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Abstract : Changing waves at the coastline are highly significant in that they determine the behavior of the shoreline, the movement
of the sand, the frequency of floods and the way in which ships are operated. In order to deal with the coastal lands correctly, we
must fully comprehend how waves vary with change of seasons. The parameters of significant wave height (Hs) and maximum
wave height (Hmax), peak period (Tp), zero-crossing period (Tz), wave direction and sea surface temperature (SST) are examined
in this study as seasonal changes in major parameters of the waves. Our time-series dataset with high resolution is used and various
tools like simple time-series plots, seasonal decomposition, correlation checks, heatmaps, and Fast Fourier Transform (FFT) are
employed to identify patterns. Findings indicate that wave heights, wave periods post-monsoon, wave directions (which are mostly
steady with few variations during storms), and yearly temperature cycles in SST increase due to monsoons. The results of FFT also
confirm the fact that waves are yearly and half-yearly. In general, this paper demonstrates the dynamics between local winds, swell
waves, and monsoons to create wave behaviors at the coast. The coastal planning, climate studies, and enhancement of marine
safety are some of the areas where this study would be applicable.

IndexTerms - Coastal Waves, Seasonal Analysis, Wave Height, Wave Period, Monsoon Influence, Time-Series Decomposition, FFT,
Ocean Dynamics.

l. INTRODUCTION

The sea waves are as well critical in that they determine the way the coastline will evolve and the near shore ecosystem will act.
The height of the waves, the period of the waves and also the direction of the waves influence the mode in which sand moves, the
manner in which the coast erodes, the manner in which ports work, the manner in which ships travel safely and the stability of the
coastline itself. Due to seasonal winds, monsoons and massive weather features, the conditions of waves vary significantly over the
year. Flooding, erosion, as well as marine life are also influenced by these seasonal changes and hence coastal area management
should be studied.

In monsoon-affected coasts, such as the Indian coastline, wave behaviour is highly regular in terms of season. Waves during the
southwest monsoon are much more powerful and energetic. The waves tend to be milder before and after the monsoon. The
knowledge of these cyclical patterns of the seasons aids engineers, scientists, and decision-makers to develop coastal structures,
movements of ships, and examination of future climatic effects.

In modern times, there are more sophisticated ocean-monitoring systems that give long-term and high-quality data of waves. This
enables researchers to investigate seasonal variation in a much greater detail. Rather than analyzing simple summary statistics, time-
series analysis assists us in perceiving the trends, recurring cycles and the interconnection between the various parameters of the
waves. Seasonal decomposition, correlation analysis, heatmaps and Fast Fourier Transform (FFT) are some of the techniques that
facilitate the analysis of how waves vary over various time scales.

This paper examines the behaviour of seasons based on the key wave parameters including significant waves height (Hs), maximum
waves height (Hmax), maximum wave period (Tp), zero-crossing period (Tz), direction of the waves, and sea surface temperature
(SST). Through various time-series techniques, this study will measure seasonal cycles, conceptualize the physical processes of the
seasonal cycles, and offer practical information in coastal studies, disaster preparedness, and climate research.

A. Obijective

The primary aim of this research is to learn the dynamics of the coastal waves in various seasons in terms of time-varying dataset
of the high-resolution time-series. The significant wave height, Hs, maximum wave height, Hmax, peak period, Tp, zero-crossing
period, Tz, direction of the wave, and the sea surface temperature, SST, are some of the key parameters of waves that we are
interested in. This paper employs processes such as seasonal decomposition, correlation analysis, heatmaps, and Fast Fourier
Transform (FFT) to identify long-term trends, season changes and repetitive cycles within the data. Generally, it aims at elucidating
the seasonal behaviour of coastal waves in a clear way so that the coastal planning, engineering works and hazard preparedness can
be enhanced.

B. Scope
The present study is confined to the analysis of the seasonality in coastal waves. The data in this research is based on Copernicus
Marine Service of NASA and National Data Buoy Center of NOAA. This study merely covers seasonal behaviour and fails to cover
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forecasting and prediction models. The research looks at key parameters of waves in terms of Hs, Hmax, Tp, Tz, direction of the
waves and SST in order to know how they vary in the various seasons. Time-series plots, decomposition, correlation analysis,
heatmaps and Fast Fourier Transform (FFT) are used to locate patterns due to monsoons, wind and ocean processes. This work will
be useful in the study of the coastal by supplying information that will be useful in the study of the coastal and hazard planning as
well as making future investigations on the coastal dynamics.

Il. PROBLEM STATEMENT

Ocean swells, storms, monsoon seasons and the dynamics in waves characterise the coastal regions due to varying winds. These
developments pose numerous challenges to the coastal engineers, maritime governments, and environmental planners. The intensity
and the frequency of waves influence the extent of coast erosion, the number of times they occur, the level of safety in which ships
are transported as well as the design of the coastal structures. Conventional techniques of monitoring tend to present average
conditions only and fail to provide the finer details of seasonal and recurrent patterns of wave data. It is difficult to comprehend
how the wave height, the wave period, the direction of the waves, and the sea surface temperature vary with the seasons or how
they depend on each other without the appropriate time-series analysis. Due to this reason, an analytical method needs to be clear
and organized. Such approach can reveal seasonal patterns, discover significant repeating patterns, and determine the way in which
the characteristics of waves vary as time progresses. This assists in enhancing the decision-making process of coastal management
and minimizes threats.

I1l. LITERATURE REVIEW

The article Sea Surface Temperature Prediction by Using EDA and Exponential Smoothening Algorithm by the authors: Amit
Kumar Pandey and Dr. Santosh Singh (2023) dwells upon the application of time-series smoothing methods to model and analyse
SST changes. Exponential smoothing with exploratory data analysis (EDA) was examined in the study in order to reveal the
underlying seasonal and trend elements in SST. Although being utilized in prediction, this methodology is based on decomposition
and descriptive statistics, which directly underlie Phase 1 of this project where similar techniques are employed to determine the
change in seasonal patterns of coastal SST-levels. The utilization of non-machine learning methods in the study justifies the classical
seasonal analysis to be an essential phase in marine time-series forecasting. [1].

The article by Effrosynidis et al. (2023) is entitled Time Series and Regression Methods Univariate Environmental Forecasting,
which includes empirical analysis of classical statistical forecasting models. They compared linear time-series techniques including
ARIMA and exponential smoothing to environmental data that had identified seasonality. The authors discovered that the use of
traditional decomposition methods had a high potential to determine seasonal cycles of univariate time series, especially in the
environmental field such as ocean and climate data. This justifies the choice of decomposition and correlation analysis on wave
parameters such as Hs and Tp in Phase 1 in the current study. [2].

The article by Sloyan et al. (2023) under the title Application of Machine Learning Techniques to Ocean Mooring Time Series Data
investigated the use of long-term mooring datasets which include several marine variables and their statistical and computer-based
analysis. The article has pointed out the benefits of multi-parameter time-series data analysis through classical and new techniques.
Although the target of the research was to predict by applying machine learning, it gave an emphasis on the need to determine
seasonal patterns by first decomposing the results and making them visual, a technique that is similar to the objective of Phase 1 in
this project. [3].

In the article by Xie et al. (2023), the name of which is A Novel Quality Control Method of Time-Series Ocean Wave Observation
Data Combinable with Deep-Learning Prediction and Statistical Analysis, the authors suggested a hybrid system of cleaning and
interpreting ocean wave data. The statistical analysis element was applied in order to identify the anomalies and outliers without
affecting natural seasonal cycles in the time-series. Although, the fundamental goal was improvement of data quality, the data
processing techniques are in direct relation to the decomposition and anomaly detection processes of seasonal trend analysis of
wave height and wave period data. [4].

In the article, Statistical Modelling of the Ocean Environment-A Review of Recent Developments in Theory and Applications,
Vanem, Zhu, and Babanin (2022) review other statistical methods that have been applied to understand the behavior of the wave
climate, including such methods as correlation analysis, decomposition, and detecting seasonal anomalies. The authors note that
before doing any prediction, it is important to establish the recurrent seasonal trends in oceanographic parameters. Their results
support the methodology of Phase 1 of this project, which is completely based on the statistical explanation of the wave parameters,
including but not limited to Hs, Hmax, Tp, and SST. [5].

The article by Medina-Lopez and Urefia-Fuentes (2019) is named High-Resolution Sea Surface Temperature and Salinity in Coastal
Areas Worldwide with Raw Satellite Data and focuses on the capabilities of high-resolution data to record changes in SST and
salinity during the seasons and across the regions. These datasets were discovered to enable easy identification of temperature cycles
and seasonal thermal changes, particularly in the nearshore areas. The methodology followed, which includes visualization of data
daily, break even of trends, and periodicity observation, is somewhat aligned with the statistical methods of seasonality applied in
this project in order to analyze coastal SST. [6].

Finally, the article by Xu et al. (2020), Spatio-Temporal Predictions of SST Time Series in the Offshore Waters of China by a
Regional Convolution Long Short-Term Memory (RC-LSTM) Network, integrates the methods of deep learning with conventional
methods of seasonal analysis to enhance the modeling of the SST behavior. Although, as noted earlier, the aim of this paper is to
predict, the study starts by identifying trend and seasonal factors in SST time-series data, by means of decomposition, corresponding
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to the first phases of this study. The article also emphasizes the usefulness of preprocessing and statistical analysis prior to the use
of more intricate forecasting techniques. [7].

These works combined justify the design and methodology of Phase 1 of the project justifying the use of high-resolution time-series
measurements, statistical decomposition, correlation analysis, and visual seasonal interpretation using various parameters of the
wave and ocean.

IV. METHODOLOGY
A. Data Collection and Pre-processing

The data employed in this work is that of NASA and it includes high-resolution time-series data of crucial parameters such as
significant wave height (Hs), maximum wave height (Hmax), peak period (Tp), zero-crossing period (Tz), peak wave direction and
sea surface temperature (SST). Missing values, spikes and inconsistencies in the data were initially analysed and interpolated and
smoothed where necessary to correct the data. Time stamps were normalized and the data was put in a homogenous time format
that could be analyzed seasonally. The study involved no predictive or forecasting models, since they are only interested in studying
seasonal behaviour. This purged data was then ready to undergo statistical analysis, decomposition, visualization and spectral
processing.

B. Data Description

Each parameter was provided in the form of a descriptive summary to get a glimpse of its physical importance and the role in the
season. Hs and Hmax are the energy levels and the extreme waves with the Tp and Tz being used to describe the type of the wave
system swell dominated or wind sea dominated. The direction of the prevailing waves is known as peak direction and SST records
seasonal cycles in thermal effects that affect waves production and propagation. All these parameters enable an overall perception
of the changes in the environment and dynamics in the coastal waters. (Fig 1.)

Parameters Description of dataset

Hs Represents the average height of the highest one-third of waves. Indicates overall wave energy and sea
state.

Hmax Highest recorded wave height within each time interval. Useful for identifying extreme wave events.

Tp The period corresponding to the highest energy in the wave spectrum. Longer Tp indicates swell; shorter
Tp indicates wind-sea.

Tz Average time between consecutive upward crossings of the mean water level. Shows overall wave-cycle
duration.

Peak Direction | The direction from which the dominant waves approach. Influenced by monsoon winds and swell
propagation.

SST Surface temperature of the ocean. Reflects seasonal thermal cycles and indirectly affects wave generation.

Fig 1. Data Description

C.Correlation Analysis

The correlation heatmap (Fig. 2) gives a clear picture of the statistical relationship between the parameters of the waves in the whole
dataset. In the analysis it was found that there is a very strong positive correlation between significant wave height (Hs) and
maximum wave height (Hmax) and the values of correlation are always high and found to be approximately 0.97- 0.98, in all
seasons. This is a testament that the two parameters react in a similar way to variations in wave energy, and are caused by the same
physics.

There is also a moderate positive correlation between zero-crossing period (Tz) and both Hs and Hmax (around 0.32 -0.40), as more
energetic and higher waves are going to be associated with slightly longer mean wave-cycle length. Peak period (Tp), conversely,
has lesser correlation with height-related parameters, particularly monsoon and summer seasons, which is suggestive of Tp
responding more to swell conditions than local wind-sea energy.

Peak direction is not positively correlated with any other parameter, and is almost zero. This means that the prevailing direction of
approach of waves is relatively constant irrespective of the changes in wave height or period, as is the case with areas where the
monsoon winds are constant or the direction of the swell is constant.

There is weak to moderate positive correlation between SST and Hs, as well as Hmax (around 0.26 0.44 amid seasons), which
indicates that warmer-water phases can be loosely connected with increased wave activity, particularly in monsoon months.
Nevertheless, SST has almost zero correlation with Tp or the direction of maximal temperature, which means that thermal seasonal
variations do not have a direct impact on the mechanics of waves.

On the whole, the correlation patterns reveal that the parameters of wave height are highly interdependent, the wave periods
demonstrate moderate dependencies with the energy levels, and the direction and temperature are independent variables to the great

[JVRA2603773 ‘ International Journal of Versatile Research and Analysis (IJVRA) www.ijvra.org) 967



https://ijvra.org/

% INTERNATIONAL JOURNAL OF VERSATILE RESEARCH AND ANALYSIS (VRA)  [EZ= YN
DVRA  © 2026 IJVRA | Volume 4, Issue 3, March 2026 | ISSN: 2984-8903 | IVRA.ORG

extent. These observations can be used to explain the behaviour of various wave properties across seasons and aid in additional
seasonal, spectral study.

Correlation Heatmap of Wave Parameters

- 1.0
0.8
0.6
- 0.37 1 0.47 0.096 0.087

Hs

Hmax

Tz

-0.4
& - 00019 -0.011 -0.12
&
- -0.2
[ 7]
5 - -0.005 -0.0072 0.096 -0.15
£
m
&
-0.0
- 027 0.26 0.087 0.12 0.15 1
Hs Hmax Tz Tp Peak Direction SST

Fig 2. Correlation Heatmap of Wave Parameters

D.Time-Series Decomposition

Each wave parameter was decomposed into trend, seasonal and residual aspects as a result of seasonal decomposition, which
provided a more in-depth insight into the underlying patterns that are not evident in the observed time series. The decomposition
outcomes of all six parameters (Fig. 3 through 8) clearly point to the impact of the monsoon cycles, swell conditions and annual
variation of temperatures on the coastal wave behaviour.

At large wave height (Hs) the observed series demonstrates observable peaks in the monsoon season whereas the seasonal
component demonstrates a smooth annual movement with higher peaks in the middle months of the year. The trend grows modestly

near the end of 2018 and then levels and residual elements incorporate temporary variations that could be due to storm activities or
local wind shear (Fig. 3).
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Fig 3. Seasonal Decomposition of Hs

On the same note, maximum wave height (Hmax) has a strong and pronounced seasonal cycle whereby the seasonal values are high
in monsoon months and low in calmer months. The trend pattern is very similar to that of Hs which confirms the high physical
connection between the two parameters. The remaining variations indicate short bursts of irregular wave activity, through which
abrupt energetic episodes are associated (Fig. 4).
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Seasonal Decomposition of Hmax
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Fig 4. Seasonal Decomposition of Hmax

Peak wave period (Tp), seasonal component shows greater irregular cyclic behaviour than height based parameters. Tp has seasonal
varying increases and decreases that represent the combined effect of local wind-sea and incoming swell systems. The trend declines
slightly to have a downward slope up to 2018 and then slightly increases showing slow changes in prevailing wave periods with
time (Fig. 5).
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Fig 5. Seasonal Decomposition of Hp
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The seasonal cycle in the decomposition of the zero-crossing period (Tz) is smoother, albeit with substantial variations. The trend
is negative in early periods and increases again towards 2019 indicating slow changes in total duration of the waves-cycle. The
values of the residues are not particularly large and indicate that Tz has a stable structure in contrast to Tp (Fig. 6).
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Fig 6. Seasonal Decomposition of Tz

During the situation of the peak direction, the decomposition indicates that the direction is largely constant across the dataset. The
seasonal element has gentle community swings yet it is not very periodic in character, meaning that the prevailing approach wave
angles are relatively stable across seasons. The trend indicates a progressive decreasing trend, and thereafter there is the directional

stability. The residual variations receive minor directional changes due to incident swell interference or wind pattern variations
(Fig. 7).
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Fig 7. Seasonal Decomposition of peak direction

Lastly, there is sea surface temperature (SST) which shows a definite and profound seasonal cycle that is characteristic of thermal
ocean behaviour. The seasonal factor is highest on the warmer months and lower on cooler months. This trend declines steadily
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and then rises towards the end of 2018 and this represents a good reflection of the evolving thermal structure of the coastal
environment. The trend of residuals is very small and this implies that SST is very seasonal and predictable yearly (Fig. 8).
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Fig 8. Seasonal Decomposition of SST

In general, the decomposition findings indicate that there are present and significant seasonal behaviours in all wave parameters.
The monsoonal energy of waves and the mixed seasonal and irregular pattern of wave period are highly affected, the direction of
peaks is rather stable, and SST has a strong annual cycle. These results are a very valuable background to the dynamics of coastal
waves and their seasonal causes.

E. Spectral (FFT) Analysis

Each of the wave parameters was subjected to Fast Fourier Transform (FFT) to determine the strongest periodic terms that determine
seasonal and long-term variations in the coastal wave climate. FT can be used to reveal the underlying cycles that recur throughout
the time-series data by converting the time-series data in the time domain into the frequency domain. The FFT output was calculated
not only in frequency (cycles per day) but also expressed as converted seasonal periods (30 -450 days) in order to identify physically
significant wave cycles (Fig. 9 -10).

The energy of the frequency-domain spectrum is high at low frequencies, which is indicative of large-scale periodic behaviour (a
large wave height, Hs). On a conversion to seasonal scale, Hs has apparent peaks at 3035 days, representing short-term synoptic
atmospheric fluctuations, and a much stronger annual cycle at 300 days which corresponds to the overwhelming influence of
southwest monsoon on wave energy (Fig. 9-10).
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Fig 9-10. FFT power Spectrum vs Frequency — Hs and FFT seasonal Period (30-450 days) - Hs

Equally, maximum wave height (Hmax) also exhibits almost the same periodic behaviour, which supports its strong physical
relation with Hs. It has been found that the FFT period plot shows major peaks at 30 to 40 days and an increasing long-term cycle
at 300 to 350 days, which affirm the existence of seasonal forcing due to monsoons as the main regulator of extreme wave events
(Fig. 11-12).
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Fig 11-12. FFT power Spectrum vs Frequency — Hmax and FFT seasonal Period (30-450 days) - Hmax

The FFT analysis of the period of peak (Tp) reflects a more intricate trend and more than one peak of energy. A significant
semiannual cycle of about 150 160 days is exhibited by Tp, which implies transitional behaviour between pre-monsoon, monsoon
and post-monsoon conditions. Moreover, the approximately 300 days annual cycle along with moderate strength in short intervals
is indicative of the combination of swell-dominated and wind-sea-dominated waves that affected Tp (Fig. 13-14).
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Fig 13-14. FFT power Spectrum vs Frequency — Tp and FFT seasonal Period (30-450 days) - Tp

The zero-crossing period (Tz) also shows high periodic energy in the short term (30-40 days) cycles as well as long-term (annual)
cycles. The seasonal FFT plot indicates that the periodic structure of Tz is similar to Tp with smoother and more stable energy
peaks and this is in line with its use as an average wave-cycle indicator (Fig. 15-16).
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The spectral properties of peak wave direction are not similar to other parameters because it is a stable parameter. Direction is very
high-energy in the lower frequencies indicating the long-term direction stability due to the steady monsoon wind patterns. The FFT
period plot reveals that major cycles are observed to be located at 200-250 days and the annual effect is broadly spread at 300 days,
which implies that changes in direction take a long time to be observed at seasonal levels as opposed to short-term changes (Fig.

17-18).
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Fig 17-18. FFT power Spectrum vs Frequency — Peak Direction and FFT seasonal Period (30-450 days) - Peak Direction

In the case of sea surface temperature (SST), the FFT output demonstrates an extremely high energy of very low frequency which
is a manifestation of the gradual and slow nature of thermal changes in the ocean. The period-domain spectrum (Fig. 19- 20) also
shows the highest annual cycle with the highest power density around 300365 days, which is in line with seasonal heating in summer
and cooling in winter. Periodicities with shorter periods contain low power, which means that long-term seasonal forcing is
dominant in SST, but not short-term atmospheric variability. These findings affirm the high thermal behaviour of SST per year and
justifies the seasonal behaviour of decomposition analysis.
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IV. RESULTS AND DISCUSSION

The findings of the seasonal analysis provide a nice depiction of how the parameters of the coastal waves vary as time goes by and
what repetitive patterns they take. Through correlation analysis, time-series decompositions, and FFT, we are able to observe the
variations in the wave height, wave period, wave direction and sea surface temperature (SST) throughout the year as a result of
monsoons and ocean conditions.

The correlation analysis demonstrates that Hs and Hmax have a strong relationship as both of them are dependent on the wave
energy. Tz is moderately correlated with the height parameters and Tp and SST are weakly correlated. Wave direction is not highly
correlated with other parameters i.e. direction of the wave approach remains largely constant although the wave energy varies with
the seasons.

Seasonal decomposition indicates evident annual activities in the yearly values of the wave height. Hs and Hmax increase in the
monsoon and decrease during calm seasons. The pattern of the waves is less regular and Tp varies too much since it is influenced
by both wind waves and swell. SST exhibits a robust and consistent annual trend which is comparable with seasonal warming and
cooling.

V. CONCLUSION

This paper examined the variation of the significance of the coastal wave parameters across seasons by relying on the high-resolution
time-series data. These patterns made sense of using correlation analysis, seasonal decomposition and FFT. The findings indicate
that monsoon and other great seasonal environmental variations have a significant influence on coastal waves. The height of the
waves is significantly greater during the monsoon due to stronger winds and swell and the waves are calm when not in the monsoon
months. The period of the waves (Tp and Tz) varies more irregularly since they are affected by the local wind waves and the swells
that are long-distance.

Direction of the peak waves remains nearly similar across the year. It is not highly associated with other parameters and this implies
that the approach direction of the waves is regulated by consistent seasonal wind patterns. There is an obvious annual cycle of sea
surface temperature (SST) which is subject to natural warming and cooling.

These results are supported by FFT analysis indicating three large repeating cycles that include short 30-40-day cycle, semiannual
cycle of about 150-180-day cycle and strong annual cycle of about 300-365 days. These are the short term weather variations and
long term monsoon. They all demonstrate that the behaviour of coastal waves is complicated and has definite seasonal patterns.

On the whole, this research gives a clear insight into the seasonal variation of the coastal waves. The findings are applicable to
coastal engineering, disaster planning, shipping and navigation as well as the coastal zone planning. Further research can focus on
the additional places, longer time series or prediction tools to understand seasonal wave behavior even better.
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