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Propagation patterns of swells generated by tropical cyclone Freddy
and its coastal impacts along the Indian ocean rim
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Abstract

This study examines the swells generated by Tropical Cyclone (TC) Freddy, an exceptionally long-lived cyclone that
traversed the southern Indian Ocean (SIO) westward during February 2023. The intensification and prolonged duration
of severe TCs are anticipated to increase, making them a greater threat under future climate conditions. While swells
are not the most intense sea conditions, these low frequency swells lead to coastal hazards such as erosion and flooding,
hence understanding the TC trends and the effect along the coastlines is crucial. The modelling experiments are carried
out using WAVEWATCH III (WW3). The analysis quantified TC 2023 Freddy—generated swell energy and revealed their
ability to propagate across the basin, reaching the coasts of India, Sri Lanka, the Maldives, Lakshadweep, the Gulf region,
and eastern Africa. Spectral evolution demonstrated how cyclone-forced wind seas transformed into dominant long-period
swells, with nonlinear interactions amplifying low-frequency energy during cyclones peak intensity. Wave power density
analysis further indicated that southern India and nearby island regions experienced the strongest swell impacts, with
values reaching 0.5-2 kW/m. These findings highlight the far-reaching influence of long-lived cyclones on distant coasts
and provide critical insights for anticipating coastal vulnerability and developing effective protection strategies under
future climate scenarios.

Keywords Unstructured WAVEWATCH 111 - Non-linear wave-wave interactions - Wave power density - Swell
propagation - Tropical cyclone Freddy - Wave modeling

1 Introduction (Grossmann-Matheson et al. 2024). These conditions

severely impact navigation, coastal infrastructure, and can

A tropical cyclone (TC) is a large-scale convective atmo-
spheric system that generates intense wind fields, disturb-
ing the ocean surface and producing high-energy waves.
Globally, TCs (or hurricanes or typhoons) are character-
ised by sustained wind speeds exceeding~33 m/s, with the
most intense systems reaching~50 m/s at peak intensity,
and associated significant wave heights typically in the
range of ~6—15 m, leading to extreme oceanic conditions

Responsible Editor: Baba Mytheenkhan

< Remya P G
remya.pg@incois.gov.in

Indian National Centre for Ocean Information Services
(INCOIS), Ministry of Earth Scienes (MoES), Hyderabad,
India

2 Kerala University of Fisheries and Ocean Studies (KUFOS),
Kochi, India

Published online: 23 February 2026

cause coastal flooding and beach erosion (Shimura et al.
2015; Tamizi and Young 2020; Ghanavati et al. 2023).

Apart from generating local wind-seas, TCs consist of a
rotating low-pressure system surrounded by high wind fields
that radiate waves outward from the storm centre. Long-
period swell waves are typically formed due to resonance
between the group velocity of waves and translational speed
of the storm, especially when aligned with high wind speeds.
These energetic swells can travel long distances with minimal
energy loss, often retaining significant intensity comparable
to that within the generation zone (Walsh et al. 2000; Ard-
huin et al. 2009; Wu et al. 2024). When these low-frequency
swells reach the coast, they can result in hazardous wave con-
ditions (Tamizi and Young 2020; Davison et al. 2024).

In recent decades, global patterns of tropical cyclone
activity have shown notable variability in frequency, inten-
sity, and regional distribution, prompting increased scien-
tific attention. Anthropogenic global warming has led to
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Fig. 1 Study area and WAVE-
WATCH III model domains: (a)
multigrid global and 10 setup; (b)
unstructured NIO domain with
open boundary (black line); (¢)
zoomed view of the unstructured
mesh; and (d) wave buoy loca-
tions used in the study
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increased Sea Surface Temperatures (SSTs), and combined
with favourable atmospheric conditions, has contributed to
rising TC frequency and intensity, resulting in large-scale
losses and threats to human life (Peduzzi et al. 2012; Kossin
et al. 2020; Klotzbach et al. 2022). Hence, understanding
TC trends and their impacts along coastlines is crucial.
This is especially important for a country like India,
with a coastline of about~ 11,000 km spanning nine states.
Understanding the impact of cyclone-induced waves along
the Indian coast becomes indispensable. The North Indian
Ocean (NIO) experiences tropical cyclones approximately
in a ratio 3:1 annually—three in the Bay of Bengal (BoB)

70 75

72 73

and one in the Arabian Sea (AS)—accounting for around
5% of global TCs (Singh 2010; Paul et al. 2022). However,
recent decade exhibits significant changes in the nature of
tropical cyclone in the NIO also in terms of increasing trend
in the intensity, frequency, and duration (Deshpande et al.
2021; Sebastian and Behera 2015).

Another significant contributor to high wave conditions
along the Indian coast is the swell from the Extra-Tropical
Southern Indian Ocean (ETSIO). Various studies have ana-
lyzed the general propagation characteristics of these swells
toward the NIO region (Bhowmick et al. 2011; Sabique et
al. 2012; Samiksha et al. 2012; Remya et al. 2016; Zheng

Fig. 2 Freddy cyclone track with 70
intensity and focus areas chosen
for the study
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Fig. 3 (a) Temporal evolution of cyclone intensity; (b) Genesis Poten-
tial Index (GPI) averaged over the period from 00:00 UTC on 3 Febru-
ary to 12:00 UTC on 6 February; (c) vertical wind shear (m/s) aver-

et al. 2018; Sreelakshmi and Bhaskaran 2022). Extra-
tropical cyclones originating between 50°S and 70°S (with
additional activity between 30°S and 50°S) generate swell
waves with typical lifespans of 3-5 days (Reboita et al.

Fig. 4 Hovmoller diagram show-
ing the zonal average of swell
wave height (m) over the Indian
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aged for February 2023; and (d) Sea Surface Temperature (SST, K)
averaged for February 2023

2015). However, their contribution to Indian coastal wave
conditions is significant. Yet, there have been no studies
on the swell propagation characteristics due to wave fields
from the TCs formed at the Tropical Southern Indian Ocean

Swell Wave Height (m)

-

g2

'\’5 -\6’ '\9' ’):L

@ Springer



24 Page 4 of 18

Ocean Dynamics (2026) 76:24

Fig.5 Propagation routes of swell
energy from (a) Region A; (b)
Region B; (¢) Region C; and (d)
Region D
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(TSIO) region. Hence understanding the swell propaga-
tion pattern due to TC wavefields and the degree of impact
across the IO coasts is an overlooked area.

In this study, we focus on swells generated by Tropi-
cal Cyclone Freddy, a long-lived system that traversed the
entire Indian Ocean westward in February 2023. This rare
event is comparable to the tracks of TC Eline (February,
2000) and TC Hudah (March, 2000), both of which crossed
the Southern Indian Ocean (SIO) and made multiple land-
falls in Madagascar and Mozambique, causing significant
coastal impacts. The growing threat of intense tropical
cyclones remains a global concern. According to (Knutson
et al. 2015), while the overall number of TCs may decline in

Table 1 Summary of swell arrival time and the affected regions along
different target regions

Regions Timing of Arrival Affected Regions
Across Target Areas
Region A T1-168 h Indonesian Archipel-
T2-192 h ago, Sumatra Islands,
T3-192 h Srilanka, India
Region B T1-96 h Sumatra Islands,
T2-120 h Andaman & Nicobar
T3-120h Islands, Myanmar,
T4-192 h India, Gulf of Aden,
Oman, Africa,
Madagascar.
Region C T2-72 h India (west coast),
T4-96 h Gulf region, Africa,
Madagascar
Region D T4-24h Africa, Madagasacar
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a warmer late 21 st century, the average intensity and num-
ber of very severe cyclones are expected to increase.

Thus, gaining insights into the swell propagation patterns
of TC Freddy is crucial. Although the most significant threats
from such cyclones are typically to Madagascar and the east-
ern coasts of Africa, little research exists on how the wave
fields from TC Freddy have propagated across the Indian
Ocean and which regions of the Indian coast may have been
affected. While swells may not represent the most extreme sea
conditions, their low-frequency nature can lead to significant
coastal hazards (Kumar et al. 2009). Even though there are
numerous studies illustrating the swell propagation patterns
along the IO (Zheng et al. 2018, 2022; Sreelakshmi and Bhas-
karan 2023), there was no reference for the swell propagation
route from a TC like Freddy. Thus analyzing the swell propa-
gation patten from cyclone like TC Freddy helps for futuristic
coastal protection during a similar situation. Hence this study
investigates the swell propagation patterns and identifies the
coastal areas which are prone to these swells.

Rest of the article is organized as follows: Sect. 2 describe
data and methodology. Section 3 and Sect. 4 presents an
overview of the TC Freddy, Sect. 5 evaluates the results and
provides a discussion. Section 6 presents summary and con-
clusion of the study.

Fig. 6 Non-linear wave-wave interactions and 1D-spectra along the}
cyclone track (a) 6th Feb 00:00, (b) 6th Feb 12:00, (¢) 6th Feb 18:00,
(d) 7th Feb 00:00
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{ Fig. 7 Non-linear wave-wave interactions and 1D-spectra along the
cyclone track (a) 7th Feb 06:00, (b) 7th Feb 12:00, (¢) 7th Feb 18:00,
(d) 8th Feb 06:00

2 Data and methodology

2.1 Model used

The present study employs the third-generation numeri-
cal wave model WAVEWATCH III (WW3) developed by
NOAA/NCEP (WWIII Development Group, 2016). The
model solves the general wave action balance equation,
which accounts for all relevant physical processes such as
wave generation, propagation, nonlinear interactions and
dissipation (Tolman 2009). The conservative terms, includ-
ing local rate of change and spatial and spectral propagation,
are balanced by non-conservative source and sink terms. In
deep water, the net source term comprises three components:
wind-wave interaction (.5;,,), nonlinear wave—wave interac-
tions (S,;), and dissipation due to whitecapping (Sgs). In
shallow water, additional processes such as wave—bottom
interaction (Sbot), depth-induced wave breaking (Sg), and
triad wave—wave interactions (S;,-) are also considered.

In this study, two WW3 model configurations are used.
First, a regular multi-grid setup is implemented, consisting
of a global grid [0°-360°, 80°S—80°N] with 0.5° resolution
and an Indian Ocean grid [30°E-120°E, 60°S-30°N] with
0.25° resolution (Fig. la), to analyze the propagation of
waves from TC Freddy over the Indian Ocean region. Sec-
ond, an unstructured WW3 configuration with spatial resolu-
tion varying from 1 to 10 km is developed for the NIO region
[S6°E-96°E, 2°S—26°N] to examine the coastal impact of
TC-generated swells. These high-resolution grids are more
effective for resolving coastal processes than coarser grids.

The unstructured grid for the NIO region is generated
using OceanMesh2D, a MATLAB-based software for two-
dimensional unstructured mesh generation in coastal ocean
modelling (Roberts et al. 2019). INCOIS bathymetry data
with a resolution of 200 m, which combines NHO survey
data along the coasts with GEBCO-30s data is used for depth
values in the coastal model (Ramakrishnan et al. 2022).
Boundary spectral data for the NIO grid are derived from
the 0.25° Indian Ocean grid (Fig. 1). The model employs the
ST4 package for wind input and dissipation parameteriza-
tions (Raj et al. 2023), while bottom friction is parameterized
using the JONSWAP formulation (Hasselmann et al. 1973).

Nonlinear wave—wave interactions are modeled using
the Discrete Interaction Approximation (DIA). Quadru-
plet interactions represent nonlinear resonant processes in
which four wave components exchange energy and momen-
tum while conserving both quantities, thereby redistributing
energy across different frequencies and directions within
the wave spectrum. Two wave components, kjand ko, can

exchange energy efficiently only in the presence of two
additional components, k3 and k4, that satisfy the reso-
nance conditions (Hasselmann 1963). Energy input from the
wind occurs primarily near the spectral peak and mid-range
frequencies, while dissipation due to whitecapping predom-
inantly affects the higher-frequency components. The qua-
druplet interactions redistribute energy across the spectrum,
promoting a more uniform distribution over wavenumber
space. This process acts as a stabilizing mechanism and
drives the wave spectrum toward the JONSWAP equilib-
rium shape (Hasselmann et al. 1973; Susilo et al. 2017).

As we know that the waves reaching the coast area is a
combination of wind waves and swells, so here to under-
stand how the swells generated from the TC Freddy along
with ETSIO swells are affecting the NIO region, we car-
ried out three different model experiments with three differ-
ent model forcings. Initially with full wind fields in the 10
regions (WW3F). Secondly, wind forcing was given along
the TC tracks only hereafter called as WW3TC to under-
stand the swell propagation from the TC Freddy. Lastly,
we forced the model with wind only in the TSIO region to
quantify the ETSIO swell contribution (WW3SI).

2.2 Dataused

In this study, NCMRWF wind fields with a spatial resolution
of 0.125° are used as model forcing. The National Centre
for Medium-Range Weather Forecasting (NCMRWF) uses
a Numerical Weather Prediction (NWP) system built on the
NCMRWF Unified Model (NCUM). The NWP model uses
global meteorological data from both conventional and sat-
ellite sources, with wind analyses available at 00, 06, 12,
and 18 UTC.

The best-track data for Freddy is obtained from the
International Best Track Archive for Climate Stewardship
(IBTrACS-WMO) v4 dataset. The ERA-5 reanalysis dataset
of 0.25-deg resolution and a temporal resolution of 3 h is
used for SST, Air-temperature, Humidity, wind velocity etc.
(Hersbach etal. 2020). Model validation was performed with
the help of wave buoys from the ESSO-INCOIS WAMAN
buoy network (Balakrishnan et al. 2025) (Fig. 1d).

2.3 Methodology

To better understand the TC Freddy evolutions an analysis
of the initial conditions of the TC is carried out based on
the Genesis Potential Index (GPI), an empirical formulation
used to analyze the influence of these large-scale environ-
mental factors developed by (Camargo et al. 2007).

o\’ 513 —2 Voor |’
GPI:(E)O) x [10°7|2 x (1 + 0.1Vipear) ~ X ;O
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{ Fig. 8 Non-linear wave-wave interactions and 1D-spectra along the
cyclone track (a) 9th Feb 00:00, (b) 9th Feb 12:00, (¢) 10th Feb 12:00,
(d) 10th Feb 18:00

The symbols represent the following: n is the absolute vor-
ticity at 850 hPa in s™', H is relative humidity at 600 hPa in
%, and Vshear is the vertical shear magnitude (m/s) between
850 hPa and 200 hPa, Vpot is maximum TC Potential Inten-
sity (P1) (ms—1) (Emanuel 1988; Bister and Emanuel 2002).

The swell propagation patterns from the TC Freddy along
the IO is done based on the method explained in (Zheng et al.
2018). The entire swell track is divided into five regions start-
ing from the initiation period to the landfall region as shown
in Fig. 2. The regions are divided as follows A [105°E-120°E;
18°S-10°S], B [86°E-105°E; 17.5°S-12.5°S], C [64°E-86°E;
19.5°S-12.5°S], D [48°E-64°E; 23°S-15°S], E [30°E-48°E;
25°S-15°S] etc. The Swell Index (SWI) for each region is
determined based on the average Wave Power Density (WPD),

9>

WPD =
64w

HZT, = 0.49H:T,

Where Hj is the swell wave height in meters, T, is the
energy period in seconds, p is the sea water mass den-
sity (p =1028Kg/ m?), g is the gravitational acceleration
(g = 9.8m/s?), the WPD is calculated every three hourly.
The leading correlation coefficients of the terminal area
with respect to the SWI in each region is done to determine
the propagation pattern of the swells along the IO and in the
target regions as shown in Fig. (2). The target regions are
T1 [70°E-90°E; 0°N-10°N], T2 [60°E-76°E; 10°N-25°N],
T3 [78°E-96°E; 10°N-25°N], T4 [40°E-55°E; 10°S-10°N].

The rate at which swell energy attenuates during its prop-
agation from the source region to the destination is calcu-
lated as follows:

WPDS(t) - WPDG(t+n)

1
WPDy x 100%

drpy =

where, d,.(;) represents the attenuation rate of swell energy at
a given time t, W P D) denote the swell wave power den-
sity (kW/m) at time t in the source region, and W P D)
refers to the swell wave power density in the terminal area
after a lag of n days from the source.

3 Tropical cyclone Freddy

The TC Freddy is the longest active cyclone with a duration
of 36 days from 4th February 2023 to 14th March 2023.Track
of TC Freddy with intensity is shown in Fig. 2. A depression
originated south of Indonesian Archipelago on 4th February
which then developed into a TC on 6th February 1200 UTC,

it moved westwards and moved across the open ocean. As it
moved westward it underwent rapid intensification multiple
times and after attaining its highest intensity, the cyclone
advanced toward the northern Mascarene Islands, making
the first landfall near Mananjary, Madagascar, on February
21. As it moved across Madagascar, the cyclone weakened
further but regained strength after entering the Mozambique
Channel, intensifying before making its second landfall near
Vilanculos, Mozambique, on February 24. Even after cross-
ing Mozambique, the cyclone persisted for several days
causing rainfall and re-entered the channel on March 1, it
then redeveloped as a tropical system and traveled along the
coast of Madagascar. Before making its final landfall near
Quelimane, Mozambique, on March 11, Freddy intensified
again and upon moving inland, it lost strength rapidly and
dissipated by March 14. The TC Freddy is second in terms
of accumulated cyclone energy by World Meteorological
Organization (WMO) reports and the cyclone traversed
from east to west throughout the SIO as shown in Fig. 2.

4 Role of ocean-atmosphere interactions in
sustaining TC Freddy

The life cycle of a tropical cyclone begins with the forma-
tion of an environment that has the necessary thermody-
namic conditions for development of a cyclone to form are
explained by (Gray 1975; Briegel 1997; Wu et al. 2020)
are high sea surface temperature, high mid tropospheric
humidity, weak vertical wind shear etc. From the aver-
age conditions during the period of 3rd February to 6th
February, it is evident from the high GPI values around
the genesis region that the met-oceanic conditions were
favourable for the development of the cyclone (Fig. 3).
The cyclone persisted for 36 days, a recent study by (Perry
et al. 2024) has examined in detail the factors which con-
tributed to the sustenance of the cyclone. According to
the study, the Mascarene High (MH) exerted a dominant
influence by steering Freddy westward through strong
easterly winds, effectively preventing it from recurving.
Also, the presence of TC Dingani led to a split in the MH,
increasing steering flow and acting as a moisture con-
veyor that helped sustain TC Freddy’s convective struc-
ture and intensity. Moreover, throughout the entire period,
as indicated by Fig. 3c and d, conditions were favourable
for cyclone growth, with sea surface temperatures in the
range of 27-29°C and weak Vertical Wind Shear (VWS)
in m/s (Sebastian and Behera 2015). A few cyclones reach
eastern Africa, mainly because of the challenging topogra-
phy and dry conditions. In this case the movement of TC
Freddy in the Mozambique Channel was primarily guided
by strong casterly steering flow associated with the MH

@ Springer
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{ Fig. 9 Non-linear wave-wave interactions and 1D-spectra along the
cyclone track (a) 18th Feb 06:00, (b) 18th Feb 18:00, (¢) 19th Feb
06:00, (d) 19th Feb 12:00

east of Madagascar, which acted as a barrier and directed
the cyclone westward. It gained strength over the warm
Mozambique Channel waters, made a brief landfall in
southern Madagascar, but was deflected by an upper ridge,
forcing it back to sea, where it re-intensified before hitting
central Mozambique. The high-pressure systems supported
Freddy through moisture convection retain strength over
land and during its re-entry into the Mozambique Channel
ultimately guiding it to its final landfall in central Mozam-
bique (Perry et al. 2024; Ussalu and Manjate 2024).

5 Result and discussions
5.1 TC Freddy generated swell propagation pattern

The primary focus of this study is to understand how sur-
face wave fields generated by a long-lived TC like Freddy
propagated across the 10 and impacted coastal areas during
its east-to-west movement. Figure 4 shows the time-latitude
Hovmoller diagram of swell wave heights for the IO region,
derived from the WW3TC simulation, indicating how
swells generated by the TC alone traversed the basin. The
analysis clearly shows that the swell waves produced dur-
ing the TC period were distributed across both the NIO and
SIO regions. The zonal average of swells propagated into
the NIO shows relatively low heights (<0.5 m). To further
investigate the propagation across the 10, a swell propaga-
tion track was derived based on the correlation between the
SWI in each region.

Figure 5a illustrates the swell propagation pattern from
region A (Fig. 2), where the TC remained for 3 days (6-9
February). This region represents the generation zone of
TC Freddy. As the cyclone moved westward, its intensity
peaked at 48 m/s before weakening to 25 m/s. From region
A, swells propagated in two main directions: one towards the
northwest (NW) and the other towards the southwest (SW).
The SW-propagating swells were directed towards the SIO,
while the NW-propagating swells reached areas such as the
Indonesian Archipelago, including Sumatra and Java. These
swells reached region T1 by 168 h. Upon approaching the
southern coasts of India and Sri Lanka, the swell field split
into two branches: one towards the eastern coast of India and
the other towards the western coast. These swells reached
region T3 in about 192 h. Swells from region A had minimal
influence on region T2. A smaller portion of the swell energy
from region A also reached the western coasts of Australia.

Figure 5b illustrates the swell propagation from region
B (Fig. 2). In this region, the cyclone intensified to a maxi-
mum of about 59 m/s before decreasing slightly to ~40 m/s.
The swells generated followed two dominant directions:
NW and SW, similar to those from region A. The SW com-
ponent propagated towards the SIO regions, while the NW
component advanced towards the Sumatra coast, the Anda-
man and Nicobar Islands, and eastern areas such as Myan-
mar. By ~96 h, the NW swells reached the southern NIO.
Near the southern tip of India and Sri Lanka, the NW branch
split into two: one moving north-eastward towards the east-
ern coast of India and the other north-westward towards the
western coast. The swells arrived at the west coast (region
T3) by ~120 h and subsequently extended towards the Gulf
of Aden and the Oman coast, reaching them by ~192 h. By
this time, the swells also propagated as far as the eastern
African coast (region T4) and Madagascar.

Figure 5c presents the swell patterns from region C
(Fig. 2). As the cyclone progressed westward through this
region, it reached a maximum intensity of ~69 m/s. The
swells again split into two dominant branches: the SW
component propagated into the western 10, while the NW
component extended towards the western Asian coasts, the
Gulf region, eastern Africa, and Madagascar. These swells
reached their farthest extent within ~96 h.

Figure 5d shows the swell propagation from region
D (Fig. 2). Here, the cyclone reached a peak intensity of
~72 m/s before gradually weakening as TC Freddy made its
first landfall. The swells generated from this region propa-
gated towards the Madagascar coast, while a significant por-
tion spread south-westward into the western 10.

Table 1 shows the summary of the swell arrival time and
the affected regions from Regions A to D. Region E exhib-
ited no significant swell propagation pattern during the pas-
sage of TC Freddy.

5.2 Swell modulations- spectral analysis

To better understand the role of wind forcing in swell gener-
ation and interaction, three different modelling experiments
were conducted. In the first experiment, the full wind field
was used, representing the most realistic condition with
contributions from both the TC and the background wind
field. This setup captures the combined effects of cyclone-
generated wind seas, local wind sea swell interactions, and
remotely generated swells propagating into the basin.

In the second experiment, winds were restricted to the
track box alone, i.e., the immediate vicinity of the cyclone.
This isolates the influence of the TC wind forcing, allow-
ing the assessment swell generation and evolution directly

@ Springer



24 Page 12 of 18

Ocean Dynamics (2026) 76:24
— Full Wind --- ETSIO ---Trackbox
1000.01 (a-i) (a-ii) 200
500.01 +150
T —
0.0 +100
-500.01 J 50
'1000.0_ . . . . P - . . 0
100.01 (b-i) (b-ii)
80
50.01
r60
0.0 40 T
S~
()]
L?o 150.0 20 £
- fn
X 0 2
[ -
- - (O]
= (c “)-80 g
c
1 >
oy 200.0 P
60 E
c
0.0 L
40
-200.01 50
-400.0 0
(d-i) (d-ii)
,\ '5
5.0 :‘|
!l .,
1 Y
] 1
I 1
0.0 Lt 3
1 A
\ o/ 2
[y
1 i
-5.01 YA -1
1 j\,——~‘

00 01 02 03 04 0500 01 02 03 04 05
Frequency (Hz) Frequency (Hz)

@ Springer



Ocean Dynamics (2026) 76:24

Page 13 0f 18 24

{ Fig. 10 Non-linear wave-wave interactions and 1D-spectra along the
cyclone track (a) 19th Feb 18:00, (b) 20th Feb 06:00, (¢) 21st Feb
12:00, (d) 22nd Feb 18:00

under the cyclone without interference from the broader
background wind field.

The third experiment considered winds only in the ETSIO
region, thereby excluding contributions from the NIO and
other surrounding areas. This configuration highlights the
role of ETSIO winds in generating long-period swells and
their interaction with TC-generated waves.

Comparison of the wave spectra from these three experi-
ments will give clarity on the relative influence of local TC
winds, remote background winds, and ETSIO winds. This
analysis offers insight into how cyclone-generated swells
interact with swells originating from the ETSIO region and
with one another, as well as how nonlinear processes redis-
tribute energy across different frequency bands under vary-
ing forcing scenarios.

In this section, we analyse the One-Dimensional (1D)
energy spectra and the S,;(quadruplet/nonlinear wave—
wave interaction) terms along the cyclone track to examine
swell-swell interactions using the three model experiments
described earlier. Waves in the TSIO generally consist of
locally generated wind-sea and swells propagating from
the ETSIO. The complex ocean wave field is better anal-
ysed using wave spectra, as spectral representation incor-
porates frequency, direction, and energy information. The
1D energy spectra may be double-peaked (bimodal), with
a low-frequency swell peak and a high-frequency wind-sea
peak (or two swell peaks), or single-peaked (unimodal),
representing a single swell or wind-sea system in the TSIO.

Across Figs. 6, 7, 8, 9 and 10 the one-dimensional wave
spectra (energy density) and S;,; panels show a consistent
evolution as the cyclone develops, matures and makes land-
fall. Early stage (Fig. 6) shows a clear bimodal spectra i.e.,
a high-frequency wind-sea peak and a low-frequency swell
peak where S;,; shows active exchanges that begin transfer-
ring energy from high to low frequencies. S,,; fields already
show positive lobes at low frequencies and negative lobes
at higher frequencies, indicating energy transfer from wind-
sea into the swell band. This is the onset of spectral down-
shift as cyclonic winds begin to force short waves that are
nonlinearly transferred to longer periods.

Figures 7, 8 and 9 shows the increasing spectral energy
and stronger .S,,;, progressive shift of spectral peak to lower
frequencies and gradual change from bimodal to unimodal
spectra as cyclone-generated long-period energy grows and
dominates. Spectral energy and S,; magnitudes increase
as the cyclone intensifies. The S,,; panels show stronger
positive contributions at low frequencies and stronger neg-
ative lobes at higher frequency, a clear signature of non-
linear redistribution (quadruplet interactions) that feeds

long-period swell energy. During landfall (Fig. 10b-c), the
unimodal, low-frequency swell becomes most prominent
(local wind-sea peak largely weakened at the track loca-
tion); swell peak broadens. S),; remains active and the swell
peak is broadened which shows a clear outcome of both
wind-sea to swell transfer and the swell-swell interactions
that redistribute energy within the low-frequency band and
further broaden the swell peak. Post landfall (Fig. 10d), the
spectra shift back toward higher frequencies and bimodality
reappears, consistent with decay of the cyclone forcing and
shows relative role for shorter wind-sea components and
remote swells again.

In addition to the transfer of wind-sea to swell, via S,
the panels show evidence that swell-swell interactions, i.e.
between TC swells and ETSIO swells (nonlinear exchanges
occurring entirely within the low-frequency band) are active
as the swell energy builds. These interactions broaden the
swell peak and redistribute energy across nearby low fre-
quencies, which helps the low-frequency energy dominate
spatially and temporally (Fig. 6d-Fig. 8). Due to this inter-
action, the swell signal arriving at distant coasts is longer-
period, more persistent, and spectrally broader than the
initial swell source produced under the cyclone.

5.3 Impact of TC swells in the NIO

In this section, we analyse the effect of tropical cyclone (TC)
swells along the coasts. As highlighted in Sections 5.1 and
5.2, high-energy swells are generated and reach the Indian
coasts. To further this discussion, the swell attenuation rate
was calculated for the target regions, as shown in Fig. 11,
indicating that almost 80% of the energy is attenuated
before reaching the coast. Spectral analyses were conducted
for several coastal locations along the Indian coast, includ-
ing Kavaratti, Kozhikode, Digha, Gopalpur, Ratnagiri, and
Kanyakumari, with representative results for Kavaratti,
Kozhikode, and Digha. The model validations with the
observations along the coast are shown in Fig. 12 for the
representative coastal locations Kavaratti and Kozhikode to
prove the reliability of the model. It is evident that the swell
energy from the cyclone significantly impacted the coast,
particularly from 14th February. According to the propaga-
tion patterns, swells reached the Indian coast from Region
A by 192 h, consistent with the spectral analysis results.
Even though a large portion of the swell energy was attenu-
ated, it still produced a significant impact, as reflected in the
spectral analysis with spectral energy density ranging from
(0-0.2 m*/Hz).

Spectral validation was performed using wave-rider buoy
data. In Kavaratti, on 21st February at 06:00 UTC, the model
data (WW3F spectral distribution) showed good agree-
ment with observations, with only slight underestimations
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Fig. 12 Validations of the model data WW3F runs with wave buoy data for the locations (a) Kozhikode (b) Kavaratti

(Fig. 13a). Figure 13b shows Digha on 23rd February at
12:00 UTC, where the model slightly overestimates low-
frequency components and underestimates high-frequency
components, though it follows the bimodal distribution pat-
tern closely. Figure 13c presents Kozhikode on 21st Feb-
ruary at 06:00 UTC, showing strong coherence between
model data and observations despite minor mismatches.
The analysis indicates a combined impact of TC swells
and ETSIO swells along the coast. To gain a comprehen-
sive understanding of how swells from similar TCs affect
the coast and to identify the most affected regions, the wave
power density (WPD, kW/m) along the coast up to 500 m
depth was filtered and categorized using WW3TC and
WW3F runs for the NIO region, as shown in Fig. 14a and b.
From the WW3TC runs (Fig. 14a), the most affected
regions along the Indian coast are the southern tip (WPD
0.5-1 kW/m) and the southern coast of Sri Lanka (WPD
0.75—-1 kW/m). The eastern coast is generally more affected
than the western coast, with most regions experiencing a
WPD of 0.25-0.5 kW/m, whereas the Kerala and Karna-
taka coasts are affected with WPDs of 0.25-0.5 kW/m, and
higher energies (0.5-1 kW/m) reach the southern Kerala
coast. Island regions are also impacted significantly, with
WPDs ranging from 0.5 to 2 kW/m. Also it is evident that
the island shadowing effect due to the Srilanka has shielded
the southeastern coasts. The northwestern coast of India

where the shelf width is high shows less WPD and indicate
the swell attenuation in the area compared to southwestern
coast which receives direct swell energy. Overall, the analy-
sis shows that swells from TC Freddy strongly affect the
southern coast, Sri Lanka, and nearby island regions.

Figure 14b shows WPD along the coast using WW3F
runs. In this scenario, coasts experience higher energies due
to the combined effects of wind and SIO swells, with WPD
exceeding 1.75 kW/m along coasts and islands. The general
wave energy characteristics along the Indian coasts during
February align well with previous observations (Mithun et
al. 2025). Therefore, the effect of TC Freddy along the coast
is significant. Although the contribution from WW3TC is
less than that from WW3F, these swells generate high wave
energies along the NIO coasts and islands, which could lead
to adverse impacts.

6 Summary and conclusion

This study emphasizes the wave fields induced by TC
Freddy, which persisted for 36 days, supported by atmo-
spheric and oceanic conditions favourable for sustained
convection. Although the impact of the ETSIO swells along
the various coasts is extensively studied, the swell propaga-
tion pattern due to the wavefields due to the TC along the
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TSIO is least explored, thus understanding the effects of the
TC wavefields along the 10 region is very crucial especially
for a long lived cyclone like TC Freddy which traversed the
entire SIO. The primary objective of the study is to under-
stand the swell propagation patterns and identify the regions
most affected by the cyclone.

Analysis of the swell propagation patterns indicates that
swells generated by a long-lived cyclone like TC Freddy
can propagate across the entire Indian Ocean, reaching the
coasts of India, the Gulf region, eastern Africa, and sur-
rounding areas. Moreover understanding the swell propaga-
tion pattern provides insights during futuristic situation, not
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only during a longer cyclone like Freddy, but during various
other situations also as the study analyses the impact from
various regions across the 10.

Further examination of the 1D spectra and nonlinear
interactions along points of the TC track reveals that as
the cyclone intensifies, energy in the low-frequency range
increases significantly, exceeding contributions from
ETSIO swells. During this phase, the peak frequency shifts
toward lower frequencies, and the spectral shape becomes
unimodal as the cyclone-driven winds dominate the low-
frequency swells, preventing the establishment of a distinct
secondary peak. The nonlinear interactions support these
findings with enhanced positive contributions along the
low frequency part and stronger negative lobes at higher
frequencies, highlighting the role of quadruplet non-linear
interactions leading to the redistribution of energy towards
long period swells. The 1D-spectral energy density ranged
from approximately 2 to 200 m?/ H z representing the mul-
tiple intensification stages from the period of cyclone gen-
esis to the first landfall. As the cyclone weakens, the spectral
shape transitions toward a bimodal distribution, reflecting



Ocean Dynamics (2026) 76:24

Page 17 0f 18 24

contributions from both TC and ETSIO swells at differ-
ent frequencies with a maximum spectral density of about
5m?/Hz.

Swell attenuation analysis using WW3TC along the coasts
shows that the Indian coasts were not heavily impacted by
TC Freddy, with swells losing up to 80% of their energy
before reaching the shore. Consequently, only lower wave
energies (<2 kW/m) were observed along the coasts, in con-
trast to the higher energies seen in the general WW3F sce-
nario along the NIO coasts and islands. The most affected
regions were the southern tip of India and the southwestern
coasts of Kerala with a WPD of (0.5—-1.5 kW/m). The south-
ern coast of Srilanka was similarly impacted with WPD of
(0.75-1.75 kW/m). The Lakshadweep Islands, Maldives,
Srilanka are the greatly affected regions with a WPD of (0.5
—2 kW/m). Thus the regions most affected were the south-
ern coastal areas and nearby islands, suggesting that similar
high-energy conditions may occur along these regions dur-
ing future cyclones of comparable intensity.

This study provides valuable insight into swell propaga-
tion patterns and identifies regions along the NIO that are
most susceptible to potentially destructive wave impacts
during similar cyclonic events. The use of the high reso-
lution unstructured WW3 enabled better understanding the
coastal dynamics and the effects along the coasts. Under-
standing these patterns is essential for anticipating more
severe future extremes and developing effective coastal
protection strategies to mitigate the impacts of such events.
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