the locally generated
wave heights. When wind-sea and swell wave heights are compared, mostly along the offshore of
Somalia from June to September and from December to February, wind-sea Hs is more than the
swell Hs because of the strong cross-equatorial winds of the Somali (Findlater) jet (Findlater, 1969).
Even though swell Hs is more than the wind-sea Hs, in the SO, the wind-sea Hs is comparable to
swell Hs indicating this region as a wave generation area. Similarly from December to February,
north-eastern AS also have comparable wind-seas. Except for the period from November to
February, the equatorial region has swells with negligible wind-seas (Fig. 12). Semedo et al. (2011)
shown that more than 75% of the time, the global wave field is dominated by swells. When the
maximum value of the wind-sea and swell heights are considered, the wind-sea heights are
maximum with values from 13.4 to 15.9 m compared to the swell heights (9 to 12.4 m) (Table 3). In
the SO also during most of the period, swell domination is noted and comparable wind-sea heights

are observed from July to October (Fig. 12).

The monthly average value of the mean wave period at most areas ranges from 7 to 13 s
except in the northern AS, where lower wave periods are observed from November to February (Fig.
13). The maximum value of the mean wave period varied from 15.9 to 17.2 s in different months
(Table 4). The storms in the SO generate the highest and longest waves in the 10 with typical
monthly mean wave periods between 10 and 12 s during May to September (Fig. 13). Hemer et al.
(2010) observed that longest wave periods are in a zonal band at approximately 30° S due to the
arrival of the SO storms generated waves. The mean wave period decreases to the north of 30° S as
the swell energy dissipates with distance from SO storms and locally generated sea waves begin to
dominate (Hemer et al., 2010). The lowest mean wave period is in the northern AS during November
to February due to the low waves and low wind. The peak wave periods are large (> 13 s) at the
region around 30° S, ranging from 70° to 100° E. The maximum value of the peak wave period is 24

S.
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3.2  Trends in wave parameters during 1979-2017

Long-term changes in waves are characterized by trends in annual mean Hs, Hmax and annual
maximum Hs and Hmax during 1979-2017. Annual mean trends for 4 seasons as per World
Meteorological Society standards: i) Summer (Winter) from December to February, ii) Autumn
(Spring) from March to May, iii) Winter (Summer) from June to August and iv) Spring (Autumn)
from September to November in southern (northern) hemisphere are also presented in Figure 14. In
the 10, the annual mean Hs increased by 0.3 to 0.6 m/year in different seasons with relatively
maximum during March to May. During 1979-2017, overall a positive trend of 0.4 cm/year in annual
mean Hs is observed in the study area and during the same period wind speed also show a positive
trend of 2.2 cm/s/year (Fig. 15). In SO, maximum decreasing trend of 1.9 cm/year is observed in
annual mean Hs at 64.75° S; 95° E, whereas maximum increasing trend of 1.7 cm/year is observed at
66.25° S; 49.5° E. Significant positive trends are in the SO during June to September between 2000
and 2017 and are typically greater (~2 cm/year) for annual mean Hs between 70° and 100° E. In SIO,
the maximum decreasing trend of 0.14 cm/year is observed in annual mean Hs at 43° S; 90.5° E and
the maximum increasing trend of 0.9 cm/year is observed at 52.5° S; 73° E (Fig. 14). During 2000-
2017, for annual mean Hmax, the trend varied from -2 cm/year at 43° S; 90.5° E to 2 cm/year at 58° S;
86° E. The annual maximum Hs showed larger trends compared to the annual mean Hs with values
ranging from -11 to 9 cm/year during 1979-2017 and -17 to 19 cm/year during 2000-2017, whereas
the annual maximum Hmax showed much higher trends ranging from -21 to 18 cm/year with average
value of 0.97 cm/year for the study area during 1979-2017 (Fig. 15). The annual mean Hmax showed
trends ranging from -6 to 4 cm/year with an average value of 0.73 cm/year for the study area. Hemer
et al. (2010) reported significant positive trends (~5 cm/year) between 1991 and 2006 in altimeter-
measured Hs in the Pacific and Indian sectors of the SO during July and September and the
increasing trend is due to the southward shift of the SO storm belt, generating larger wave heights
resulting from stronger westerly winds in the southern latitudes. Zheng and Li (2017) using the ERA-
40 data from 1957 to 2002, reported that the Hs show significant increasing trends of 0.30-0.68
cm/year. The SIO winds are stronger than that those over the N1O and the winds of the SIO show a
significant increasing trend of 0.34-1.31 cm/s/year during 1957 to 2002 (Zheng and Li, 2017). The
principal mode of inter-annual variability of the waves in Southern Hemisphere is related to the
Southern Annular Mode by Hemer et al. (2010).

With the advent of long marine Earth-observing satellite missions (European Remote Sensing

Satellites ERS-1 and ERS-2, starting in 1991), the quality and coverage of marine wind speed and Hs
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observations rose dramatically (Aarnes et al., 2015). Since such observations are usually assimilated
into global reanalyses, the quality of a reanalysis before and after the satellite era are different and
hence trends in the analysis will be spuriously affected if we combine data before and after 1992
(Aarnes et al., 2015). Hence, the trend presented in this article from 1979 to 2017 is to be looked
with caution and in order to show the difference in trend during 1979 to 1990 and from 1991 to 2017,
the trend of annual mean Hs and annual maximum Hs during both periods are presented in Fig. 15.
The average trend in annual mean Hs during 1991 to 2017 in the study area is -0.07 cm/year and that
in annual maximum Hs is -0.64 cm/year. Further, 5 locations along 70° E is selected along with two
coastal stations in AS and BoB and the trend of annual average Hs in different periods is presented in
Fig. 16. Positive trends varying from 0.11 to 0.87 cm/year (Table 5) are observed at these locations
during 1979-2017, whereas at the same locations except at 60° S; 70° E, negative trend varying from
0.13 to 0.48 cm/year are observed from 1991 to 2017 indicating that the reanalysis data has to be
used with caution for long-term trend analysis since the quantity and quality of the data being
assimilated changes in time especially before and after the satellite era. In fact, trends themselves can
change over time and the result above might be the reflection of their interannual variability
rather than issues with reanalysis datasets. At 60° S; 70° E, positive trend of 0.08 cm/year is
observed from 1991 to 2017, which is 0.03% compared to the earlier projection of 6-9% increase in
10 (Mori et al., 2010). The trend based on ERA-Interim data (0.01 to 0.3 cm/year) is much less than
that based on ERA5S data except for the southernmost point (Fig. 16). At most of the locations the
trend presented are statistically significant at more than 90% from the Mann Kendall Test (Table 5).

3.3  Long-term statistical analysis of wave height

Estimates of the values of Hs likely to be encountered (extreme waves) is required for the
design of vessels and ocean structures. Extreme waves are estimated for all the locations to study the
spatial distribution of wave height with 50 and 100-year return periods using the 39-year ERA5
dataset following the long-term statistical analysis of waves based on GEV distribution using annual
maxima Hs and that based on GPD using POT (Fig. 17). There are slight changes in the return level
estimate using GEV and GPD. The maximum value of 17.8 m for 100-year return levels with GEV is
at 58.5° S; 72.5° E (Fig. 17). At the same location, the 50-year return level with GEV is 16.4 m,
whereas GPD estimate gives 17.5 m and 16.3 m as 100 and 50-year return levels. The largest ever
recorded wave height in the SO up to 2017 is 22 m (recorded in 2012) by the Australian buoy
(http://www.metocean.co.nz/news). Recently on 8 May 2018, a wave buoy moored in the Southern

Ocean by MetOcean Solutions recorded a Hmax of 23.8-m with Hs of 14.9 m. In the coastal waters of
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AS, the 100-year return levels are relatively low (< 8 m), whereas values up to 12 m are present in

some stretches of coastal waters of north-western BoB.

The variations in wave height with 39, 50 and 100-year return level with data duration
varying from 10, 15, 20, 25, 30 and 35 years with 39 years is presented in Fig. 18. It is observed that
the difference in 100-year return level of Hs for 10-year and 39-year data block varies from -6 to 7 m.
The changes are larger in the region 23 to 26° S and in small areas in AS and BoB (Fig. 18). The
difference in the return level of Hs is due to the high values occurred in a particular year. For e.g., at
63.5° E; 20.5° S, highest Hs of 13.7 m is in 2003, whereas the maximum Hs from 2010 to 2018 is 8.7
m. Hence, adding small values in the data sets at this location resulted in lowering the 100-year
return level by 6 m. Similarly at 74° E; 24° S, the maximum Hs is in 2015 (11 m) and 2016 (10.5 m),
whereas in other years up to 2009, the maximum value is 6.2 m. Hence, adding two high values
resulted in an increase of 3 m in the 100-year return level. The 100-year return level based on 39-
year data at 25.5° S, 79° E is 13.3 m, whereas that based on recent 10-year data is 21.7 m since very
high waves are generated in this area by TCs in recent years (Hs of 12.8 m in December 2013, 10.2 m
in January 2015, 8.8 m in February 2007 and 8.2 m in 2016). It has to be noted that a single large
wave can influence the return levels in annual maxima by GEV distribution. Even though ten years is
the minimum period of data required to estimate the 100-year return value (Goda, 2010), the
occurrence of occasional very high values alter the Hs with different return periods. Agarwal et al.
(2013) observed that when the period of data was increased beyond 15 years, the change in 100-year
return value is negligible. Whereas, in the present study, the change in the 100-year return value for
data periods beyond 15 years is up to 6 m. From the general perspective, if the climate is
characterized by at least 30-years time series, it may reflect that 30 years is more or less enough for
a reasonable representation of mean state and it should be the lowest bound for estimating the return

periods.
4. Conclusions

In this study, we examined the ERA5 wave parameters (significant wave height, maximum
wave height, mean wave period and peak wave period) and wind speed over the 10 and SO region
during 1979-2017. Annual mean wave heights were determined by averaging the 1-hourly data and
are used for describing the characteristics of the annual cycle, its variability and the climatological
trends. Monthly mean Hs is largest in the 10 in July and is shortest in December. In all months, the
maximum value of Hs and Hmax occur south of 40° S except in January, February and December,

during which the maximum values are at ~19-25° S and are due to the TCs. The SIO wave height
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seasonality is lower than that in the NIO. In the 10, except in the offshore of Somalia and the region
between India and Sri Lanka (Gulf of Mannar and Palk Bay), the monthly mean swell wave heights
are higher than the locally generated wave heights in all the months. During 1979-2017, the average
trend of annual mean Hs in the study area is 0.4 cm/year and it changes to -0.07 cm/year when data
from 1991 to 2017 are used. Extreme caution should be taken when reanalysis data is used for trend
reanalysis since the quantity and quality of the data being assimilated changes in time. When the
period of data was decreased from 39 to 20 years, the 100-year return level of Hs changed by -4 to 5

m.
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Table 1. Measurement locations and the water depth

Location Buoy Period of validation
Latitude Water depth Latitude Water
Longitude (m) Longitude depth
(m)
off Ratnagiri, 16.980° N; 13 17.10° N; 47 1 January 2015 to
eastern 73.258° E 73.20° E 31 December 2015
Arabian Sea
off Gopalpur, 19.282°N; 15 19.20° N; 97 1 January 2015 to
western Bay 84.964° E 85.20° E 31 December 2015
of Bengal
1 October 2013 to
15 October 2013
Central 15.00° N; 3000 15.00° N; 3000 1 February 2012 to
Arabian Sea 69.01° E 69.00° E 31 December 2012
Central Bay 12.15°N; 2700 12.00° N; 2700 1 January 2003 to
of Bengal 90.75° E 90.50° E 31 December 2003
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Table 2. Comparison statistics of buoy data and ERA5 data in coastal waters for significant wave

height, maximum wave height, mean wave period and peak wave period

Ratnagiri Goplapur  Gopalpur
during TC
Number of data 8756 162 8759
Significant wave height (m)
Buoy mean 1.06 2.56 1.00
ERAS5 mean 1.03 2.46 1.03
R 0.98 0.98 0.94
RMSE (m) 0.15 0.36 0.15
Bias (m) -0.04 -0.10 0.03
Maximum wave height (m)
Buoy mean 1.63 3.93 1.52
ERA5 mean 1.92 4.62 1.95
R 0.97 0.96 0.91
RMSE (m) 0.40 1.15 0.52
Bias (m) 0.29 0.69 0.43
Mean wave period (s)
Buoy mean 7.61 10.77 8.92
ERAS5 mean 7.72 9.20 7.92
R 0.83 0.69 0.74
RMSE (s) 0.94 2.30 1.65
Bias (s) 0.11 -1.58 -1.00
Peak wave period (S)

Buoy mean 11.06 13.45 12.19
ERA5 mean 10.28 11.78 10.00
R 0.63 0.60 0.39
RMSE (s) 3.10 3.58 4.01
Bias (s) -0.78 -1.67 -2.19
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Table 3. Maximum value of significant wave height, maximum wave height, wind-sea Hs and swell

Hs in different months along with the location of occurrence

Month Hs (m) Hmax (M) Wind-sea Hs (m) Swell Hs (m)

Value Location Value Location Value Location Value Location
MAR 167 2693;.50008E; 320 269350SE 166 ggsE o4 2671st
VAY 1sg OO0 g5 08 g5y VS gy, 81O
TUsr S w2 GSE s nd o 00
TT 188 mge 01 mae 198 goor 19 gnp
AP ee TOE we SOR 189 Loop w1 il
OCT  c6 5793055E 29.3 579305SE 14.2 fg7OOSE 10.3 1539553E
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Table 4. Maximum value of wind speed, mean wave period and peak wave period in different

months along with the location of occurrence

Month ~ Wind speed (m/s)  Mean wave period (s) Peak wave period (S)
Value Location Value Location Value Location
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Table 5. Parameters of statistical significance of the trend estimate at selected locations

_ Trend
DATA Location o
P value (cm/year) Significance
Honnavar 0.0352 0.11 0.95
Gopalpur 0.1499 0.12 0.85
20°N 70°E 0.0926 0.14 0.90
ERADS from 1979
0°N 70°E 0.0022 0.35 0.95
to 2017
20°S 70°E 0.0096 0.37 0.95
40°S 70°E 0.0500 0.42 0.95
60°S 70°E 0.0058 0.87 0.95
Honnavar 0.3359 0.28 0.66
Gopalpur 0.6312 0.28 0.36
20°N 70° E 0.4507 0.35 0.54
ERAS from 1979
0°N 70°E 0.0641 0.64 0.93
to 1990
20°S 70°E 0.1148 1.69 0.88
40°S 70°E 0.1305 1.57 0.86
60°S 70°E 0.8370  -0.70 0.16
Honnavar 0.0728 -0.17 0.92
Gopalpur 0.0017 -0.24 0.95
20°N 70°E 0.0147  -0.22 0.95
ERADS from 1991
0°N 70°E 0.0524  -0.22 0.94
to 2017
20°S 70°E 0.4404  -0.13 0.55
40°S 70°E 0.1179  -0.48 0.88
60°S 70°E 0.9333 0.08 0.06
Honnavar 0.8088 0.01 0.19
Gopalpur 0.7074 0.02 0.29
20°N 70° E 0.1023 0.09 0.89
ERA-Interim from
0°N 70°E 0.0658 0.10 0.93
1979 to 2017
20°S 70°E 0.0050 0.28 0.95
40°S 70°E 0.1569 0.30 0.84

60°S 70°E 0.0043 0.79 0.95
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Figure 1. Study area in Indian Ocean with GEBCO bathymetry. Locations of buoy measurements
used for ERAS data validation are denoted by dots
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ERAS5 parameters

Figure 2. Scatter plots of ERA5 wave data with buoy data a) maximum wave height (Hmax), b)
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Figure 3. Scatter plots of ERA5 wave data (significant wave height and mean wave period) at deep
waters in Arabian Sea (AD02) in 2012 and Bay of Bengal (DS3) in 2003
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Figure 4. Time series plot of wave parameters from ERAS5 and ERA-Interim with buoy measured
parameters a) maximum wave height, b) significant wave height, c) mean wave period and d) peak
wave period at Gopalpur during tropical cyclone Phailin
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Figure 5. Spatial distribution in monthly averaged wind speed in Indian Ocean from January to

December based on data from 1979 to 2017. The colour indicates the wind speed and the arrow show

the wind direction
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Figure 6. Spatial distribution of monthly averaged a) significant wave height and b) maximum wave

height in Indian Ocean from January to December based on data from 1979 to 2017
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Figure 7. Spatial distribution of monthly averaged significant wave height in Southern Ocean from
January to December based on data from 2016 to 2017
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Figure 8. Spatial distribution of monthly maximum a) significant wave height and b) maximum wave
height from January to December based on data from 1979 to 2017
34
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Figure 9. Spatial plot of a) maximum value of significant wave height, b) maximum value of
maximum wave height, c) average value of the ratio between maximum wave height and significant
wave height and d) maximum value of the ratio between maximum wave height and significant wave
height in the Indian Ocean during 1979-2017
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Figure 11. Spatial distribution of monthly averaged a) wind-sea height and b) swell height in Indian
Ocean from January to December based on data from 1979 to 2017
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Figure 12. Spatial distribution of the ratio of the wind-sea Hs to swell Hs. The contour values are
logarithm base 10. Positive values indicate wind-sea Hs are higher than swell Hs and negative values
are for vice-versa
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Figure 13. Spatial distribution in monthly averaged a) mean wave period and b) peak wave period in
Indian Ocean from January to December based on data from 1979 to 2017
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(a) 1979 to 2017
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Figure 14. Trend of annual mean wave parameters during a) 1979-2017 and (b) 2000-2017. Left
panel is for significant wave height and right panel is for maximum wave height. Sub plots are for
different months (December-February, March-May, June-August, September-November)
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a) mean Hs 1979-2017 (cm/year) c) mean wind speed (cm/s/year) e) mean Hmax 1979-2017 (cm/year)  g) mean Hs 1991-2017 (cm/year)
i ) 2 3 3 ‘3 -] ! g g -
=W - mes |

‘,

© o~ : 2 °
S o < < 5 -
L ' n L
——

26°N

0°

35°8

——
70° S S

26°N

0° 4

35°S §

20° 60° " q00°E 200 60° 1006 200 60° — 100°E
Figure 15. Trend of wind and wave parameters in two different time periods; a) annual mean significant wave height, b) annual mean maximum
wave height, ¢) annual mean wind speed, d) annual maximum wind speed, €) annual maximum significant wave height, f) annual maximum
wave height, g) annual mean significant wave height, h) annual maximum significant wave height. a to f are from 1979 to 2017 and g and h are

from 1991 to 2017..
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Figure 16. Annual average significant wave height during 1979 to 2017 at two coastal
stations and at 5 locations along 70° E. The trend from 1979 to 1990 and 1991 to 2017 are
also presented separately. The trend line based on ERA-Interim data is shown in dash line.
Trend values are also presented in corresponding colour. The significance and the p value are
presented along with trend value in Table 5.
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Figure 17. Spatial variation of a) 50-year and b) 100-year return period wave height in Indian
Ocean. Left panel is the estimate based on GEV and the right panel is based on GPD
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Figure 18. Difference in 39, 50 and 100-year return level in significant wave height for data blocks 10 to 35 years with 39 years
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