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Abstract 

The National Institute of Ocean Technology (NIOT) moored buoy measurements in the Central Arabian 

Sea (AS) at AD07 location (68.87 E, 15.07 N) during the year 2015 are utilized to understand wind and 

wave growth characteristics at this location during the post- monsoon season covering the three-month 

period from October to December (OND). The wave direction followed the wind from Northeast while 

the swells were predominantly from the Southern Indian Ocean (SIO) from distant storms. This season 

is characterized by low to medium wind and wave conditions with the peak period (Tp) exhibiting two 

distinct peaks in sea and swell ranges. The wave age and wave steepness are evaluated from the data 

which are important to understand the wind-wave growth with energy balance equation of significant 

waves. The buoy algorithm separates sea and swell at 10 s, and hence, the results are presented for the 

two cases for Tp less than 10s (wind sea range) and for Tp more than 10 s (swell range). It is found that 

32.5 % are old swells, 6.7 %, are mature swells, 46.6 % are young swells and only 14.3 % are wind 

seas at AD07 during post-monsoon season. As there were no cyclones that influenced AD07 during this 

period (Chapala & Megh were away from AD07 and had landfall on Gulf coast, no impact at AD07) 

the swells predominantly are from the SIO. In addition, the available empirical relationship on wave 

steepness and wave age based on the 3/2 power law for wind seas is compared for the present study 

and found to follow the trend. A new coefficient is derived for AD07 location in the unobstructed deep 

waters for post-monsoon season. The empirical relationship developed between the non-dimensional 

wave height and wave period in the shallow waters of AS is compared with present data. A similar 

relationship with modified coefficient for deep waters is derived AD07 in the central AS for post-

monsoon season. 
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INTRODUCTION 

Arabian sea is characterized by swells during the 

entire year. During pre and post monsoon, seas and 

swells are distinctly separated by two peaks while 

during the monsoon generally mixed seas exist. 

Wave steepness is used as a measure estimate the 

separation frequency of wind sea and swell. Swell 

decay rate is related to a reverse momentum flux 

process and influences the marine atmospheric 

boundary layer. Sanil Kumar et. at (2010) found that 

even with low wind speeds of less than 3 m/s, 

significant wave height more than 2m is present due 

to the swells in the Arabian Sea, during the onset of 

summer monsoon off Goa in 14 m water depth 
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during 2006 and the waves are found to be predominantly (67%) swells with young seas [12]. 

Aboobacker et al. (2011b) have identified potential swell generation areas during different seasons in 

the Arabian Sea (from SW direction during SW monsoon and from SW/SSW and NW directions during 

both pre-monsoon and post-monsoon seasons). An attempt has been made to understand the co-

existence of wind seas and swells at different coastal regions in the Indian side of the Arabian Sea 

during non-monsoon season by Rashmi et. al. (2013) [11]. The link between North Indian Ocean (NIO) 

high swell events and the meteorological conditions over the Southern Indian Ocean (SIO) is explored, 

using a combination of in situ measurements and model simulations for the year 2005 by Remya et. al, 

2016 [10]. 

 
The above studies in the Arabian Sea are mostly pertaining to coastal locations where the wave height 

and direction transform based on the bathymetric contours and coastline orientation with sea-land 
breeze effects. Whereas the present paper deals with wave growth in the deep waters with continuous 
supply of wind and is unobstructed by the bathymetry. These studies cover different years and different 
seasons with less emphasis given to post-monsoon characteristics in deep waters. Hence, the present 
study focuses on the wind wave characteristics with reference to the wave age and wave steepness at 
AD07 in deep waters of AS in 2015.  
 
The development of pure wind-driven waves in deep waters is controlled by three basic processes: 

energy input from wind to surface waves, nonlinear wave–wave energy transfer and energy dissipation 
due to wave breaking. Numerical wave models are developed based on wind wave theory to study the 
wind-wave growth with an energy balance equation for significant wave, for which a relationship 
between wave steepness ɛ and wave age β, is needed. Various ɛ–β relationships have been proposed on 
the basis of both observations and physical simulations. However, a considerable discrepancy still exists 
among these proposed relationships. In addition, both wave steepness and wave age can be used to 
discriminate wind waves from swells, since wind waves are typically steeper and younger than swells. 
Thus, the ɛ–β relationship is still an important issue in wind wave study.  

 
In earlier proposed ɛ–β relationships, it is assumed that wave steepness is dependent on wave age 

only [17,18]. Wang (1990) and Guan and Sun (2002) obtained a ɛ–β relationship based on the “3/2-
power law” proposed by Toba (1972), in which a drag coefficient is assumed to be constant [6,15]. 
Drag coefficient is dependent on wind speed and is mostly parameterized as a linear function of wind 
speed [3] [13][7] [4] [20]. Guan and Xie (2004) proposed that the drag coefficient is a nearly-linear 
function of wind speed with the slope dominated by wave steepness [5]. Hou and Wang (1993) 
presented a relationship based on the wave spectrum width while Wu et al. (1980) proposed based on a 
non-dimensional fetch, but only a steady wind blowing for a sufficiently long duration is the fetch 
definite, which is rare in field experiment [7,19,]. Thus, it is more practical to establish a ɛ–β relationship 
to reconcile the discrepancy mentioned above, in which an effective parameter is included instead of 
nondimensional fetch.  

 
In order to interpret the discrepancy among the existing ɛ–β relationships, in this paper, observations 

of both wind and waves from moored buoy at AD07 location are utilized in deriving the empirical 
relationship for various ranges of wind seas and swells during post-monsoon season which will help in 
guiding the numerical models as well as laboratory physical model studies. Hence, the present paper 
finds its significance in deriving the empirical relationships between wave steepness and wave age as 
well as between wave height and peak period for wind seas. It also classifies the type of swells and 
quantifies them in the swell dominant conditions in the Arabian Sea. 

 
METHODOLOGY 

AD07 buoy is located at 68.87 E, 15.07 N in the central Arabian Sea on the west coast of India. 
During 2015 post-monsoon season two cyclones occurred (Chapala & Megh, Figure 1) during October 
and November but their tracks were far away from AD07, and their landfall was on the Gulf Coast and 
no impact was felt at AD07 location. 
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Figure 1. AD07 Buoy location with cyclone tracks during post-monsoon. 

 

The buoy measurements on wind, wave parameters such as significant wave height (Hs), mean wave 

period (Tm02), Mean wave direction (MWD) along with peak period Tp are utilized in the study which 

are available at 3 hourly intervals. The buoy algorithm segregates sea and swell period at 10s cut off 

and the derived sea swell parameters are used. The timeseries of Hs and its sea and swell components 

are plotted in Figure 2 during the post-monsoon period OND 2015. Swells are observed throughout the 

period between 0.5 to 1.0 m height with maximum around 1.5 m during 1st week of October. Wind seas 

range between 0.5 to 2.0 m with maximum 2.5 m during the 2nd week of October.  

 

The Hs-sea (wind seas) and Hs-sw (swell) are overlaid on Tp in Figure 3. Due to swell decay, the 

swell wave hights are smaller and wind-sea wave height due to local winds are higher. Whenever Tp is 

low and in wind-sea range (short period) it can be seen that the Hs-sea are higher.  

 

 
Figure 2. Hs and its components during post-monsoon 2015. 
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Figure 3. The sea & swell Hs are superposed on Tp during post-monsoon 2015. 

 
The sea & swell mean wave periods are plotted along with Tp in Figure 4. Short periods below 10s 

are considered as sea range and long period waves above 10s are considered as swells. Pure wind seas 
(without swells) are present only for 14% of time and found to co-exist with the swells almost all the 
time during post-monsoon season.  
 
During post-monsoon, local sea waves (MWD-Sea) are from Northeast direction in line with winds 

while the swell direction from SIO is from South as shown in Figure 5. Wind sea growth has been found 
while the swell propagates opposite to the direction of the wind and wind sea. The peak wave direction 
can be seen from both sea and swell directions depending on the peak is in the sea or swell range 
respectively. 
 
Wind speed at 10 m height (U10) is plotted along with Tp in Fig. 6 (left panel). The variation of U10 

with Tp is also shown in Fig. 6 (right panel). High wind speeds are observed for low Tp whereas, 
comparatively lesser U10 is observed for higher Tp. Accordingly, the Hs-sea is high and Hs-swell is 
less. Some data shows zero wind speed which are removed from analysis.  
 
The components of Hs are plotted against the corresponding mean wave period for swells (left) and 

seas (right) in the Figure 7. It clearly indicates the demarcation of wave period at 10s. Tm02 <10s as 
seas and Tm02 > 10s as swells. The wave heights of swells are mild and that of seas are relatively hight. 
 

 
Figure 4. The sea & swell mean wave period are superposed on Tp during post-monsoon 2015. 
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Figure 5. The sea & swell mean wave directions are superposed on peak wave direction during post-

monsoon 2015. 

 

 

 
Figure 6. (left) The wind speed at 10m height is superposed on peak period Tp (right) Tp vs U10 during 

post-monsoon 2015. 

 

 
Figure 7. Tm02 vs Hs for (left) swells & (right) wind seas  
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Figure 8. Tp vs Hs for (left) swells & (right) wind seas  

 

 

  
Figure 9. U10 vs wave celerity for (left) Tp ≤ 10s & (right) Tp > 10s. 

 
The components of Hs are plotted against the peak wave period Tp against Hs-swell (left) and Hs-

seas (right) in the Figure .8. Tp extends from 4 to 20 s in both the cases. But the wave height ranges are 
high for wind seas (Hs-sea) for both Tp ≤ 10s and Tp>10s than the Hs-swells. 
 
The wave celerity (phase speed, calculated based on Tp, dominant wave period) Cp (=gTp/2π) is 

plotted against wind speed U10 for Tp ≤ 10 s on the left and Tp>10s on the right in Fig. 9. Cp is 
proportional to Tp and hence, Cp varied between 5 to 15 m/s for Tp ≤ 10 s and between 15 to 30 m/s 
for Tp>10s. The corresponding U10 varied from 4 to 13 m/s for Tp ≤ 10 s and 4 to 8 m/s except for 
peak instant (10.4 m/s) for Tp>10s. 
 
The friction velocity u* is plotted against U10 for Tp ≤ 10 s on the left and Tp>10s on the right in 

Fig. 10. Friction velocity is proportional to Cd, drag coefficient. In this paper, Cd is kept constant up to 
U10 < 11 m/s and linearly varied based on U10 for U10 >11 m/s as per  arge and Pond (1981) [8]. 
 
Cd = 1.2 x 10-3 for U10 <11 m/s & 

Cd = (0.49+0.065 U10) x 10-3 for 11<U10 <25 m/s (1) 

Wind-stress   =  Cd (U10)2 (2) 

Friction velocity   𝑢∗ =  √
𝜏

𝜌
  (3) 

Hence, for Tp>10s, with U10 less than 11 m/s, Cd was constant at 0.0012 and u* varied between 0.1 
to 0.3 m/s except one peak instance of 0.36 m/s. Hence, a straight line is obtained with linear variation 
between u* vs U10.  For Tp ≤ 10 s, few instances of U10 ≥11 m/s, changed the trend of the linear 
relationship for u* in the 0.39 to 0.47 m/s.  
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Figure 10. U10 vs friction velocity u* for (left) Tp ≤ 10s & (right) Tp > 10s. 

 
The wave steepness and wave age are derived based on the following. With significant wave 

properties, wave steepness and wave age are defined as 

𝜀 =
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 (5) 

𝛽∗ =
𝐶𝑃

𝑢∗
=

𝑔𝑇𝑃
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 (6) 

where, Hs is the significant wave height,  p is the wave length corresponding to the peak wave period 
Tp, g is acceleration due to gravity. Cp is the phase speed of waves, u* is the surface wind frictional 
velocity. ɛ is wave steepness and β is wave age while β* corresponds to wave age with respect to friction 
velocity u*.  

 

  
Figure 11. Variation of wave steepness (ɛ) with wave age (β) (left) Tp ≤10 s & (right) Tp >10 s. 
 

  
Figure 12. Variation of wave steepness (ɛ) with wave age (β*) (left) Tp ≤10 s & (right) Tp >10 s. 
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Table 1. Classification of Swells based on wave steepness  

S n. Steepness Age of swells Total = 736 (Post-monsoon-OND) U10 ≥ 4 m/s = 496 (67.4 %) 

Tp ≤10 s311(62.7 %) Tp >10 s185 (37.3 %) Total (496) 

1  ess than 0.004 Old swells Nil 87 % 32.5 % 

2 0.004 – 0.01 Mature swells 2.9 % 13 % 6.7 % 

3 0.01 – 0.025 Young swells 74.3 % Nil 46.6 % 

4 Greater than 0.025 Wind Seas 22.8 % Nil 14.3 % 

 

The types of swells at AD07 location during post-monsoon season, are classified into young, mature 

and old swells based on significant wave steepness–a measure of relative wave age (Thompson et al., 

1984) in Table 1[14].  

 

The total number of data points for October, November & December (OND) 2015 during post-

monsoon were 736 at 3 hourly intervals. Out of which, 32.6% points were removed (U10 < 4 m/s). The 

data points with U10 > 4 m/s (496) are used for analysis (Figure 13) and consists of 37.3% (185 points) 

with Tp > 10 s and 62.7 % (311 points) as Tp ≤ 10 s. The long period waves with Tp > 10 s consists of 

87% old swells and 13% mature swells. Short period waves with Tp ≤ 10 s consists of 3% mature 

swells, 74 % young swells and 23% wind seas. 

 

Overall, from the 496 data points analysed with U10 ≥ 4 m/s; it is found that 32.5 % are old swells, 

6.7 %, are mature swells, 46.6 % are young swells and only 14.3 % are wind seas in the deep waters of 

the Central Arabian Sea at AD07 buoy location during post-monsoon, as shown in Figure 14. As there 

were no cyclones that influenced AD07 during this period (Chapala & Megh were away from AD07 

and had landfall on Gulf coast, no impact at AD07) the swells predominantly are from the SIO.  

 

 
Figure 13. Wave type classification based on wave steepness and Tp at 10s. 

87

13

0 00
2.9

74.3

22.8

0

20

40

60

80

100

Old swells Mature swells Young swells wind seas

%
 i

n
 e

ac
h
 c

la
ss

Types of  waves based on Tp 

Tp <10s Tp>10s

leave space between 10s , 311

leave space between 10s , 185

Remove [14] and retain 
Thompson et al 1984

correct this symbol as 
less than or equal to  <= symbol

Tp demarcated at 10 s



 

Journal of Offshore Structure and Technology 

Volume 12, Issue 2 

ISSN: 2349-8986 

 

© STM Journals 2025. All Rights Reserved 18  
 

 
Figure 14. Wave type classification based on wave steepness for all Tp. 

 

EMPIRICAL RELATIONSHIPS USING BUOY DATA 

Relationship between ɛ–β for Wind Seas 

For wind waves in local equilibrium with the wind, Toba (1972) [16]. proposed the well-known “3/2-

power law” show as: 

𝐻∗ = 𝐵𝑇∗
3/2

 (7) 

where, 𝐻∗ = 𝑔𝐻𝑆 𝑢∗
2⁄ , 𝑇∗ = 𝑔𝑇𝑆 𝑢∗⁄  and B=0.062. The law indicates that, in wind waves free of 

swells, the characteristic wave height and wave period are not independent of each other due to the 

coupling between wind and wind waves, but comply with Eq. (7).  

 

Multiplying Eq. (7) by 2𝜋𝑢∗
2 𝑔2𝑇𝑃

2⁄  and using 𝑇𝑆 = 0.91𝑇𝑃 and 𝐶𝑑 = (𝑢∗ 𝑈10⁄ )2, where Cd is the 

drag coefficient, Eq. (7) can be rewritten as 

𝜀 = 0.135𝐶𝑑
1/4

𝛽−1/2 (8) 

𝜀 = 0.135𝛽∗
−1/2

 (9) 

𝛽∗ = 𝐶𝑝/𝑢∗ (10) 

Eq. (8) shows that wave steepness ɛ is a function of both wave age β and drag coefficient Cd. It 

suggests that wave steepness ɛ decreases with increasing wave age β, and that for a given wave age, the 

larger drag coefficient leads to the larger wave steepness. Eq. (9) states that wave steepness ɛ depends 

only on wave age β* as defined by Eq. (10) in terms of friction velocity. According to Amorocho and 

De Vries (1980) [1], the onset of wave breakers starts at about 7 m/s and the saturation of wave breakers 

occurs at approximately 25 m/s, at which the wind drags sea foam and spray rather than the true sea 

surface waves [2]. The present paper focuses on the case of wind waves in deep water without the 

saturation of wave breakers. So, data in the available datasets are selected according to Wind speed 

condition: 4 m/s≤ U10 ≤25 m/s; Deep water condition:  p ≤ 4d, where d is water depth. The ɛ–β* 

relationship derived from the 3/2-power law was strongly supported by the observational data of  iu 

Bin et. Al. (2007) [9].  
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The available empirical relationship on wave steepness and wave age based on the 3/2 power law for 

wind seas is compared with the present AD07 data and found to follow the trend with an offset of 0.003. 

A similar relationship with a new coefficient for AD07 deepwater case during post-monsoon season 

(0.151) has been derived as against 0.135 that was fitted for the observational data of  iu Bin et. Al. 

(2007) [9]. Figure 15 shows the ɛ–β relationship derived from the 3/2-power law. It is shown that wave 

steepness increases with drag coefficient and decreases with increasing wave age β. 

 

Relationship between Hs and Tp for Wind Seas 

The empirical relationship developed between the non-dimensional wave height and wave period in 

the shallow waters of AS (Rashmi et. al. 2013) is compared with present data in deep waters at 

AD07[11]. 

 

For shallow waters of Arabian Sea (Rashmi et. al. 2013) [11].  

𝑔𝐻𝑠(𝑠𝑒𝑎)

𝑈102 = 0.0085 (
𝑔𝑇𝑃(𝑠𝑒𝑎)

𝑈
)

1.515
 (11) 

 

A similar relationship with modified coefficient 0.0108 (deep waters) as against 0.0085 (Coastal 

region) is derived for present data at AD07 for post-monsoon season as shown in Fig. 16 is given by 

 

For deep waters of Arabian Sea at AD07 

 
𝑔𝐻𝑠(𝑠𝑒𝑎)

𝑈102 = 0.0108 (
𝑔𝑇𝑃(𝑠𝑒𝑎)

𝑈
)

1.515
 (12) 

 

 
Figure 15. Comparison of Wave steepness (ɛ) and wave age (β) relationship based on 3/2 power law 

[9]. with that of the deep waters at AD07 for wind seas  
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Figure 16. Comparison of relationship between nondimensional wave height and non-dimensional peak 
period for coastal waters (Rashmi et. al. 2013) [11]. with that of the deep waters at AD07 for wind seas  
 
CONCLUSIONS 

1. Based on the measurements at AD07 buoy location in the central Arabian Sea in deep waters, the 
wave characteristics during post-monsoon season (OND) in the year 2015 for wind speeds greater 
than 4 m/s are segregated into different categories based on the wave steepness as 32.5 % old 
swells, 6.7 % mature swells, 46.6 % young swells and only 14.3 % wind seas. 

2. As there were no cyclones that influenced AD07 during this period (Chapala & Megh were away 
from AD07 and had landfall on Gulf coast, no impact at AD07) the swells predominantly are 
from the SIO.  

3. The available empirical relationship on wave steepness and wave age based on the 3/2 power law 
is compared with the present AD07 data and found to follow the trend with an offset of 0.003. A 
similar relationship with a new coefficient for AD07 deepwater case during post-monsoon season 
(0.151) has been derived as against 0.135 that was fitted for the observational data of  iu Bin et. 
Al. (2007) [9].  

4. The empirical relationship between the non-dimensional wave height and wave period in the 
shallow waters of AS derived by Rashmi et. al. 2013, is compared with present AD07 data in 
deep waters [11]. A similar relationship with modified coefficient 0.0108 (for deep water case) 
as against 0.0085 (Coastal waters) is derived for the post-monsoon season at AD07. 
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