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ABSTRACT
Tropical cyclones (TCs) are among themost devastating natural hazards, and their development can be signifi‑

cantly influenced by marine heatwaves (MHWs)—periods when sea surface temperatures (SSTs) rise 3–4 °C above
average for at least five days. This study investigates the interaction between TCs Gulab and Shaheen and MHW
conditions in the North Indian Ocean during September–October 2021. Using data from NOAA‑OISST and HYCOM
model outputs, alongwith theMarineHeatwave Tracker, wemapped the timeline ofMHWs relative to the formation
and intensification of these cyclones. TC Gulab originated in the Bay of Bengal and later redeveloped as TC Shaheen
in the Arabian Sea—an uncommon occurrence during the southwest monsoon season. On average, 1–2 cyclones
form annually in the Arabian Sea, and about 48.5%dissipatewithoutmaking landfall. However, TC Shaheen intensi‑
fied into a Severe Cyclonic Storm (SCS) andmade landfall on Oman’s coast, where persistent MHWswere observed.
The study suggests that elevated SSTs due toMHWsplayed a significant role in sustaining and intensifying the storm
system. These findings highlight the importance of understanding oceanic thermal anomalies in assessing cyclone
behavior and potential landfall impacts, especially in the context of a warming climate and increasing frequency of
extreme marine heat events.
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1. Introduction

Tropical cyclones (TCs) are the most devastating
natural hazards that affect tropical coastal areas, causing
a huge loss of life and economic damage. They are char‑
acterized by a strong cyclonic vortex with a warm cen‑
tral core, strong wind, heavy rain at the sidewalls, and
a strong surge that makes them more vulnerable to the
coastal areas. The SST greater than 26 °C is the primary
ingredient for the generation andmaintenance of the cy‑
clone. After it, the further intensification or weakening
mostly depends on the supply of energy from the upper
ocean processes like ocean eddies, MHWs.

Extreme and extended duration of warm ocean wa‑
ter temperatures, also known as marine heat waves
(MHWs), has a major impact on marine organisms and
ecosystems. Atmospheric and regional oceanic forcing
through large‑scale teleconnections modulates anoma‑
lous warm ocean temperatures, so that the production
of MHWs varies in different parts of the world’s oceans.
They are expected to occur more frequently throughout
the year. Turbulent fluxes (energy transfer from ocean
to atmosphere), changes in the strength of wind, ocean
surface circulation, and local as well as large‑scale cli‑
mate modes with their teleconnections are the most sig‑
nificant drivers for the enhancement and suppression of
MHWs. It can extend to a deeper depth of the water col‑
umn [1]. During a marine heatwave (MHW), several fac‑
tors contribute to its development and impact on ocean
conditions. Firstly, the shallower mixed layer depth
leads to increased shortwave radiation, which enhances
warming and intensifies upper ocean stratification. This
stratification inhibits vertical mixing and heat transport,
thereby elevating the upper ocean heat content and
bringingwarmanomalies from the subsurface to the sur‑
face. Over the global ocean, the sea surface tempera‑
ture (SST) exhibits significant variability both in space
and time across a wide spectrum of frequencies. Such
variability causes extreme stress to regional marine
ecosystems and industries driven by these ecosystems.
These extremely warm ocean temperature conditions
are called MHWs and are defined as prolonged, unusu‑
ally warm ocean conditions beyond a predefined thresh‑
old [1–6]. The Indian Ocean, the third‑largest oceanic di‑

vision in the world, has been experiencing significant
warming over the past few decades [7]. This warming
trendhas becomeparticularly pronounced in the last ten
years, driven by a combination of natural factors and an‑
thropogenic climate change. The effects of this warm‑
ing are profound, influencing weather patterns, marine
ecosystems, and, notably, the frequency and intensity of
cyclonic activity. The Arabian Sea, located in the north‑
western part of the Indian Ocean, has become a focal
point in discussions about the warming of the Indian
Ocean. In recent years, this region has experienced a sig‑
nificant rise in sea surface temperatures, making it one
of the fastest‑warming parts of the Indian Ocean. This
warming has had profound effects on the region’s cli‑
mate, particularly in terms of cyclonic activity.

The Bay of Bengal and the Arabian Sea, constitut‑
ing the two primary arms of the North Indian Ocean, ex‑
hibit a bimodal pattern in cyclone activity, with distinct
peaks during the pre‑monsoon (March–May) and post‑
monsoon (October–December) seasons. The Bay of Ben‑
gal, in particular, is known to experience the most in‑
tense and destructive cyclones during these periods, ac‑
companied by significant inter‑annual variability in both
frequency and intensity [8]. During the pre‑monsoon sea‑
son, elevated relative humidity over oceanic regions is a
key driver of cyclogenesis, whereas in the post‑monsoon
season, reduced low‑level vertical wind shear (between
850 hPa and 200 hPa) plays a critical role in cyclone for‑
mation. Historically, the Bay of Bengal, situated to the
east of the Indian subcontinent, has been more suscep‑
tible to cyclonic activity compared to the Arabian Sea.
However, recent trends indicate a shift in this pattern.
Both basins have recorded amarked increase in cycloge‑
nesis, resulting in severe impacts along the eastern and
western coastlines of India [9–14]. Notably, the Arabian
Sea haswitnessed a significant rise in both the frequency
and intensity of cyclones over the past decade. This
increase is largely attributed to rising sea surface tem‑
peratures, which enhance the oceanic heat content and
provide favorable conditions for cyclone development.
As a consequence, the Arabian Sea has experienced sev‑
eral high‑intensity cyclones in recent years, including Cy‑
clone Vayu (2019) and Cyclone Tauktae (2021).

TheArabian Sea, located between8°Nand22°N, con‑
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nects to theRedSeavia theGulf ofAdenand to theArabian
Gulf through the Gulf of Oman. Tropical cyclones in this
region typically occur during the pre‑monsoon season
(April–May) and the post‑monsoon season (September–
December). However, in recent years, cyclones have also
begun forming during the early phase of the southwest
monsoon, particularly in June. Cyclones that originate in
the Arabian Sea generally move toward the coast of Oman
or are redirected toward the western coastline of India.
The eastern Arabian Sea exhibits a higher frequency of
tropical cyclone genesis compared to its western coun‑
terpart. Cyclone tracks in this basin commonly follow a
west‑northwest direction or curve northward and then
eastward due to recurvature effects [15,16]. Most tropical
cyclones in the Arabian Sea are formed locally; however,
on occasion, cyclones originating in the Bay of Bengal tra‑
verse the Indian Peninsula and reintensify upon entering
the Arabian Sea. Over the past few decades, the Arabian
Sea has been experiencing rapid warming at a rate signif‑
icantly higher than other tropical ocean basins. This in‑
crease in sea surface temperature has contributed to a rise
in cyclone frequency and has exacerbated flooding events
across the Indian subcontinent [17].

Sea Surface Temperature (SST) plays a critical role
in cyclogenesis, as warmer SSTs significantly contribute
to the formation, intensification, and propagation of
tropical cyclones [17]. Compared to the Bay of Bengal,
the Arabian Sea historically records fewer cyclones, with
an average of 1–2 events annually, most of which have
traditionally been of lower intensity [9]. However, in
recent years, there has been a noticeable increase in
the intensity of cyclones in the Arabian Sea, with sev‑
eral reaching the status of severe or even super cyclonic
storms. This trend has been closely associated with ris‑
ing SSTs, along with an observed increase in cyclone fre‑
quency during the summer monsoon season [18,19]. The
formation of high‑intensity cyclones in the North Indian
Ocean is strongly influenced by SST anomalies and verti‑
cal wind shear conditions [10]. Importantly, over the past
fewdecades, the IndianOcean—particularly theArabian
Sea—has experienced a rate of warming that surpasses
that of other tropical ocean basins [20,21], further enhanc‑
ing the potential for intense cyclonic activity in the re‑
gion.

In September 2021, a rare weather event occurred
when TC Gulab formed in the BoB and followed an un‑
usual path. It crossed over the Indian landmass and re‑
entered the AS as TC Shaheen. While it is common for
remnants of cyclones from the BoB to move across In‑
dia and intensify into low‑pressure systems in the AS,
it is rare for them to regain the intensity of a tropical
cyclone. One similar event occurred in 2008 when Cy‑
clone Gaja, which developed in the BoB, crossed India
and intensified into a depression in the AS. However, in
the last 40 years, the India Meteorological Department’s
(IMD) records show no evidence of a BoB‑origin cyclone
developing into a tropical cyclone in the AS—until Gu‑
lab/Shaheen. This event was unique due to its origin in
the BoB during the monsoon season, its journey across
India, and its re‑emergence in the AS, where it intensi‑
fied into a severe cyclonic storm before making landfall
on the Oman coast [20].

MHWs maximum temperature intensity can reach
up to deeper depths (10–50m), particularly in the ther‑
mocline; they are not limited to the surface of the ocean.
Vertically constant temperature and salinity in the sur‑
face turbulent mixed layer restricted the very strong
warm temperature anomalies during MHWs. Neverthe‑
less, these warm temperature anomalies have also been
observed at hundreds of meters below the ocean’s sur‑
face. Vertically homogeneous ocean due to turbulence
in the surface layer, the well‑mixed temperature and
salinity strongly suppress the MHWs’ extreme warm
temperature anomalies [21–25,27]. Large‑scale ocean‑
atmospheric teleconnections forcing regional oceanic
and atmospheric changes are the primary drivers of ex‑
treme warm temperature anomalies. Such strong tem‑
perature anomalies, due to the MHWs, favour the gene‑
sis of tropical cyclones and also fuel their rapid intensifi‑
cation [28–33]. During MHW, strong penetration of short‑
wave radiation into the ocean and shallow mixed layer
depth due to the weak winds increased the upper ocean
stratification and enhanced the warming. These pro‑
cesses reduce the heat transport and vertical mixing in
the ocean. Such vertical structure enhances the upper
ocean heat content and also pushes the strong warm
temperature anomalies from the subsurface [28]. Recent
studies reveal that the basin‑widewarming of the Indian
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Ocean (IO) and its effects, but the factors causing the
warming are still unclear. According to the IPCC [34] re‑
port, over the last 100 years, warming has occurred in
thewestern part of the Indian Ocean at a faster rate than
in the tropical ocean basins in theworld. Vellore et al. [35]
noted a 52% increase in severe cyclones in the AS during
1951–2018.

The objective of this study is to assess whether a
Marine Heatwave (MHW) influenced the development
and intensification of Tropical Cyclone (TC) Gulab in the
Bay of Bengal during September, facilitated its suste‑
nance after landfall, and contributed to its subsequent
reintensification into TC Shaheen over the Arabian Sea.

2. Materials and Methods

To emphasize the interaction between MHW and
cyclone, the following data sets are used:

Sea Surface Temperature: Daily Optimum Inter‑
polation Sea Surface Temperature (OISST) data is uti‑
lized, featuring a consistent global grid with a spatial
resolution of 0.25° × 0.25°. This dataset integrates long‑
term climate records derived from various satellite, ship,
buoy, and Argo float observations. Missing data within
the grid are filled using interpolation techniques to gen‑
erate a high‑resolution spatial map of SST. To address
discrepancies arising from different observational plat‑
forms and sensor biases, satellite and ship measure‑
ments are calibrated against buoy data. The daily OISST
version 2 dataset from the National Oceanic and Atmo‑
spheric Administration (NOAA) is employed for identify‑
ing marine heatwaves and assessing their intensity. Fur‑
ther details are available at https://www.ncei.noaa.go
v/products/optimum‑interpolation‑sst.

CycloneData: Gulaab Cyclone: A low‑pressure area
developed over the east‑central Bay of Bengal (BoB) and
its surrounding region at 0300 UTC on 24th September.
Favorable oceanic and atmospheric conditions led to its
intensification into a depression over the east‑central and
adjoining northeast BoB by 1200 UTC on the same day.
The system then moved westward, strengthening further
into a deep depression over the northern and adjoining
central BoB by 0000 UTC on 25th September 2021. Con‑
tinuing to move further westwards, it intensified into Gu‑

lab over northwest and adjoining west‑central BoB in
the same evening (1200 UTC) of 25th September, 2021.
Subsequently, the system gradually intensified, reaching
its peak wind speed of 75–95 km/h around noon (0600
UTC) on 26th September. Continuing its westward tra‑
jectory, it made landfall near the coast of North Andhra
Pradesh and adjoining South Odisha, approximately at
latitude 18.4°N and longitude 84.2°E, between 1400 and
1500 UTC on 26th September (Source: IMD preliminary
report).

Shaheen Cyclone: In the morning (0300 UTC) of
29th September2021, in the southernpart of theGujarat
area and the adjoining Gulf of Khambhat, a low‑pressure
system developed, which is a remnant of the Gulab cy‑
clone in the BoB. This low‑pressure system, under the fa‑
vorable conditions, further developed into a depression
the nextmorning (0000UTC, 30 September) and concen‑
trated over the northeast AS and adjacent Kutch moved
west‑northwestwards. At 1800 UTC on 30th September,
the depression further intensified into a Deep Depres‑
sion in the same area. The next morning at 0000 UTC
(1st October), reached cyclone stage named as Shaheen
over the northeast of the Arabian Sea and furthermoved
in a westward direction. By the evening (1200 UTC, 1
October), Shaheen changes direction from westward to
west‑northwestward and strengthens into a severe cy‑
clonic storm over the northwest and adjacent northeast
AS. Moving west‑northwestward until the evening of Oc‑
tober 2 (1200 UTC), it turned west‑southwestward and
crossed the coast of Oman on October 4, 2021. (Source:
IMDpreliminary report). The trajectories of the Shaheen
and Gulab cyclones were obtained from the India Meteo‑
rological Department (https://mausam.imd.gov.in/).

Model Simulations: TheHYbridCoordinateOcean
Model (HYCOM) employs a hybrid vertical coordinate
system. In the open and stratified ocean, it uses isopy‑
cnal coordinates, while in shallow coastal regions, it
smoothly transitions to terrain‑following coordinates.
In mixed‑layer or unstratified seas, the model reverts to
z‑level coordinates. Each coordinate surface is assigned
a reference isopycnal, and the model continuously eval‑
uates whether grid points align with their respective ref‑
erence isopycnals. Ifmisalignment occurs, grid points at‑
tempt to shift vertically to the nearest appropriate isopy‑
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cnal. However, vertical movement is restricted when
coordinate surfaces become overcrowded. As a result,
in shallow waters, vertical grid points are constrained
to fixed depths, though they remain free to move along
reference isopycnals in adjacent deeper regions (https:
//www.hycom.org/).

Within the mixed layer, grid points are arranged ver‑
tically so that each layer interface transitions smoothly
from isopycnal surfaces to constant‑depth levels, with the
interface extending into the mixed layer. Consequently,
HYCOM functions similarly to a traditional sigma model
in very shallow and/or unstratified ocean regions, be‑
haves like a z‑level coordinate model in mixed layers or
other unstratified zones, and operates as an isopycnic‑
coordinate model in stratified areas. This hybrid appro‑
ach allows HYCOM to leverage the advantages of differ‑
ent vertical coordinate systems, thereby optimizing the
simulation of both coastal and open ocean circulation dy‑
namics. Furthermore, the current process of driving high‑
resolution coastal models—which typically use fixed ver‑
tical grids—with outputs from basin‑scale isopycnic mod‑
els can be simplified, as HYCOM directly provides the nec‑
essary near‑shore data at fixed depth intervals.

HYCOM data with a spatial resolution of 0.08° ×
0.08° resolution from Asia Pacific Research Data Centre
was used to investigate the vertical extent of MHW, MLD,
and thermocline depth variations during September to
October 2021 (https://apdrc.soest.hawaii.edu/index.p
hp).

Methodology
Following the definition by Hobday et al. [2], a Ma‑

rine Heatwave (MHW) is identifiedwhen the sea surface
temperature (SST) remains above the 90th percentile of
the climatological baseline for at least five consecutive
days, allowing for gaps of up to two days betweenwarm‑
ing events. Using this criterion and the reference clima‑
tology, warming events are detected accordingly. In the
present study, the 90th percentile climatology was cal‑
culated using an 11‑day centered window from the Op‑
timum Interpolation Sea Surface Temperature (OISST)
data, spanning the period from 1982 to 2021. The in‑
tensity of each MHW event was quantified by subtract‑
ing the daily mean climatology from the observed OISST.

Key parameters characterizing MHWs include duration,
mean intensity, maximum intensity, and variance. The
methodology outlined in Hobday et al. [2] was employed
to detect and analyze MHWs, with visualization facili‑
tated by Eric Oliver’s Python scripts (https://github.c
om/ecjoliver/marineHeatWaves).

The Mixed Layer Depth (MLD) is estimated using a
variable density criterion, calculated based on a density
change (Δσ) according to the UNESCO equation of state.
In this study, the depth of the 20 °C isotherm is used to
define the thermocline depth.

3. Results

During the cyclonic activities of Gulab and Shaheen,
a significant presence of a marine heatwave was ob‑
served in the North Arabian Sea, which played a crucial
role in the intensification of these cyclones. On Septem‑
ber 26, 2021, the Marine Heatwave Tracker detected a
notable marine heatwave in this region, characterized
by elevated sea surface temperatures that created favor‑
able conditions for the intensification of the cyclonic sys‑
tem. This marine heatwave coincided with the timeline
when Tropical Cyclone (TC) Gulab, after crossing the In‑
dian landmass, re‑entered the Arabian Sea and began its
transformation into TC Shaheen.

As the remnants of TC Gulab moved into the North
Arabian Sea, the warm waters (28.7 °C–30.5 °C) pro‑
vided by the MHW contributed significantly to the sys‑
tem’s re‑intensification. Between September 27 and
September 30, 2021 (Figure 1), during this critical pe‑
riod, the cyclone rapidly developed from a Category 1
to a Category 3 storm, indicating a severe escalation in
intensity. The presence of the MHW likely enhanced
the energy available to the storm, fueling its growth and
leading to the severe cyclonic conditions observed. This
phenomenon underscores the importance of oceanic
heat content in the life cycle of tropical cyclones, partic‑
ularly in the cases of Gulab and Shaheen. ThewarmSSTs
(> 29 °C) associated with the MHW provided the neces‑
sary thermal energy for the cyclone to not only survive
its transition across land but also to re‑strengthen in the
AS.
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Figure 1. Marine heat wave conditions over the Arabian Sea during the timeline of the Gulab and Shaheen cyclones.
Source: Marine heatwave tracker.

Gulab cyclone formed over the Bay of Bengal be‑
tween September 24 and September 28, 2021, with SSTs
ranging from 29 °C to 31 °C, ideal for cyclone develop‑
ment. These warm SSTs provided the heat and moisture
necessary to sustain the stormas itmovedwestward and
made landfall near Kalingapatnam, Andhra Pradesh, on
September 26 (Figure 2). It had peak sustained wind
speeds of approximately 21 m/s (75 km/h), classifying
it as a cyclonic storm. Thesewind speedswere sufficient
to cause damage in coastal areas of Andhra Pradesh and
Odisha during its landfall. As the cyclone weakened into
a deep depression over land, its wind speeds decreased
significantly (Figure 3). However, after crossing into the
Arabian Sea, the remnants of Gulab re‑intensified due to
favorable conditions, including warm SSTs, and attained
wind speeds of 33 m/s (120 km/h) as Cyclone Shaheen,
highlighting the dynamic nature of its lifecycle.

During Cyclone Shaheen’s path across the Arabian

Sea from September 30 to October 4, 2021, the SSTs were
notably warm, ranging between 28 °C and 31 °C, creat‑
ing favorable conditions for the cyclone’s intensification
(Figure 4). These elevated SSTs provided the necessary
heat and moisture to fuel the storm as it developed into
a severe cyclonic storm, moving westward before making
landfall inOman. Thepassage of the cyclone likely resulted
in localized cooling of SSTs due to ocean mixing, where
cooler subsurface waters were brought to the surface, but
the warm pre‑storm SSTs were instrumental in sustaining
its intensity. The cyclone’s wind speeds peaked at around
33 m/s, classifying it as a severe cyclonic storm. These
warm SSTs supplied the necessary heat and moisture to
sustain the storm, which moved westward before making
landfall in Oman (Figure 5). The passage of the cyclone
likely caused localized cooling of SSTs due to ocean mix‑
ing, but the combination of elevated SSTs and strong wind
speeds was critical to its development and impact.
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Figure 2. Sea surface temperature changes during Gulab cyclone over Bay of Bengal.

Figure 3. Sea surface wind variations over the Bay of Bengal during Gulab Cyclone.

Figure 4. Sea surface temperature changes during Shaheen cyclone over Arabian Sea.
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Figure 5. Sea surface wind variations over Arabian Sea during Shaheen Cyclone.

During the MHW event, the thermocline depth was
deepened significantly, exceeding 150 meters. This
deepening indicates pronounced stratification within
the water column, characterized by a stark contrast be‑
tweenwarmer surface waters and cooler subsurface lay‑
ers. The substantial deepening of the thermocline acts
as a formidable barrier to vertical mixing between the
surface and deeper waters, thereby contributing to the
persistence and intensity of the MHW.

Throughout the period from 26th September to
1st October, the region experienced a marine heatwave,
with sea surface temperatures peaking at approximately
29 °C. Subsurface temperatures, measured to a depth of
10 meters, were consistently between 28 °C and 29 °C
during the MHW.

On 30th September, the MLD showed a marked in‑

crease, reaching depths of up to 30 meters. This deepen‑
ing of the MLD is attributed to the influence of the severe
cyclonic storm Shaheen, which generated strong winds
that enhanced oceanic mixing (Figure 6). Cyclonic winds
are known to induce turbulentmixing in the ocean, signifi‑
cantly affecting the depth and dynamics of themixed layer.

The observed deepening of both themixed layer and
the thermocline during the MHW event underscores the
intricate interactions between atmospheric forcing and
oceanic response. These modifications in ocean stratifica‑
tion andmixing processes have profound implications for
marine ecosystems, biogeochemical cycles, and climate
dynamics. The persistence of the MHW, facilitated by the‑
se changes, emphasizes the importance of understanding
and predicting the impact of extreme atmospheric events
on oceanic conditions.

Figure 6. Vertical temperature distribution at 64.2°E, 23.8°N, with the blue line indicating the mixed layer depth (MLD) and the
black line indicating the thermocline depth.
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4. Discussion

In the present study, we investigate the interaction
between MHWs and rare cyclone tracks from the Bay
of Bengal to the Arabian Sea during September–October
2021 using multi‑satellite data and HYCOM model data.
We noticed strong MHWs observed in the northern
Arabian Sea three days ahead of the cyclone Shaheen
(Figure 1). After the first interaction of the MHW with
Shaheen SST dropped. This result is in good agreement
with Akhila et al. [9], who found the SST changes during
cyclone in the Bay of Bengal. The results revealed that
the sea surface temperature during different phases of
cyclone varies between 26 °C and 30.5 °C in both cy‑
clones (Figures2 and4). Strongwinds and coolingwere
observed during the Shaheen cyclone period (Figures 3
and 4). An anomalous shoaling of MLD and increased
solar insolation onto the ocean surface during the MHW
event (Figure 6). The deepening of the MLD was associ‑
ated with strong wind‑driven mixing due to gale winds
of the Shaheen cyclone, resulting in an anomalous cool‑
ing in the northern Arabian Sea (Figures 4–6). MHWs
significantly modify the ocean physics, which includes a
rise in SST, a rise in sea level due to thermal expansion,
and it also alters the stratification of the ocean. This can
reduce the mixing process, strongly impact the nutrient
cycle and oxygen levels, and variability in ocean circula‑
tion and mixing processes.

Previous studies have established a link between
coastal thermal structure and cyclone intensification;
however, a more comprehensive understanding of the
coastal processes that drive upper ocean heat content to
extreme levels during cyclone landfall is needed. The ex‑
treme thermal conditions observed during the storm’s
passage were initially triggered by a mixing event and
further amplified by a regional heatwave. Although the
storm’s downdraft played a significant role in influenc‑
ing heat at this specific location, the storm‑induced mix‑
ing impacted the broader continental shelf in two key
ways. First, strong vertical mixing redistributed ther‑
mal energy within the coastal shelf waters, transporting
heat from the surface to deeper layers and displacing the
cooler bottom waters. Second, this restructuring of the
vertical thermal profile enhanced the ocean’s capacity to

absorb heat, facilitating a rapid re‑warming of the upper
ocean.

5. Conclusions
The study was conducted by closely observing the

presence and influence of marine heatwaves during the
cyclonic activities of Gulab and Shaheen. By tracking
the presence of marine heatwaves during the lifecycle
of TC Gulab and its subsequent transformation into TC
Shaheen, the study aims to establish a direct correlation
between these oceanic heat anomalies and the unusual
behavior of the cyclones.

MHWs significantly alter the thermal structure of
the ocean, creating conditions that can potentially fuel
the rapid intensification of tropical cyclones. In this con‑
text, the study examines how such heatwaves may have
contributed to the formation of TC Gulab in the BoB, its
persistence over land after landfall, and its eventual re‑
intensification into TC Shaheen in the AS. By analyzing
the temporal and spatial extent of these MHWs during
the cyclonic events, the research seeks to provide amore
comprehensive understanding of the oceanic processes
that might have supported these rare and complexmete‑
orological phenomena.

The temperature column of the ocean plays a cru‑
cial role in influencing the formation, intensity, and tra‑
jectory of cyclones, also known as hurricanes or ty‑
phoons, depending on the region. As the ocean’s tem‑
perature rises, it can have significant effects on cyclone
development and behaviour.

Warm ocean waters provide the energy that fuels
cyclone formation and intensification. When SSTs ex‑
ceed a certain threshold (typically around 26 °C), it pro‑
vide the necessary heat and moisture for tropical cy‑
clones to develop and strengthen. As the ocean’s tem‑
perature column warms, it increases the likelihood of en‑
countering these favorable conditions more frequently
and over larger areas. Additionally, warmer ocean tem‑
peratures can lead to increased evaporation rates, result‑
ing in greater moisture content in the atmosphere above
the ocean surface. This moisture‑rich environment pro‑
vides additional fuel for cyclone development and can
contribute to the formation of stronger andmore intense
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storms. Furthermore, warmer ocean temperatures can
influence the vertical stability of the atmosphere, which
is essential for the organization and maintenance of cy‑
clone structures. Warmer water near the ocean surface
can create more instability in the atmosphere, allowing
cyclones to developmore efficiently andpotentially reach
higher intensities.

The interaction between cyclones and warmer
ocean temperatures can also affect their behavior and
track. The findings are expected to contribute to the
broader field of tropical meteorology and oceanic sci‑
ence by highlighting the significance of marine heat‑
waves as a critical factor in cyclone formation and inten‑
sification, particularly in regions like the BoB and the AS,
where such interactions are not yet fully understood.
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