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Abstract—The spectral wave characteristics in the nearshore

waters of northwestern Bay of Bengal are presented based on the

buoy-measured data from February 2013 to December 2015 off

Gopalpur at 15-m water depth. The mean seasonal significant wave

height and mean wave period indicate that the occurrence of higher

wave heights and wave periods is during the southwest monsoon

period (June–September). 74% of the sea surface height variance in

a year is a result of waves from 138 to 228� and 16% are from 48 to

138�. Strong inter-annual variability is observed in the monthly

average wave parameters due to the occurrence of tropical

cyclones. Due to the influence of the tropical cyclone Phailin,

maximum significant wave height of 6.7 m is observed on 12

October 2013 and that due to tropical cyclone Hudhud whose track

is 250 southwest of the study location is 5.84 m on 12 October

2014. Analysis revealed that a single tropical cyclone influenced

the annual maximum significant wave height and not the annual

average value which is almost same (* 1 m) in 2014 and 2015.

The waves in the northwestern Bay of Bengal are influenced by the

southwest and northeast monsoons, southern ocean swells and

cyclones.

Key words: Surface waves, multi-peaked spectra, wind-seas,

swells, directional waves spectra, east coast of India.

1. Introduction

Sea surface is the point of interaction between the

atmosphere and the ocean and the surface waves are

the result of the energy transfer from atmosphere to

the ocean. Surface waves are a natural hazard

affecting the coastal zones resulting in damage to the

coastline and control the energy impacting the

coastlines and coastal defenses. The variability in

wave climate has different time scales ranging from

hour, day, month, season, year and decade. Hence,

comprehensive understanding of the properties of the

wind generated waves and their potential changes are

to be known for planning marine facilities in the

ocean (Anoop et al. 2015). Although wind speed is

closely related to wave heights, the spatial patterns of

the two fields are not analogous due to the propaga-

tion of waves over long distances (Chen et al. 2002).

The wave characteristics at a location depend on the

wind speed and direction, fetch parameters, bathy-

metry and the deep-water wave propagation

processes. Bay of Bengal (BoB) is a tropical basin

with semi-annual reversal of winds due to the sum-

mer (June–September) and winter (October–January)

monsoon system and the winds blow from the

southwest (SW) during the summer and from the

northeast (NE) during the winter monsoon (Thadathil

et al. 2007). The changes in the wind pattern influ-

ence the waves in the BoB (Sanil Kumar et al. 2014).

Anoop et al. (2015) reported that the wave climate of

BoB shows a large response to seasons due to sea-

sonally reversing winds. Waves in most of the oceans

consist of swells propagating from far-off and the

locally generated waves and result in multi-peaked

wave energy spectrum (Soares 1991; Hanson and

Philips 1999) and the BoB also has no exception. The

wave climate of BoB is influenced by conditions in

the Indian Ocean since the fetch for the predomi-

nantly southerly winds is sufficient to generate swell

waves. Wave spectra characterization has gained

considerable relevance in recent years as a result of

increasing demand for detailed wave information. In

the Indian coastal waters, the wave energy spectra

contain multiple peaks for about 60% of the time in a

year and the multi-peaked wave spectra observed

consists of multiple swells and wind-sea and are

largely dominated by swells (Sanil Kumar et al.

2003). When multiple wave systems are present at a

location, the bulk wave parameters (significant wave

height, mean wave period and mean wave direction)
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may not represent the true wave characteristics of a

location (Sanil Kumar et al. 2014). In the northeast-

ern BoB, during the SW monsoon period, the spectral

peak is around 0.065–0.12 Hz (16–8 s) during 75%

of the time whereas during the same period along the

eastern Arabian Sea, the spectral peak varied in a

narrow range (10–12 s) during 72% of the time (Sanil

Kumar et al. 2014).

Annually, an average three to four storms form in

the BoB (Alam et al. 2003). The primary season for

the tropical cyclones (TCs) in the BoB is October–

December and the secondary season is April–June (Li

et al. 2013) indicating a bimodal distribution of the

TCs. Many cyclonic storms cross the Odisha coast

during May (pre-monsoon) and October–November

(post-monsoon) (Balaguru et al. 2014). Wang et al.

(2013) proposed that increasing sea surface temper-

ature in the BoB has contributed to an increase in the

pre-monsoon cyclone intensity since 1979. Balaguru

et al. (2014) indicated that the intensity of TCs during

post-monsoon during 1981–2010 has increased.

On the basis of the wave data collected during the

SW monsoon (June–September) in 2009, Suresh et al.

(2010) studied the wind-seas and swells off

Visakhapatnam and found that the waves are mainly

swells during SW monsoon. The wave statistical

parameters during TC Phailin which crossed the

northern BoB are described based on the wave data

for 8–13 October 2013 by Amrutha et al. (2014) and

reported that at 50-m water depth, the maximum

wave height (Hmax) of 13.5 m is measured. Seasonal

and annual wave characteristics off Gopalpur are

studied by Patra et al. (2016) based on wave data

collected for the years 1994, 2008–2009 and

2013–2014 and observed that the waves are pre-

dominantly from the south during the SW monsoon

and south–southeast for rest of the year.

Based on the wave measurements carried out from

February 2013 to December 2015 and the ERA-Interim

(ERA-I) reanalysiswave data for the period 1979–2015,

we describe the characteristics of waves off Gopalpur in

northwestern BoB (Fig. 1). Gopalpur is located along

northwestern part of the BoB, a fairly straight coastline

with an orientation of 48�E to the north (Patra et al.

2016). The average tidal ranges near Gopalpur Port

during spring and neap tides are 2.39 and 0.85 m,

respectively (Mishra et al. 2011). The study period

covers two tropical cyclones (Phailin and Hudhud)

which significantly influenced the waves off Gopalpur.

Thepaper is organized as follows.Themethodology and

the datasets used in the study are described in Sect. 2.

The results and discussion are given in Sect. 3 and

conclusions are presented in Sect. 4.

2. Materials and Methods

In connection with the coastal wave forecast

system of the Indian National Centre for Ocean

Information Services, Hyderabad, a directional

waverider buoy (Datawell 2009) is deployed off

Gopalpur and the data collected under this program is

used in the present study. The measurement location

is around 15-m water depth (geographic position

19.2817�N; 84.9640�E) and the location is * 1.3 km

from the mainland of India. Three accelerometers

(one vertical and two horizontal) are present inside

the waverider buoy. The data of heave and two

translational motion of the buoy are sampled at

3.84 Hz. A digital high-pass filter with a cut off at

30 s is applied to the 3.84 Hz samples. At the same

time, it converts the sampling rate to 1.28 Hz and

stores the time series data at 1.28 Hz. From the time

series data for 200 s, the wave spectrum is obtained

through a fast Fourier transform (FFT). During half

an hour 8 wave spectra of a 200 s data interval each

are collected and averaged to get a representative

wave spectrum for half an hour (Datawell 2009). The

spectral analysis results in wave spectrum with a

resolution of 0.005 Hz from 0.025 to 0.1 Hz and

thereafter it is 0.01 Hz up to 0.58 Hz. The details of

the spectral analysis applied to the time series are

similar to that presented in Sanil Kumar et al. (2014).

Significant wave height (Hm0), mean wave period

(Tm02) and spectral peak period (Tp) is estimated from

the wave spectrum. Mean wave direction (hm) cor-

responding to the spectral peak is estimated following

Kuik et al. (1988). The 1-D separation method pro-

posed by Portilla et al. (2009) is used to separate the

wind-seas and swells from the measured data and is

based on the assumption that, the energy at the peak

frequency of a swell cannot be higher than the value

of a Pierson–Moskowitz (PM) spectrum with the

same frequency. If the ratio between the peak energy
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of a wave system and the energy of a PM spectrum at

the same frequency is above a threshold value of 1,

the system is considered to represent wind-sea, else it

is taken to be swell. A separation frequency fc is

estimated following Portilla et al. (2009) and the

swell and wind-sea parameters are obtained for fre-

quencies ranging from 0.025 Hz to fc and from fc to

0.58 Hz, respectively. The monthly averaged wave

spectrum is estimated by averaging the wave spec-

trum at half-hourly interval over a calendar month.

The time referred in this study is in Coordinated

Universal Time (UTC). The meteorological conven-

tion is used for presenting the wind and wave

direction data (0 and 360� for wind/wave from North,

90� for East, 180� for South, 270� for West). To study

the inter-annual variations, the ERA-I data (Dee et al.

2011) for grid point 18.75�N; 85.50�E from European

Centre for Medium-Range Weather Forecasts

(ECMWF) is used. ERA-I has a temporal resolution

of 6 h and spatial resolution of 0.75o.

3. Results and Discussion

3.1. Bulk Wave Parameters

The wave characteristics at a location are gener-

ally presented through significant wave height and

mean wave period. For the study area, the annual

average significant wave height during 2014 and

during 2015 is 1 m. Since the data collection started

only in February 2013, the annual average Hm0

during 2013 is not presented. 53.7% of the time in a

Figure 1
Location of waverider buoy in northern Bay of Bengal. The track of the tropical cyclones Phailin and Hudhud are also shown in the figure
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year, Hm0 is \ 1 m and is similar to the wave

characteristics off Visakhapatnam which is 250 km

southwest of the present measurement location (Sanil

Kumar et al. 2014). During 2013 and 2014, the study

area was influenced by TC Phailin and TC Hudhud

and hence annual maximum Hm0 of 6.7 and 5.8 m

was measured in October 2013 and October 2014,

respectively. The annual maximum Hm0 in 2015 is

only 3.2 m measured during the southwest monsoon

period and is similar to the value (3.3 m) observed in

2008 by Patra et al. (2016) for Gopalpur. Earlier

studies show that off Gopalpur in 1990, maximum

Hm0 of only 2.4 m was measured (Chandramohan

et al. 1993). Cyclonic storm Hudhud originated from

a low-pressure system that formed under the influ-

ence of an upper-air cyclonic circulation in the south

Andaman Sea on 6 October 2014 intensified into a

cyclonic storm on 8 October and as a severe cyclonic

storm on 9 October (Harikumar et al. 2016). Severe

cyclonic storm Hudhud made landfall about 30 km

west–northwest of Visakhapatnam on October 12,

noon local time and the maximum sustained wind

speeds were 115 knots (Joint Typhoon Warning

Center) corresponding to a weak Category 4 hurri-

cane on the Saffir–Simpson Hurricane wind scale.

Even though the track of TC Hudhud was * 200 km

southwest of the wave measurement location of

Gopalpur, a maximum Hm0 of 5.8 m and a maximum

wave height (Hmax) of 9.2 m was observed on 12

October 2014 due to the influence of TC Hudhud.

Due to the influence of the TC, Hm0 increased from 1

to 5 m during 9 October 2014 07 h to 12 October

2014 05 h and peak wave period shifted from 14 to

12 s [peak frequency shifted from low (* 0.075 Hz)

to high (* 0.08 Hz)]. By 23 h on 15 October 2014,

the sea state becomes normal with Hm0 around 1 m.

Due to the influence of TC Phailin, maximum Hm0

measured at 15-m water depth was 6.7 m (Amrutha

et al. 2014), which is much higher than the maximum

Hm0 during the TC Hudhud since the distance of TC

Phailin from buoy location was only * 50 km,

whereas that of TC Hudhud is * 200 km.

ERA-I data during 1979 to 2015 are used to study

the spatial variation of mean Hm0, in the BoB during

different seasons (Fig. 2). In the central BoB, the

mean Hm0 is found to be highest (* 2 to 2.5 m)

during the southwest monsoon period and the annual

average Hm0 in the coastal region is less than 1.5 m.

During the pre-monsoon (February–May) and post-

monsoon (October–January) seasons, the mean Hm0

is between 1 and 1.5 m and during all the seasons, the

mean Hm0 is high for southerly waves, since waves

generated in the south Indian Ocean and Southern

Ocean approach from the southerly direction (Chena

et al. 2002; Glejin et al. 2013; Amrutha et al. 2017).

Comparison of time series plots of Hm0 and

energy period of ERA-I with measured buoy data

during 3 years are shown in Fig. 3. Hm0 obtained

from ERA-1 data shows a good correlation with the

measured Hm0 for Hm0\ 2.5 m The larger waves are

underestimated in ERA-I, Significant wave height

shows higher value during the southwest monsoon

period and the two specific peaks are obtained during

the TCs Phailin and Hudhud. The ERA-1 data gives a

comparatively good account of Hm0 during Hudhud

(measured Hm0 value is 5.5 m and the ERA-I value is

4.6 m), whereas during Phailin, the Hm0 by ERA-1

(* 4.1 m) is 2/3rd of the measured value (6.3 m)

indicating that high waves are largely underestimated

in ERA-I due to its large spatial and temporal

resolution. In addition, due to the large temporal

resolution (6 h), the peak Hm0 values are missed in

ERA-I. In the case of mean wave period, most of the

time, the ERA-1 data overestimates the measured

mean wave period (Fig. 3). The scatter plot also

shows that the ERA-1 Hm0 gives a good estimate of

Hm0 with bias values ranging from 0.18 to 0.24 m,

whereas energy period given by ERA-1 largely

underestimates the measured value with bias - 0.3

to - 0.7 s (Fig. 4).

The change in wave parameters over different

months during the 3 years are given in Fig. 5. The

inter-annual variations in Hm0 are maximum during

October with the maximum value of Hm0 in 2013

(Fig. 5a) due to the occurrence of cyclonic storms

Phailin (in 2013) and Hudhud (in 2014) in October

and the Phailin track was close to Gopalpur. Max-

imum spectral energy density observed also shows

similar variations in October with the highest value in

2013 (Fig. 5d). Inter-annual variations seen in mean

wave period is very less, but the peak wave period

shows much variation, especially during May, June

and August (Fig. 5b, c). The mean wave period

during the pre-monsoon season is less and it
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gradually increases during southwest monsoon and

reaches its maximum value during October and then

decreases. Peak wave period shows its minimum

values during the southwest monsoon period and it is

maximum during the non-monsoon period except in

2014. The peak wave period variation in 2014 is

specific with a sudden dip in wave period during July.

Wave direction observed is between 150� and 170o

during all the months with no significant inter-annual

variations. The directional histograms for significant

wave height and peak period shows the same pattern.

The highest concentration of waves and the highest

significant wave height values are from the quadrant

southeast. The wind-seas are originated from the

direction south and east. Mishra et al. (2011)

observed that waves approaching from south–south-

west and east become south and east–southeast,

whereas waves from the southeast continue to move

in the same direction without any significant refrac-

tion in the shallow regions of Gopalpur.

To study the effect of the tropical cyclone on

waves, the wave parameters during the Hudhud

cyclone period are examined (Fig. 6). From the

figure, it can be seen that the Hm0 increases from 1

to 5.8 m during the TC period and the maximum Hm0

observed is on 12 October 2014, when the cyclone

Figure 2
Mean significant wave height in Bay of Bengal during a February–May, b June–September, c October–January and d January–December.

ERA-I data during 1979–2015 is used. The red dot near the coast indicates the waverider buoy location
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Figure 3
Time series plot of significant wave height measured (a–c) and ERA-I and mean wave period (d–f) during 2013, 2014 and 2015
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Figure 4
Scatter plot of measured significant wave height with that from ERA-I (left panel) and energy period (right panel) in different years
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was relatively close to the buoy location and the

maximum wave height (Hmax) observed on 12

October 2014 is 8 m (Fig. 6a). On comparing the

Hm0 of wind-seas and swells, it is found that both

have its maximum values during 12 October, whereas

Hm0 of wind-seas (3 m) is much less than that of

swells (5 m) (Fig. 6b). Waves during the TC period

are dominated by high energy swells (Fig. 6b). This

is because the track of the cyclone is * 200 km

southwest of location studied and hence the effect of

Figure 5
Wave parameters a significant wave height, b mean wave period, c peak wave period, d maximum spectral energy density and e mean wave

direction from monthly average wave spectrum of measured data
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Figure 6
Plot of wave parameters during tropical cyclone Hudhud
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the cyclonic storm on wind-seas is comparatively

less. The swells which are generated near the cyclone

location and propagate to reach the study location

with a peak period of 12 s. The peak period observed

before and after the cyclone period is 14 s (Fig. 6c).

No significant variations are observed in the mean

wave period during the cyclone time. The effect of

cyclones on wind-seas can be identified from the

wave direction. Before the cyclone, the wind-sea

direction was between 150� and 180o, but during the

cyclone period, the wind-sea direction is changed to

60–150o and it shows that the wind-sea direction

shifted from southeast to east (Fig. 6d). The spectral

narrowness parameter changed from 0.8 to 0.5,

indicating that the spectrum changed from broad to

narrow during the cyclone (Fig. 6e). The ratio of

mean wave period of swell and wind-seas shows that,

the ratio is higher (* 4) before the cyclone period

and it gets reduced to 2.5 during the cyclone (Fig. 6f).

The decrease in ratio shows that during the cyclone

period, the period of swells decreases and that of

wind-seas increases. This is due to the downshift of

energy due to non-linear interactions, as the swells

bFigure 7

Diurnal variation of significant wave height in different months in

2013, 2014 and 2015. The shaded area is the time during which the

wave height is maximum in most of the months

Figure 8
Left two panels shows the time series plot of the normalized spectral energy density with frequency in 2014 and 2015. Two panels in the right

indicates the time series plot of wave direction with frequency
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travel greater distance since the cyclone is further

away.

Diurnal variations in significant wave height in

different months shows that in general, the Hm0 is low

during early hours, then gradually increases and

reaches its maximum during 10–16 h, then gradually

decreases (Fig. 7) except in October and December

2013 and in July 2015. This is due to the impact of

local sea breeze which gets activated in the late

afternoon. Least diurnal variation is observed during

October 2013 and 2014 is due to the influence of

severe cyclonic storms which reduce the impact of

local sea breeze.

3.2. Wave Spectra

The normalized wave spectral energy density in

the frequency–time frame is used to study the energy

distribution of waves (Fig. 8). Each wave spectrum is

normalized by the maximum wave spectral energy

density of the respective spectrum. Left two panels of

Fig. 8 shows the time series plot of the normalized

spectral energy density with frequency in 2014 and

2015. The contour plots of normalized spectral

energy density shows a very narrow spectrum within

a short frequency range (0.05–0.15 Hz) in southwest

monsoon, whereas during the non-monsoon period,

much broader spectrum with two distinct peaks is

observed (Fig. 8). In some days, a predominance of

wind-seas having high frequency (0.2–0.3 Hz) is

observed during December–May. Over an annual

cycle, the majority of the data recorded are multi-

peaked spectra (63%) and 80% of the multi-peaked

spectra are swell dominated. Sanil Kumar et al.

(2014) reported that for location 200 km southwest of

the present study area, multi-peaked spectrum is with

a narrow swell and a broader wind-sea.

To study the month to month variations in a year,

the monthly average wave spectra for the year 2015

from the measured data is compared (Fig. 9). During

June to September, two predominant swell systems

are present in the study area, one at 0.1–0.12 Hz from

161 to 165� and the other at 0.065–0.07 Hz from 155

to 156�. The long-period swells (0.065–0.07 Hz) are

result of the southerly swells and have maximum

energy during June to September when the southern

extra-tropical storm belt moves northwards. The

swells with period 0.1–0.12 Hz are due to the

influence of the SW monsoon. The wave spectra

observed is single-peaked during October and

November and multi-peaked during the rest of the

months. Single-peaked spectra during October–

November are due to the impact of the more number

of storm/cyclonic activities during these months in

BoB, because of the low vertical wind shear

compared to other months, which enhances cycloge-

nesis. During October, due to the impact of cyclones,

the spectrum obtained is narrowest compared to other

months. Only long period waves are observed in

October and wind-seas are found to have maximum

energy during April. In April, the swells are from

151� with peak at 0.07 Hz and the wind-seas are from

187�.
The directional wave spectra clearly show two

peaks; swell peak and wind-sea peak, except in the

southwest monsoon period (Fig. 10). During all the

months, the swell peak is around 0.1 Hz, from the

south, whereas the wind-sea peak frequency and

direction varies from season to season. From Febru-

ary to April, the wind-sea direction is from the south,

with a peak frequency greater than 0.2 Hz. The wind-

sea energy observed during February and March is

very low compared to April, due to the strengthening

of the sea breeze in April. During May, wind-sea

peak is observed to be merging with the swell peak as

the swell energy increases during this period. From

June to September only high energy swells are visible

in the spectrum. During October–January, as the

swell energy decreases, the wind-sea peak becomes

more evident and its direction changes to east. It can

be clearly seen that during January, the wind-seas are

from the east, with a peak frequency above 0.2 Hz.

The quantitative summary of the seasonal wave

characteristics of the study area is presented in

Fig. 11 in the form of seasonal average directional

wave spectra (i.e., complete representation of wave

directions, frequencies and energy density). During

the pre-monsoon period, the two-wave systems

present are distinct in the study area.

To study the dominance of wind-seas and swells

during different years; monthly average wave spec-

trum from January to December for all the 3 years are

compared (Fig. 12). Large inter-annual variations are

observed in October due to the occurrence of TCs.
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During the southwest monsoon time, a double-peaked

spectrum is observed indicating the dominance of

both wind-seas and swells, which is in contrast to the

observations in the Arabian Sea, where single-peaked

wave spectra are observed. In the southeastern BoB,

Glejin et al. (2013) observed that the wave spectra

during the southwest monsoon are multi-peaked,

whereas during the post-monsoon season wave spec-

tra are single-peaked. In the study area, during June,

July and August, the wind-sea peak observed have

higher energy than the swell peak. The presence and

variation of sea breeze over the east coast of India

during the southwest monsoon period have been

studied by Simpson et al. (2007) and found out that

Figure 9
Monthly average wave spectrum (a) and mean wave direction (b) during January–December 2015 based on measured data spectral energy

density (m2/Hz)
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sea breeze is most active during June followed by

July and August. Maximum spectral energy density

observed is during October 2013 ([ 4 m2/Hz) due to

the influence of the cyclonic storm Phailin. Wind-sea

peaks are between 0.2 and 0.4 Hz, showing the

presence of much younger seas during former

Figure 10
Monthly average wave directional spectrum in different months in 2015 based on measured data
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months. Maximum wind-sea energy for the non-

monsoon period is observed during April (2013 and

2015) from the south (Fig. 12) due to the influence of

sea breeze. During the southwest monsoon period,

maximum energy observed is during July 2013, due

to the relatively stronger monsoon in 2013. Two right

panels of Fig. 8 indicates the time series plot of wave

direction with frequency. Wave spectra observed

during May is specific, with multiple peaks because

of the transition from NE to SW monsoon. During all

the months, swells are observed from SSE direction

(140–180o) except in January 2013 and December

2013 (Fig. 13). During these 2 months, the spectrum

observed is specific, with swells from SW and wind-

seas from NW. Wind-seas are observed from SE

during January to May and December.

Often, the wave direction and period of the largest

energy peak of a spectrum is reported in the earlier

studies (Mishra et al. 2011; Amrutha et al. 2014;

Patra et al. 2016) and used in estimation of longshore

sediment transport, while the wave direction and the

period of the secondary spectral peak, which has

substantial energy is neglected in most of the studies.

During the year 2015, the spectral energy density at

secondary peak is 0.01–0.90 of the spectral energy

density at primary peak with an average value of 0.41

(Fig. 14a). There is also large difference (up to 100�)
between the wave direction at the primary peak and

the secondary peak with a mean difference of 22�
(Fig. 14b). When the spectral energy density at

secondary peak is comparable to that at the primary

peak, ignoring the wave direction of the secondary

peak and using only the wave direction of the primary

peak (which is the general practice) will lead to

potentially misleading results of the longshore sed-

iment transport (Sanil Kumar et al. 2000).

Diurnal changes in wave spectra show large

variations in the wind-sea part (Fig. 15). It can be

seen that the swell peak remains constant irrespective

of time, whereas the wind-sea peak changes. The

Figure 11
Seasonal average and annual average wave directional spectrum during the year 2015 based on measured data
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changes in the wind-sea peak are more evident during

February–April, since it is the fair-weather period and

monsoon winds are absent, the effect of local winds

become dominant. During this period, the wind-sea

energy gradually grows from 0 to 12 h, reaches its

peak during 12 h and then decays.

Figure 12
Monthly average wave spectrum during January–December in 2013, 2014 and 2015
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Figure 13
Monthly average wave direction during January–December in 2013, 2014 and 2015
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The grouping of wave spectra based on the peak

frequency indicates that during 51.5% of the time in

an annual period, the frequencies between 0.06 and

0.08 Hz are predominant (Table 1). In a year during

11.7% of the time, wave spectra are with frequencies

\ 0.06 Hz. The wave spectra with peak frequency

ranging from 0.06 to 0.10 Hz are single peaked

(Fig. 16). Those with peak frequency ranging from

0.05 to 0.06 Hz and from 0.15 to 0.3 Hz are double-

peaked spectra. For spectra with peak frequency

between 0.04 and 0.05 Hz, three peaks are observed,

(i) the predominant peak at 0.05 Hz due to long

period swell and another peak at 0.07 Hz due to swell

and the third peak at 0.13 Hz due to the wind-sea.

The grouping of all the wave spectra in 1 year based

on the significant wave height indicates that high

waves (Hm0[ 2 m) are single-peaked wave spectra

with the spectral peak at * 0.1 Hz and during 1.5%

of the time waves are in this group (Fig. 17). For

waves with Hm0 between 1 and 2 m, the wave spectra

are double peaked with peak frequencies at 0.065 and

0.118 Hz and 46% of the waves measured are under

this category. The waves with Hm0\ 1 m has peak

frequencies at 0.072 and 0.247 Hz. Occurrence of

single-peaked spectra are high (65.7%) during Jan-

uary compared to other months (Table 2). During

June to August, the multi-peaked spectra are more

(79.6–91.8%) compared to other months. During the

1-year period, single-peaked spectra are observed for

37.6% of time and the remaining are predominantly

swell-dominated (49.9%) multi-peaked spectra and

the wind-sea dominated multi-peaked spectra

observed is only 6.6% (Table 2). Earlier studies

indicate that the waves in the northwestern BoB

consist of wind-seas and swells with the predomi-

nance of swells (Patra et al. 2016). Chen et al. (2002)

observed that swell occurs more than 80% of the time

in most of the world’s oceans and wind waves occur

most frequently in the mid-latitudes, decreasing to a

minimum at the equator. Sanil Kumar et al. (2014)

observed larger number of single-peaked spectra

(56.8%) for location 200 km southwest of the present

study area.

Since the coastal inclination is 48� to the east, the

waves with angle more than 138� can create northerly

longshore current. Hence, the waves are separated

into three categories; (i) from 0 to 48� and from 228

to 360�, (ii) from 48 to 138� and (iii) 138 to 228�.
One year data of 2015 shows that 75% of the surface

height variance in a year is a result of waves from 138

to 228�, 17% are from 48 to 138� and balance 8% are

from 0 to 48� and 228 to 360�. Significant percentage
of waves from 48 to 138� is during November–

February (Fig. 18). Compared to the easterly waves,

Figure 14
a Scatter plot of spectral energy density at primary peak and at

secondary peak, b wave direction at primary peak and wave

direction at secondary peak
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Figure 15
Monthly averaged wave spectra at different time in a day during January–December 2015 based on measured data

Vol. 175, (2018) Spectral Wave Characteristics in the Nearshore Waters 3129



the south–southwesterly waves are more energetic

(Fig. 18). The waves from 0 to 48� and from 228 to

360� are the waves approaching the buoy location

from the coast. The wave from the coast are partly

due to land breeze and partly the reflected waves

Table 1

Range of wave parameters for different spectral peak frequency

Peak frequency (fp) range (Hz) Hm0 (m) Tm02 (s) Mean wave direction (deg) Peak wave period (s) Data (%)

0.04\ fp B 0.05 0.32–2.18 (1.19) 3.6–10.0 (6.4) 97–286 (155) 20–22.2 (20.1) 0.83

0.05\ fp B 0.06 0.36–2.29 (1.10) 3.2–12.7 (6.5) 17–301 (155) 16.7–18.2 (17.1) 10.91

0.06\ fp B 0.07 0.29–2.3 (0.93) 3.1–12.1 (6.1) 73–291 (156) 14.3–15.4 (14.8) 27.33

0.07\ fp B 0.08 0.27–5.74 (0.78) 2.9–11.3 (5.8) 118–252 (158) 12.5–13.3 (13.0) 24.21

0.08\ fp B 0.10 0.26–5.84 (0.94) 3.0–9.8 (5.7) 128–224 (159) 10–11.8 (11.1) 17.27

0.10\ fp B 0.15 0.33–4.13 (1.43) 3.4–8.6 (6.0) 94–191 (163) 6.7–9.1 (8.2) 13.11

0.15\ fp B 0.2 0.36–2.6 (1.12) 3.4–6.7 (4.6) 70–205 (153) 5–6.3 (5.6) 3.83

0.2\ fp B 0.5 0.37–1.63 (0.96) 3.1–5.4 (3.8) 59–219 (176) 2.9–4.8 (4.4) 2.52

Figure 16
Average wave spectra for different peak frequency ranges

Figure 17
Plot of a average spectral energy density and b average mean wave

direction of waves under different Hs with frequency in 2015
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(Anoop et al. 2014). A clear semi-diurnal variation is

observed in the wave height and period of the waves

from the coast (Fig. 19). The height of the waves

from the coast is also found to vary with the tide.

Since the measured wind data with a good temporal

resolution is not available, further investigation on

the influence of land breeze on the wave height is not

attempted.

3.3. Long-Term Trend in Wave Height

Since the measured wave data is for a short-

period, the long-term trends in mean Hm0 are

presented based on the ERA-I reanalysis datasets

from 1979 to 2015 (Fig. 20). The annual mean Hm0 is

1.28 m for 1979 to 2015 with a standard deviation of

0.34 m and it varied from 1.2 m (in 2015) to 1.34 m

(in 2005). In the study area, a statistically insignif-

icant weak decreasing trend (- 0.009 cm year-1) in

the annual mean Hm0 is observed during 1979 to

2015. For the central BoB during 1979 to 2012,

Shanas and Sanil Kumar (2015) reported almost

stable or no significant trend in annual mean Hm0.

Aarnes et al. (2015) observed that during 1979–1991,

there is an increase (0–0.5% of annual mean value per

year) of Hm0 in north Indian Ocean and from 1992 to

2012, there is a decrease (0–0.5% of annual mean

value per year). Sanil Kumar and Anoop (2015)

reported a weak decreasing trend (maxi-

mum * - 0.18 cm year-1) in Hm0 in the

northwestern BoB during 1979–2012. Based on the

altimeter data, Kumar et al. (2013) observed that the

variation in SWH is almost negligible for a period of

18 years in the North Indian Ocean. Since the waves

in the study area show strong seasonal changes, the

trend during different seasons (i) February–May, (ii)

June–September and (iii) October–January are also

examined and presented in Fig. 20. The seasonal

trend for June–September is increasing

(0.32 cm year-1), whereas during the other two

seasons, it is negative with larger negative values

(0.28 cm year-1) during February–May.

Table 2

Percentage of single-peaked- and multi-peaked wave spectra in different months in the year 2015 along with classification under wind-sea,

swell or mixed based on spectral peak period

Months Single-peak (%) Multi-peak (%)

Total Wind-sea

(Tp\ 6)

Swell

(Tp[ 8)

Mixed

(6\Tp\ 8)

Total Wind-sea dominated

(Tp\ 6)

Swell dominated

(Tp[ 8)

Mixed

(6\Tp\ 8)

January 65.7 0.0 65.1 0.6 34.3 0.3 30.7 3.3

February 43.3 0.1 43.2 0.0 56.7 13.6 43.1 0.0

March 49.5 0.1 49.4 0.0 50.5 4.5 45.9 0.1

April 26.5 0.4 26.0 0.1 73.5 29.3 42.6 1.6

May 36.8 0.3 36.1 0.4 63.2 6.6 51.4 5.2

June 20.4 0.1 20.2 0.1 79.6 2.9 71.5 5.3

July 20.2 0.0 19.8 0.4 79.8 0.1 61.8 17.9

August 8.2 0.0 7.2 1.0 91.8 2.0 63.2 26.6

September 35.8 0.1 35.6 0.2 64.2 1.7 56.7 5.7

October 58.7 0.1 58.3 0.2 41.3 0.3 38.2 2.8

November 47.4 0.0 47.4 0.0 52.6 4.7 45.9 2.0

December 38.2 0.7 37.5 0.1 61.8 13.0 47.4 1.3

Annual

average

37.6 0.1 37.2 0.3 62.4 6.6 49.9 6.0
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4. Conclusions

The seasonal to the annual variability of the

waves in the northwestern Bay of Bengal is analyzed

using measured data by means of a directional

waverider buoy. Results of this study show that the

annual maximum significant wave height is signifi-

cantly influenced by the tropical cyclone, whereas the

change in annual mean value due to the tropical

cyclone is not significant. The present study indicates

that significant wave heights are usually\ 2 m at this

location and waves are primarily (74%) from the

southeast–southwest at * 138–228�. A secondary

easterly wave direction (48–138�) are also seen. The

measured data shows that the southerly and south-

easterly swells control the wave regime in this region.

During the southwest monsoon period, a double-

peaked spectrum is observed indicating the domi-

nance of both wind-seas and swells. During all the

months, the swell peak is around 0.1 Hz, from the

south–southeast, whereas the wind-sea peak fre-

quency and direction varies from season to season.

Figure 18
a Percentage of surface height variance from different directions (0–48� and 228–360�, 48–138� and 138–228�), b corresponding significant

wave height and c the mean wave period
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Around half of the time in a year, the wave spectral

peak is predominantly between 0.06 and 0.08 Hz.
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