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ABSTRACT

Tropical cyclones (TCs) are the most destructive atmospheric phenomena regarding damage to lives and
properties over the coastal regions. An attempt has been made to examine the vertical structure of two TCs
(Amphan and Bulbul) formed over the Bay of Bengal (BoB) with unlike intensities. Weather Research and
Forecasting (WRF) model is deployed to simulate the selected TCs. The model is configured with two two-way
interactive nested domains with a horizontal resolution of 27 km and 9 km. Outputs from the 9 km domain are
considered for analysis. The vertical structure of different parameters like tangential and radial wind, relative
humidity, vorticity, vertical velocity, etc. are examined. WRF model is capable enough to simulate the vertical
structure of different parameters. It was found that Amphan’s structure is simulated realistically better as
compared to Bulbul. Investigation of the vertical structure of TCs would enhance the knowledge in understanding
the role of vertical structure in predicting TCs intensity as well as movement.
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1. INTRODUCTION

The Indian subcontinent is one of the most horrible affected regions due to tropical cyclones in the biosphere. The
subcontinent with an extended coastline is experienced to nearly 7-10% (Mondal et al., 2021) of the global tropical
cyclones. Most of the tropical cyclones have their initial genesis over the Bay of Bengal (BoB) and strike the east
coast of India and Bangladesh coast. Typically, five to six tropical cyclones form each year, out of these two or
three can be attained severity. The number of cyclones that occur in the BoB is higher than the Arabian Sea and
the ratio is about 4:1 (Dube et al., 1977). This is probably because the Sea Surface Temperature (SST) over the
Arabian Sea is cooler than that of over the BoB. Furthermore, the passage of west-moving remnants of the TCs
forming in the West Pacific Ocean over the BoB also helps in additional cyclogenesis over the BoB.

TCs are the greatest destructive natural catastrophes with huge potential for damage to lives and properties. The
damage is mainly due to heavy rainfall, strong winds, and accompanying storm surges (Mohapatra et al., 2015).
Every year the people of tropical regions encounter these natural calamities. It is a warm core vortex where
the wind blows anti-clockwise in the northern hemisphere and clockwise in the southern hemisphere. When wind
speed exceeds 17 m/s it is termed as tropical cyclone in the Indian Ocean. TCs are also denoted as ‘Hurricanes’
over the Atlantic Ocean, ‘“Typhoons’ over the Pacific Ocean, and ‘Willy-Willy’ over the Australian Seas. The
strength of a TC is measured by the horizontal wind speed at a 10-meter height and the central pressure drop.
Wind speeds that measure the strength of TCs are the tangential components of horizontal wind which is known
as primary circulation. TCs may differ significantly from one to another, and from day to day, in intensity, size,
structure, spiral banding, eye feature, and degree of symmetry (Kepert, 2010). The size of the storm can be as
wide as 300 km and the eye can be as wide as 50 km (Emanuel, 2005).

Accurate and timely forecasting of TC path, intensity, and landfall area is very critical for disaster management.
The precision of track forecasts has advanced significantly over the past decades owing to progress in Numerical
Weather Prediction (NWP) models (Heming and Goerss, 2010). However, still substantial errors in track forecast,
more than 1,000 km beyond 72 hours exist and break further improvement of the yearly mean error (Yamaguchi
et al., 2012). The radial organization of the primary rotation was extensively studied in past years (Mallen et al.,
2005), and the vertical organization received comparatively less consideration over the BoB region. This is
a probable lack of quality observations of wind data. Nevertheless, it is very significant to understand the vertical
structure of TC. The inner core of a TC is subjugated by robust convective activity and overwhelming winds and
the outer area is dominated by lashing rain accompanied by severe storm surges and floods. The vertical structure
is crucial in understanding the various processes that cause precipitation as well as strong winds. Henceforth, a
comprehensive study of the vertical structure of the TC is vital.
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Several studies on the vertical structure of TCs were conducted based on observations of other oceanic basins.
The vertical structure of radial and tangential winds for two TCs over the southwest Pacific region was conducted
by compositing observation data (Holland and Merrill, 1984). The upper-level outflow near 200 mb, the secondary
influx region near 400 mb, and the low-level influx examined. The low-level influx supplies an import of angular
motion to balance the frictional dissipation and strengthen the TC. A composite study was conducted using the
northwest Pacific upper air data to analyze the vertical structure of TCs (Frank, 1977). Various fields such as
temperature, height, humidity, wind, and vertical velocity were analyzed. Another study based on observations
was conducted over the North Atlantic basin to investigate the vertical organization of tangential wind (Stern and
Nolan, 2009). The results showed that the outer slope of the Radius of Maximum Wind (RMW) with elevation is
not correlated with the TC intensity. Vertical wind profiles of hurricanes were studied using GPS sondes and
Doppler radar data (Giammanco et al., 2012). The result indicates that inside the boundary layer, wind profiles
displayed a logarithmic rise with altitude up to the height of maximum wind. The organization of rainbands in the
TC was studied using TRMM precipitation radar (Hence and Houze, 2012). The results show two layers
of structures of the rainbands are separated by the melting layer. The rainbands located more than 200 km from
the eye revealed greater convective activity compared to the inner rainbands. The aircraft exploration data were
used to determine the correlation between TC height and intensity (DesRosiers, 2023). The result shows that
the vertical extension of the TC wind field is highly correlated with the current intensity of the TC. Recently, the
brightness temperature data were used to identify the vertical orientation of the TC over the NIO (Uma
and Reshma, 2024). They found a broader dispersal of reflectivity and vertically stretched compared to that of
other basins.

The Weather Research and Forecasting (WRF) model has been extensively utilized to simulate various hazardous
weather phenomena, e.g. heavy rainfall, tropical cyclones, etc, and real-time NWP globally (Routray et al., 2010;
Osuri et al., 2012). National Hydrological and Meteorological Centers of different nations are making predictions
of TCs operationally. In the present study, two TCs ‘Amphan’ and ‘Bulbul’ of dissimilar intensities are selected to
study vertical structure with the support of the Advanced Research version of the WRF model.

2. BRIEF DESCRIPTION OF THE SYSTEMS

2.1 Amphan

The Super Cyclonic Storm ‘Amphan’ was initiated over Southeast BoB and adjacent to the South Andaman Sea
on 13 May 2020 morning. It was concentrated into a well-marked low on 14 May 2020 morning, then into a
depression over the Southeast BoB on 16 May 2020 in the early morning. The system further deepened into a
deep depression on 16 May 2020 in the afternoon, moved north-northwestwards, and intensified into Cyclonic
Storm ‘Amphan’ over the Southeast BoB on 16 May 2020 in the evening. It was moved closely northwards
and further deepened into a Severe Cyclonic Storm over the Southeast BoB on 17 May 2020 in the morning. The
system experienced rapid strengthening during the following day and consequently deepened into a Very Severe
Cyclonic Storm (VSCS) on 17 May 2020 afternoon, an Extremely Severe Cyclonic Storm (ESCS) on 18 May
2020 early hours, and into a Super Cyclonic Storm on 18 May 2020 noon. The system sustained its intensity of
a Super Cyclonic Storm over the West-central BoB for about 24 hours. Subsequently, it weakened and crossed
the West Bengal-Bangladesh coasts as a VSCS, near latitude 21.65°N and longitude 88.3°E by the evening of 20
May 2020, with a maximum wind speed of 185 km/h (Report by RSMC, New Delhi, 2020). The observed track
of ‘Amphan’ is presented in Figure 1(a).

2.2 Bulbul

The Very Severe Cyclonic Storm (VSCS) ‘Bulbul’ was initiated from the remnant of severe tropical storm
‘Matmo’ over the West Pacific Ocean that emerged into the North Andaman Sea. It originated as a low over
the North Andaman Sea on 04 November 2019 in the early morning. Concentrating into a well-marked low over
the North Andaman Sea and adjacent area, the system was moved west-northwestwards and further intensified
into a Depression over east central and adjacent southeast BoB on 05 November 2019 early morning and into a
deep depression (DD) over the same area on 06 November 2019 early morning. The system was moved north-
northwestwards and deepened into a TC ‘Bulbul’ at late night on 06 November 2019 over Eastcentral and adjacent
southeast BoB. Continuous moving north-northwestwards the system intensified into a severe cyclonic storm
(SCS) on 07 November 2019 evening over West-central and adjoining East-central BoB. Further moving
northwards, the SCS ‘Bulbul’ intensified into a VSCS on the early morning of 08 November 2019 over the west-
central and adjoining east-central BoB. The system was moved nearly northwards till the afternoon of 09
November 2019 and then re-curved northeastwards onward the evening of 09 November 2019. Sequentially, the
system was weakened into a SCS and crossed the West Bengal coast near the latitude 21.55°N and longitude
88.5°E by midnight of 09 November 2019 as a SCS with a maximum wind speed of 135 km/h. It then moved



Journal of Engineering Science 15(2), 2024, 41-50 43

northeastwards and weakened into a cyclonic storm over coastal Bangladesh and adjacent areas in the early
morning of 10 November (Report by RSMC, New Delhi, 2019). The observed track of ‘Bulbul’ is presented in
Figure 1(b).
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Figure 1. Observed track of Cyclone (a) Amphan and (b) Bulbul. Markers with different colors represent
various intensity stages.

3. EXPERIMENTAL DESIGN

The non-hydrostatic, compressible WRF model was developed by the National Center for Atmospheric Research
(NCAR). Key features include a fully compressible, Eulerian non-hydrostatic equation set, a terrain-following
vertical coordinate system based on hydrostatic pressure, and a constant-pressure surface at the model's top level.
The model employs a staggered grid, similar to the Arakawa-C grid, and utilizes a third-order Runge-Kutta time
integration scheme for horizontal and vertical calculations. The WRF model integrates multiple physical
processes, such as microphysics (MP), cumulus parameterization (CP), planetary boundary layer (PBL), surface
layer, land surface interactions, and both longwave and shortwave radiation, each with multiple configurable
options (Shamrock et al., 2019). Model input details are presented in Table 1, and the selected model domain for
the study is shown in Figure 2. The model initialization was accepted with lead times of 120, 96, 72, 48, and 24
hours before landfall to assess performance at varying forecast lead times.

Table 1. Brief description of WRF model configuration

Model | WRF V4.2
Max_domain 2
Map Projection Mercator
Resolution 27 km, 9 km
Time step 108s,36s
Central point of the domain 17.5°N, 87.5°E
No. Of grid points 152, 265(WE); 144, 298(NS)
No. Of Vertical levels 42 Sigma Levels
Horizontal Grid Arakawa C Grid
Time Integration Runge-Kutta second and third-order time
Radiation Scheme Dudhia’s short-wave/RRTM long-wave
PBL Scheme YSU scheme
Convection Kain-Fritsch (new Eta) scheme
Micro Physics WSM3-class simple ice scheme

4. DATA USED

The initial and boundary conditions for the WRF model are derived from the Global Tropospheric Analyses and
Forecast Grids data (at a 0.25°x0.25° resolution) provided by the Global Data Assimilation System (GDAS)/Final
Analyses (FNL) from the National Centers for Environmental Prediction (NCEP). While the Sea Surface
Temperature (SST) remains constant throughout the model integration, the lateral boundary conditions are
refreshed every 6 hours. The United States Geological Survey (USGS) terrain data, at a 10-minute resolution, was



44 Rahman and Taher Investigation of the Vertical Structure of...............

incorporated into the WRF preprocessing system to represent topography accurately. Model performance,
particularly in predicting tropical cyclone tracks and intensity, was validated using RSMC New Delhi’s best track
data sets (tracks are not shown in the figure), utilizing various initial conditions to identify the optimal one for
analyzing vertical structure.
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Figure 2. Model domain selected for the study. The outer domain grid size is 27 km and the inner domain grid
size is 9 km.

5. RESULTS AND DISCUSSION

The vertical structure of various parameters is investigated at peak intensity simulated by the model for the
selected TCs. Amphan peak intensity was found at 18 UTC on 18 May 2020 based on the 00 UTC 18 on May
2020 initial condition, on the other hand, Bulbul peak intensity was found at 15 UTC on 07 Nov 2019 based on
00 UTC on 06 Nov 2019 initial condition. Simulated maximum surface wind speed is found 111 kts and 70 kts
for Amphan and Bulbul respectively. The model underestimates the intensity of the TCs by 19 kts and 5 kts for
Amphan and Bulbul respectively. Longitudinal height cross section is accomplished through the center position
i.e., latitude 15.54° N & longitude 86.4° E and latitude 16.14° N & longitude 88.15° E for Amphan and Bulbul
respectively. The center of the TC is fixed by calculating Minimum Sea Level Pressure (MSLP). As there are no
observational facilities for the vertical structure of TCs over the BoB region available, the results of the study are
compared with the previous studies over other oceanic basins based on observation data. Tangential, radial,
and vertical wind structures were reasonably well captured by the model as compared to TC structure over other
basins based on observation data (Frank, 1977; Holland and Merrill, 1984; Stern and Nolan, 2009). The vertical
structure of other parameters such as relative humidity, relative vorticity, and water vapor mixing ratio is also
reasonably simulated by the model as compared to previous studies based on observations as well as reanalysis
data over other basins (Frank, 1977, Huang and Zheng, 2020). The model predicted vertical extension of
the wind field for Amphan and Bulbul suggested that vertical extension of the wind field is highly correlated to
TC intensity which is justified by recent studies (DesRosiers et al., 2023).

5.1 Tangential Wind

The tangential wind is a vital parameter of TCs. TC intensity is measured by the strength of the tangential wind
speed. The model simulated vertical cross-section of tangential wind is presented in Figure 3. At 18 UTC on 18
May 2020, the center of Amphan was located near latitude 15.54° N & longitude 86.4°E, clearly depicting the
widest cyclonic flow in the lower level of the atmosphere, which is reduced in horizontal extent along the vertical
direction. At about 800 hPa, gale wind (20 m/s) is extended horizontally up to 500 km from the center which is
reduced to 180 km at 300 hPa, and at 200 hPa it is limited to about 70 km for Amphan as shown in figure 3(a).
Again, at 15 UTC on 07 Nov 2019, the center of Bulbul is located near latitude 16.14° N & longitude 88.15°E
presented in Figure 3(b), it is seen that near 800 hPa, 20 m/s wind is horizontally extended up to 200 km from the
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center and at 400 hPa it is reduced to 70 km for Bulbul. There is anticyclonic circulation above the cyclonic flow
at different levels indicated by zero contour line for both the systems. The speed of tangential wind is found
maximum at the top of the planetary boundary layer close to 900hPa. Tangential wind speed almost linearly
decreases with increasing height and becomes zero. Gale wind (20 ms™) is extended up to 200 hPa for Amphan
and Bulbul it is extended just up to 400 hPa level. This is due to the variation in intensity of the two cyclones.
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Figure 3. Longitudinal height cross section of tangential wind (y-component) of (a) Amphan and
(b) Bulbul.
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Figure 4. As in Figure 3, without shade. Cross section is done from the center to east of the
systems (a) Amphan and (b) Bulbul.

Again, there is no significant outward slope of the RMW just above the boundary layer for cyclone Amphan as
shown in Figure 4(a). The slope of the RMW above the boundary layer shifts outward with height for Bulbul as
shown in Figure 4(b). The tangential wind speed is decreased as the radius is increased for both cases. As the
intensity of Amphan is higher than that of Bulbul, the outer slope of the RMW is seen for Bulbul. The results
discussed are consistent with the vertical structure of Typhoons over the South China Sea (Huang and Zheng,
2020).

5.2 Radial Wind

The radial wind is the minor circulation of TCs. Radial influx is initiated by friction in the boundary layer and
outflux is driven by forced uplift from below and the pressure gradient linked with upper-level anti-cyclone
(Zarzycki and Jablonowski, 2015). At 18 UTC on 18 May 2020, the center of Amphan was located near latitude
15.54°N & longitude 86.4° E, and maximum inflow is found near the eye wall where the pressure gradient is
maximum. Maximum inflow is found in the planetary boundary layer, below 900 hPa level with maximum value
to the west of Amphan as shown in Figure 5(a). Maximum outflow is found at 200 hPa level to both sides of the
storm center for Amphan. Again, at 15 UTC on 07 Nov 2019, the center of Bulbul is located near latitude 16.14°



46 Rahman and Taher Investigation of the Vertical Structure of...............

N & longitude 88.15°E and depicted that relatively weak inflow is seen in the boundary layer to both sides of the
system center as shown in Figure 5(b). Maximum outflow is found at 300 hPa level to both sides of the storm
center in the case of Bulbul. Both radial inflow at the lower level and upper-level outflow are considerably
stronger in Amphan than in Bulbul, suggesting a much stronger circulation. In the intermediate layers (900-400)
hPa there is inflow at large radii. The outflow layers control the movement of TCs.
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Figure 5. Longitudinal height cross section of radial wind (x-component) of (a) Amphan and (b)

Bulbul.

5.3 Relative Humidity

The high amount of Relative Humidity (RH) between lower and mid-levels is crucial for tropical cyclone
formation and intensification. Lower moisture in the middle levels is not favorable for permitting the continuing
growth of prevalent thunderstorm activity. The model simulated RH is depicted as a strong RH higher than 95%
vertically extending up to 600 hPa level and 770 km horizontally across the center of Amphan as shown in Figure
6(a). At 18 UTC on 18 May 2020, the center of Amphan is located near latitude 15.54° N & longitude 86.4° E
and is depicted that above 600 hPa RH decreased as height increased. The center of the storm is identified with
the lower value of RH. In general, vertically, in the center, the RH decreases rapidly to about 50% at the 500 hPa
level. This is due to subsidence inside the eye. There is a thin layer of dry air intrusion between 600-800 hPa levels
to the west of the system which is about 300 km away from the system center. At 15 UTC on 07 Nov 2019,
a vertical cross-section through the center of Bulbul near latitude 16.14° N & longitude 88.15°E depicted that
a strong RH higher than 95% is only at lower levels of Bulbul as shown in Figure 6(b). Cyclone center is not
identified as Amphan. There is a deep layer of dry air intrusion between 450-700 hPa levels to the west of the
system which is about 100 km away from the center. Intrusion of dry air is a possible reason for hampering further
intensification of Bulbul. The results are consistent with the vertical structure of RH over the South China Sea
(Huang and Zheng, 2020).
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Figure 6. Longitudinal height cross section of relative humidity (a) Amphan and (b) Bulbul. Relative
humidity less than 40% is shaded white.
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5.4 Relative Vorticity

A perpendicular cross-section of the model simulated Relative Vorticity (RV) is presented in Figure 7. Cross-
section is done through the center of Amphan (15.54°N/86.4°E, as at 18 UTC on 18 May 2020) and Bulbul (16.14°
N/ 88.15°E, as at 15 UTC on 07 Nov 2019). As in the figure, strong positive RV is seen at lower levels near the
center with maximum values of 408x10s! and 465x107s! for Amphan and Bulbul respectively. The spatial
coverage of RV for Amphan shown in Figure 7(a) is twice that of Bulbul shown in Figure 7(b). Vertical extension
of RV is up to 100 hPa for Amphan and it is below 300 hPa for Bulbul. Positive RV decreases with increasing
height and becomes zero and then negative for both TCs. In the case of Amphan, there is negative RV at about
300-400 hPa levels to the east of the system. There is another core of negative RV between 100-300 hPa levels
just to the west of the system. In the case of Bulbul, there is negative vorticity between 300-400 hPa levels above
the center. Again, contour analyses without shades show that RV center is almost coincided with the MSLP center
for Amphan. Nevertheless, for Bulbul, the RV center is shifted eastward from the MSLP center.
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Figure 7. Longitudinal height cross section of relative vorticity of (a) Amphan and (b) Bulbul.

5.5 Vertical Velocity

The model simulated vertical velocity field at peak intensity is shown in Figure 8. A vertical cross-section of
vertical velocity is done through the center of Amphan (15.54°N/86.4°E, as at 18 UTC on 18 May 2020) and
Bulbul (16.14°N/ 88.15%E, as at 15 UTC on 07 Nov 2019). As shown in the figure, concerning ascending motion,
descending motion is much weaker. Maximum ascending motion is found 4.4 ms™! and 6.06 and descending
motion is 1.7 ms™ and 1.39 ms™! for Amphan and Bulbul respectively. Upward motion is initiated at the surface
for both TCs but strong upward motion is found at the upper level between 500 — 300 hPa levels for Amphan. At
the same time weak downward motion is found between 200-400 hPa levels with the peak at about 300 hPa level
shown in Figure 8(a). Again, for Bulbul, strong upward motion is found at two different levels i.e. between 600 -
700 hPa and 400 - 500 hPa levels separated by weak downward motion. Maximum downward motion is found at
lower levels between 800 - 900 hPa levels. The upward motion at lower mid and upper levels for both TCs is
stronger than the lower level. The increase in upward motion in the higher levels may be accredited to the release
of latent heat (Zipser, 2003; Romps and Kuang, 2010).

100 100

W

200 F 200 F 2
300 300 :
400 400 = -

—~ - ul
o -E. od
< 50 500 pog
5 € w
% 600 600 g -
£ §= -
700 700 g w

~ (=]

800 800 @
900 L 900 -
1000 = L N

il L 1000 g oy
81 82 8 84 8 8 87 8 8 90 91 9 83 84 8 8 87 8 8 9 91 91 92 9B

(a) (b)
Figure 8. Longitudinal height cross-section of vertical velocity (a) Amphan and (b) Bulbul



48 Rahman and Taher Investigation of the Vertical Structure of...............

5.6 Water Vapor Mixing Ratio

The vertical cross-section of the model simulated water vapor mixing ratio (gm/kg) is represented in Figure 9.
Cross-section is done through the center of Amphan (15.54°N/86.4°E, as at 18 UTC on 18 May 2020) and Bulbul
(16.14°N/ 88.15°E, as at 15 UTC on 07 Nov 2019). It is found that the main moisture source within the lower
level of the atmosphere is transported upward through vertical motion. A higher value of water vapor mixing ratio
is found around the center and the value is 24.9 gm/kg for Amphan as shown in Figure 9(a). Again, the maximum
value of the water vapor mixing ratio is calculated 21.87 gm/kg for cyclone Bulbul as shown in Figure 9(b).
Nevertheless, the higher value of the water vapor mixing ratio decreases with increasing height for both TCs.

Moistures through evaporation from the ocean surface are the main energy source of TC intensification.
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Figure 9. Longitudinal height cross-section of water vapor mixing ratio (a) Amphan and (b) Bulbul

2

6. CONCLUSIONS

This study examined the vertical structure of dynamic and thermodynamic parameters of two TCs of different
intensities. The model-derived parameters such as tangential wind, RH, RV, vertical velocity, and water vapor
mixing ratio were analyzed and compared with findings from previous research.

The vertical cross-section of tangential wind exposed distinct structural differences between the two cyclones: for
cyclone Amphan, the maximum wind shows minimal outward tilt with height, while for Bulbul, the wind profile
tilts outward with height. The tangential wind indicates a broad cyclonic flow at lower levels that contracts with
height. The radial wind revealed maximum inflow within the planetary boundary layer, below the 900 hPa level,
for Amphan, while Bulbul exhibits relatively weaker inflow. The strongest outflow occurs at the 200 hPa level for
Amphan and the 300 hPa level for Bulbul. The lower-level radial inflow, and the upper-level outflow, are
significantly stronger in Amphan as compared to Bulbul.

The RH cross-section highlights notable features in each TC. Amphan showed minimal RH near the center
whereas the center of Bulbul was not identified as Amphan. Bulbul experienced significant dry air intrusion from
the west of the center between 450 and 700 hPa levels. This dry air intrusion likely contributed to Bulbul’s limited
intensification. The RV values were found to peak at lower levels, with maximum RVs of 408.47x10~° s for
Amphan and 465.6x107° s7! for Bulbul. Although Amphan was the more intense TC, its RV was lower than Bulbul.
This is consistent with the expectation that in smaller TCs, wind fields are concentrated near the center, resulting
in higher local vorticity, while larger TCs, despite having greater overall rotational energy, show a more distributed
RV pattern (Montgomery and Smith 2014). In addition, RV extends above 200 hPa in Amphan and only to 300
hPa in Bulbul, with Amphan's RV center aligned with the MSLP center, whereas Bulbul's RV center was eastward-
shifted from the MSLP center.

Regarding vertical motion, upward movement in both TCs exceeded downward motion, which was accurately
represented in the model. Maximum upward motions reached 4.4 m s™' in Amphan and 6.06 m s in Bulbul, with
weaker downward motions of 1.7 m s7! and 1.39 m s, respectively. This increased upward motion in the mid-
and upper levels is likely due to latent heat release, as the primary moisture source at lower atmospheric levels
was effectively transported upward, a process well-captured by the model. Amphan also exhibited a higher water
vapor mixing ratio (24.9 g/kg) than Bulbul (21.87 g/kg). The study highlights that despite Amphan’s greater
intensity, Bulbul’s RV and vertical velocity were higher, suggesting the need for further research to explore these
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variations. Overall, this research advances our understanding of TCs' vertical structure across different parameters,
enhancing capabilities for predicting TC intensity and movement.
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