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Abstract: This study analyses Global Positioning System dropsondes to document the axisymmetric
tropical cyclone (TC) boundary-layer structure, based on storm intensity. A total of 2608 dropsondes
from 42 named TCs in the Atlantic basin from 1998 to 2017 are used in the composite analyses. The
results show that the axisymmetric inflow layer depth, the height of maximum tangential wind
speed, and the thermodynamic mixed layer depth are all shallower in more intense TCs. The results
also show that more intense TCs tend to have a deep layer of the near-saturated air inside the radius
of maximum wind speed (RMW). The magnitude of the radial gradient of equivalent potential
temperature (0c) near the RMW correlates positively with storm intensity. Above the inflow layer,
composite structures of TCs with different intensities all possess a ring of anomalously cool
temperatures surrounding the warm-core, with the magnitude of the warm-core anomaly
proportional to TC intensity. The boundary layer composites presented here provide a climatology
of how axisymmetric TC boundary layer structure changes with intensity.

Keywords: tropical cyclone; atmospheric boundary layer; axisymmetric structure; storm intensity;
climatology

1. Introduction

Tropical cyclones (TCs) typically form over warm ocean regions and may strengthen when the
environmental factors are favorable. Even in favorable conditions, TCs experience differing
intensification rates due to internal processes. Accurate forecasts of TC track and intensity in
numerical weather prediction models depend on multiple factors, but one important requirement is
that the TC structure should be accurately represented. For instance, previous numerical studies have
shown large sensitivities of TC intensity and structure to certain planetary boundary layer (PBL)
parameterization schemes [1-5]. The PBL physics regulates the strength of the inflow which is tied to
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TC spin-up via angular momentum advection [6]. It also affects the location of maximum low-level
convergence and distribution of convection [7,8]. Thus, it is imperative to understand the TC
boundary-layer structure for model physics evaluation and improvement purposes.

Since 1997, GPS-based dropsondes have been deployed in TCs during National Oceanic and
Atmospheric Administration’s (NOAA) and Air Force’s research and reconnaissance missions [9].
Dropsondes measure quasi-vertical profiles of wind velocities, temperature, pressure and humidity
between flight level and sea surface with a very high vertical resolution (<10 m). Dropsonde
observations have been widely used for operational and research applications. In an operational
framework, characteristics of the averaged wind profiles have been investigated in both eyewall and
outside regions of TCs using dropsonde data [10]. Reduction factors are developed for estimating
surface maximum winds from the flight level (~700 hPa), which are used by forecasters for making
real-time estimates of TC intensity.

Previous studies have utilized dropsonde data to investigate both kinematic and
thermodynamic structures of TCs. For example, Zhang et al. [11] and Ming et al. [12] have analyzed
dropsonde data from multiple TCs to examine characteristic height scales of the boundary layer.
Zhang et al. [13] and Ren et al. [14] have studied how the boundary layer height varies relative to the
environmental shear and motion direction, respectively. Other aspects of the low-level TC structure
have been investigated in several case studies, such as in Hurricanes Bonnie (1998, [15]), Edouard
(2014, [16-18]), and Earl (2010, [19,20]), as well as in studies using a composite approach [21,22].

This present study aims to investigate the relationship of the axisymmetric TC boundary-layer
structure and storm intensity by compositing dropsonde data from multiple TCs. The objective is to
create an observations-based climatology of the symmetric low-level (i.e., boundary layer) structure
of a TC. Accurate forecasts of TC track and intensity require the TC vortex in numerical weather
prediction models to be represented with enough accuracy in the model’s initial condition. Satellite-
based observations can provide a reasonable estimate of TC horizontal structure, but they are limited
by relatively low vertical resolution, especially in the boundary layer. The development of the GPS
dropsonde has made it possible to obtain observations in nearly all portions of the TC with accuracy.
The dropsonde composites can also be utilized for model evaluation purpose besides model
initialization. Improved understanding of TC structural variation in response to storm intensity will
provide useful information for forecasters to narrow the range of uncertainty in the intensity forecast,
especially before TC landfalls.

2. Data and Methodology

This study uses a comprehensive database of GPS dropsonde profiles collected between 1998 to
2017 to diagnose the boundary-layer structure of TCs with different intensity. All dropsondes used
here were deployed from either research or reconnaissance aircraft at 700-850 hPa pressure levels. A
dropsonde descends with a speed of ~10 m s, collecting quasi-vertical atmospheric profiles of wind
velocities, temperature, pressure, and humidity with a vertical resolution of less than 10 m. Details
of instruments and their accuracies for a dropsonde can be referred to Hock and Franklin [9]. The
raw dropsonde data are post-processed using the ASPEN program.

In order to stratify cases by storm intensity (defined as the maximum 1-min sustained surface
wind speed at 10 m height), we use the intensity values provided by the National Hurricane Center’s
(NHC) Best Track data [23]. We group the data by three classes of TC intensity: (1) Tropical Storm
(17.5m s < Umax < 32.5 m s71), (2) Minor Hurricane (32.5 m s < vmax <49 m s71), and (3) Major Hurricane
(vmax =49 m s7). Table 1 lists the information of TCs and numbers of dropsonde profiles taken in each
intensity class. A total of 42 TCs are included in the study. There are 641, 916, and 1051 dropsondes
in the tropical-storm, minor-hurricane, and major-hurricane class, respectively. Figure 1 illustrates
the horizontal distribution of dropsonde profiles for each intensity class. In all three TC intensity
classes, the dropsondes are distributed evenly along azimuth and radius.
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Table 1. List of TCs and number of dropsondes. Date is in year and month format. For TC strength,
TS represents tropical storm; H1, H2, H3, H4, and H5 represents Category 1, 2, 3, 4, and 5 hurricanes,

respectively.

TC Date TC Name TC Strength Dropsonde Counts
199808 BONNIE TS, H3 12,102
199808 DANIELLE H1 52
199809 EARL TS, H1, H2 3,1,2
199809 GEORGES H1, H2, H4 16, 66, 28
199908 BRET TS, H2, H4 3,4,7
199908 DENNIS Hi1, H2 3,17
199909 FLOYD H2, H3, H4 13,4,7
200308 FABIAN H3, H4 91, 63
200309 ISABEL H2, H3, H4, H5 89,7, 28,156
200408 CHARLEY TS, H1, H2, H3, H4 3,12,21,15,14
200408 FRANCES H2, H3, H4 44,11, 80
200409 IVAN H3, H4, H5 14,109, 41
200409 JEANNE H2, H3 10,1
200507 DENNIS TS, H1, H3 4,18,2
200508 KATRINA H3, H4, H5 44, 4,20
200509 RITA H4, H5 3,10
200608 ERNESTO TS 51
200609 HELENE H1, H2 8,42
201108 IRENE H1, H2, H3 35,44,17
201110 RINA TS, H1, H2, H3 1,2,1,3
201208 ISAAC TS, H1 158, 50
201208 LESLIE TS 53
201210 SANDY TS, H1 10, 97
201309 INGRID TS, H1 21,47
201310 KAREN TS 39
201406 ARTHUR TS, H1 30, 48
201407 BERTHA TS, H1 37,22
201408 CRISTOBAL TS, H1 58, 28
201409 EDOUARD H1, H2, H3 22,51,5
201410 GONZALO H3, H4 23,17
201508 DANNY TS, H1, H3 24,7,10
201508 ERIKA TS 82
201608 EARL TS, H1 11,5
201608 HERMINE TS, H1 26,3
201609 KARL TS 51
201609 MATTHEW H1, H2, H3, H4 8,514, 8
201708 FRANKLIN TS 24
201708 HARVEY TS, H1, H2, H3 50,13, 18, 18
201708 IRMA H3, H4, H5 15, 38, 67
201709 JOSE TS, H1, H4 18,12, 8
201709 MARIA H1, H2, H3, H4, H5 64,17,15,4, 14

201710 NATE TS, H1 52,53
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Figure 1. Plan view of the dropsonde distribution in the azimuth-radial plane relative to the storm
center for (a) tropical storms, (b) minor hurricanes, and (c) major hurricanes, respectively.

To compute the distance between each dropsonde and the TC center, Hurricane Research
Division’s (HRD) 2-min-track dataset are used [24]. To put each dropsonde into normalized radial
coordinates, we normalize the physical radius by the radius of maximum winds (RMW). Hourly
estimates of the RMW are provided by the Tropical Cyclone Observations-Based Structure (TC-OBS)
Database developed by the Tropical Cyclone Data Project at NCAR [25]. This new database was built
using objective analysis methods, such as criteria-informed weighted averaging, to assess various
storm parameters from high-resolution aircraft flight-level observations and vortex data messages.

The final step in the axisymmetric composite analysis places the dropsondes into normalized
radial coordinates (i.e., r* = r/RMW). Figure 2 shows r*-z plot of dropsonde counts for each intensity
class. The same composite method as in Zhang et al. [11] is used in this study. For the inner-core
region (r* < 2), we use a radial bin width of 0.25 r* for the averaging. For the outer region, we use a
bin width of 0.5 r*. Note that the normalization by the RMW was conducted for individual
dropsondes before the composite analysis.
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(b) Minor Hurricane (c) Major Hurricane
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Figure 2. Distribution of data counts in the normalized-radial and vertical plane for (a) tropical
storms, (b) minor hurricanes, and (c) major hurricanes.

3. Results

The normalized radius-height representation of tangential velocities for the tropical-storm,
minor-hurricane, and major-hurricane composites are displayed in Figure 3. In the major-hurricane
composite, the maximum tangential wind speed is 58.1 m s and is located at ~600 m altitude. For
the minor-hurricane composite, the maximum tangential wind speed (Vi) is 44.7 m s at ~800 m
altitude. For the tropical-storm composite, the maximum Vi is 23.2 m s at ~1000 m altitude. In each
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intensity class, the height of maximum Vi (hwmax) increases with radius. Additionally, at a given
radius, hvimax decreases with the TC intensity. The tropical-storm composite shows that hvimax increases
to ~1300 m at 3 ¥, while it only increases to ~1000 m in minor-hurricane and to ~800 m in major-
hurricane composites. This structure of Vi in hurricane-strength TCs is consistent with that in
previous studies (e.g., [2,4,6,11,12]).

(b) Minor Hurricane

(a) Tropical Storm (c) Major Hurricane

2000

Height (m)
=)
o
o
=)
o
o

500 \ 4 500

r/RMW r/RMW r/RMW

Figure 3. Composite analysis of the tangential velocities (m s) as a function of altitude and
normalized radius for (a) tropical storms, (b) minor hurricanes, and (c) major hurricanes. The dashed
line in each panel depict the height of the maximum wind velocity as it varies with radius. The contour
intervals in (a), (b), and (c) are 2, 5, and 5 m s/, respectively.

To further elucidate the characteristics of Vi, each composite is normalized by its composite-
maximum value of Vi (Figure 4). While the decreasing trend in hvimax with increased TC intensity is
evident, other interesting patterns are also revealed. Both the vertical and horizontal gradients of Vt
increase with TC intensity. For example, at 3 r* the tangential wind at 1000 m altitude is ~85% the
peak value in tropical storms, while it is only ~70% the peak value in major hurricanes. The more
rapid drop-off in Vi from their normalized values implies that the inertial stability is larger outside
the eyewall region in more intense TCs. This corroborates the finding by Martinez et al. [26] that “the
eye and inner-core region of major hurricanes are much more inertially resistant compared to minor
hurricanes.”

(a) Tropical Storm (b) Minor Hurricane (c) Major Hurricane

Height (m)
)
S

500

1 2
/RMW r/RMW

Figure 4. Composite analysis of the tangential velocity, as a function of altitude and the normalized
radius, normalized by the composite-peak values for (a) tropical storms, (b) minor hurricanes, and (c)
major hurricanes.
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To explore the variation of the inflow layer depth (hinow) with storm intensity, Figure 5 shows
the composite of the axisymmetric radial wind speed (V%) for each intensity class, while Figure 6
shows the normalized V: by the maximum inflow value. Here, hinfiow is defined as the height of 10%
of the maximum value of negative V: [11]. The maximum values of radial inflow are 7.5, 15.6, and
20.7 m s for tropical-storm, minor-hurricane, and major-hurricane composite, respectively. In all
three composites, the radial inflow is strongest at ~150 m altitude and is located between r* = 1 and
r* = 2. However, the shape of the radial wind field varies largely between the different intensity
classes. The major-hurricane composite is the only one with a pronounced outflow above the
boundary layer. In the major-hurricane composite, hintlow is ~800 m near r* = 3, decreases towards
the storm center to ~500 m at r* = 1. In the tropical-storm composite, the 10% contour is above 1000
m outside r* = 1, which is larger than that in either the major- or minor-hurricane composite. In the
minor-hurricane composite, hinfow is nearly 1000 m at r* = 3 and decreases to ~750 m at r* = 1.

(a) Tropical Storm (b) Minor Hurricane (¢) Major Hurricane
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Height (m)
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/RMW /RMW t/RMW

w
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o

Figure 5. Composite analysis results of the radial wind velocity (m s™) as a function of altitude and
normalized radius for (a) tropical storms, (b) minor hurricanes, and (c) major hurricanes. Contour
interval is 2 m s7! in all panels.
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Figure 6. Composite analysis of the radial wind velocity normalized by the peak values in percentage
(%) as a function of altitude and normalized radius for (a) tropical storms, (b) minor hurricanes, and
(c) major hurricanes.

The thermodynamic mixed layer depth (zi) is estimated based on the profiles of virtual potential
temperature, 8, taken as the height where the lapse rate of 6, is 3 K km™[11]. The 6, composite
implies that the boundary layer is warmer and/or moister in more intense storms (Figure 7). As one
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might expect, the magnitude of 8, is larger at almost all vertical levels at a given radius in stronger
TCs than in weaker ones. A well-mixed layer is below 600 m altitude between r* = 1and r* =3 in
the tropical-storm composite (Figure 8a), which is below 550 m between r* = 1and r* = 3 in the
minor-hurricane composite (Figure 8b), and is below 500 m beyond r* = 3 in the major-hurricane
composite (Figure 8c). Additionally, zi decreases with decreasing radius for all three intensity classes.
Ata given radius, ziis larger for TCs with weaker intensity. However, in all the composites, zi is much
less than hvtmax or hinfow. The largest zi is ~500 m at r* =3 in the tropical-storm class. Close to the eyewall
(i.e, RMW = 1), zi is below ~250 m in all three intensity classes. Furthermore, the lapse rate of virtual
potential temperature (Figure 8) shows that the near-surface layer is much more unstable (i.e., larger
values of negative gradient) in weaker TCs.

(a) Tropical Storm (b) Minor Hurricane (c) Major Hurricane

Ll

2000

1500

1000 29"

Height (m)

500

/RMW t/RMW /RMW

Figure 7. Composite analysis of the virtual potential temperature (in K) as a function of altitude and
normalized radius to the storm center for (a) tropical Storms, (b) minor hurricanes, and (c) major
hurricanes. The contour interval is 2 K in all panels.
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Figure 8. Composite analysis of the lapse rate of virtual potential temperature (in K km™) as a function
of altitude and normalized radius for (a) tropical storms, (b) minor hurricanes, and (c) major
hurricanes. The thick black line represents the contour of d6,/dz = 3 Kkm-. The contour interval is
1 Kkm™ in all panels.

The last boundary layer height definition is based on the height at which the bulk Richardson
number is equal to a critical value of 0.25 (hric). This method has been widely applied in the PBL
schemes of numerical models [27-29]. Interestingly, hric is generally larger in more intense TCs at a
given radius (Figure 9). hric generally has a decreasing trend with decreasing radius in all three
intensity classes, although there is a relatively large drop toward the storm center just outside r*=1

A OO L 0=« N s OO ©



Atmosphere 2020, 11, 158 8 of 14

in the major-hurricane class. Note that the difference in the magnitude of Richardson number among
the intensity classes is mainly due to the difference in wind shear, as the difference in the static
stability is small among the intensity classes as shown in Figure 8.

(a) Tropical Storm (b) Minor Hurricane (c) Major Hurricane
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Figure 9. Composite analysis of the Richardson numbers as a function of altitude and normalized
radius for (a) tropical storms, (b) minor hurricanes, and (c¢) major hurricanes. The gray line in each
panel show the 0.25 contour.

Next, we evaluate the differences in the thermal structures between the three intensity classes.
Generally, the relative humidity decreases with height in all three composites (Figure 10). The relative
humidity is the largest inside the RMW for all three intensity classes and is larger at almost all vertical
levels at a given radius for more intense TCs. The major-hurricane composite shows nearly saturated
(i.e., relative humidity >95%) air below 400 m and inside the RMW, while at the same region in the
tropical-storm composite the relative humidity only approaches ~91%. Overall, more intense TCs
tend to have a deeper layer of near-saturated air. These differences are consistent throughout the
inflow layer and extend radially out to r*=3.

(a) Tropical Storm (b) Minor Hurricane (c) Major Hurricane
2000

Height (m)

1 2
r/RMW

Figure 10. Composite analysis of relative humidity (%) as a function of altitude and normalized radius
for (a) tropical storms, (b) minor hurricanes, and (c) major hurricanes. The contour interval is 3% in
all panels.

The distribution of equivalent potential temperature (6,) in each composite is qualitatively
consistent with that of the relative humidity distribution below 1000 m (Figure 11). It appears that 6,
increases as both height and radius decrease, and in general, the magnitude of near-surface
0, increases as TC intensity increases. In the major-hurricane composite, the isolines of 8, are nearly
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vertical near the RMW, while in less intense storm composites, the 6, isolines tend to bend inward
with height. Furthermore, the radial gradient of 8, differs between the three TC classes (Figure 12).
Outside the RMW, the radial gradient is much larger for more intense TCs. This result agrees with
the maximum potential intensity theory given by Emanuel [30] and numerical simulation result given
by Bryan and Rotunno [31].

(a) Tropical Storm (b) Minor Hurricane (c) Major Hurricane

Height (m)

/RMW r/RMW

Figure 11. Composite analysis of equivalent potential temperature (in K) as a function of altitude and
normalized radius for (a) tropical storms, (b) minor hurricanes, and (c) major hurricanes. The contour
interval is 2 K in all panels.

(a) Tropical Storm (b) Minor Hurricane (c¢) Major Hurricane
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Figure 12. Composite analysis of the radial derivative of equivalent potential temperature as a
function of altitude and normalized radius for (a) tropical storms, (b) minor hurricanes, and (c) major
hurricanes. The contour interval is 1 K km™ in all panels.

To examine the low-level warm-core structure, we present composites of the temperature
anomaly. Here, the temperature anomaly is computed as the difference between the TC temperature
and environmental temperature. The environmental reference temperature is taken as the average
temperature within r* = 8 and r* = 14 radii [32,33]. Here, the environmental dropsonde data are
from the G-IV aircraft. There are a total of 78, 43, and 37 environmental dropsondes for tropical-storm,
minor-hurricane, and major-hurricane class, respectively. Note that we extend the temperature
anomaly composite to 4800 m in the vertical and 4 r* in the radii (Figure 13). A cold temperature
anomaly exists in the low levels of all three composites, which is mainly a result of adiabatic
expansion due to the low pressure at the storm center. The coldest anomaly exists in the major
hurricane group. According to balanced dynamics, this low-level cold anomaly (along with the effect
of friction) may help explain why the maximum tangential wind is found near 500 m rather than at
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the ground [34]. Of note, one needs to consider unbalanced dynamics in the TC boundary layer as
well, especially in intense storms [35-38].
(a) Tropical Storm

(b) Minor Hurricane (c) Major Hurricane

-
o

4800

4000 f

2000

Height (m)

1000

OB SO =2 NWwR OO N ® ©

0 1 3 0 1

2 2
/RMW r/RMW /RMW

3 4

Figure 13. Composite analysis of the temperature anomaly (in K) as a function of altitude and
normalized radius for (a) tropical storms, (b) minor hurricanes, and (c¢) major hurricanes. The contour
interval is 1 K in all panels.

In all three composites, the warm core expands outwards with height above 1000 m altitude,
where the cold perturbation gradually diminishes with radius. The magnitudes of temperature
anomalies are weaker for less intense TCs in agreement with previous studies [29,32,39,40]. The
warm-core anomaly maximum is ~10 K in major hurricanes, while it is only ~4 K in tropical storms.
Even so, the maximum warm-core anomaly occurs at similar heights in all three composites.

4. Discussion and Conclusions

This study constructed composites of dropsonde data to study the low-level structure of TCs of
different intensity. After pairing these dropsondes with available TC parameters from the Best Track
and the TC-OBS Database, 2608 dropsonde profiles from 42 North Atlantic TCs were analyzed over
the period from 1998 to 2017. Composite analyses of inner-core structure of tangential wind, radial
wind, virtual potential temperature, relative humidity, equivalent potential temperature, and
temperature anomaly are conducted for three intensity classes: tropical-storm, minor- and major-
hurricanes. The first part of this study is a follow-up to Zhang et al. [11]. Note that that study [11]
analyzed a much smaller number of dropsondes than our study. The uniqueness of the current
composite analysis is the inclusion of a tropical storm group, an intensity category that has not been
previously sampled as frequently.

Figure 14 presents a schematic diagram synthesizing the results of boundary-layer heights
(hinflow, hvimax, zi, and hric) for the three TC intensity classes. All these height scales show a general
decreasing trend with decreasing radius outside the RMW. While hinflow and hvtmax are close to each
other, zi, and hric are much smaller than hinfiow in all intensity classes.
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(a) Tropical Storm (b) Minor Hurricane (c) Major Hurricane
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Figure 14. A schematic plot summarizing the height scales in the composites of (a) tropical storms,
(b) minor hurricanes, and (c) and major hurricanes. Note that hvimax is the height of maximum
tangential wind speed; hinflow is the inflow layer depth, Zi is the thermodynamic mixed layer depth,
and hric is the boundary layer height based on critical Richardson number method.

The result that more intense TCs tend to have a shallower boundary layer outside the RMW may
be explained by the dynamical scaling (i.e., the square root of the ratio of the vertical eddy diffusivity
and the inertial stability) [41]. It is expected that the inertial stability increases with the wind speed.
In-situ aircraft data indicated that the vertical eddy diffusivity increases nearly linearly with the wind
speed [42-44]. However, the inertial stability increases faster than the vertical eddy diffusivity as the
wind speed increases, because the inertial stability is nearly a function of the square of the wind
speed. This may explain why stronger TCs tend to have shallower boundary layers.

In addition to the boundary-layer height, this study also investigated differences in the thermal
structure among TCs of different intensities. The composites of all TC intensity classes possess a cold
temperature anomaly surrounding the warm core near the top of the inflow layer with larger warm-
core anomaly in more intense TCs. The result also suggests that more intense TCs have a deep layer
of the near-saturated air in the eyewall region. The moisture differences between the three intensity
classes may be tied to different strengths of turbulent mixing in TCs with different intensity. As
stronger TCs tend to have larger turbulent mixing in a deeper layer as indicted by hri, the near-
saturated air near the sea surface could be mixed to higher levels in the boundary layer in stronger
TCs.

The equivalent potential temperature increases as both radial distance and height decrease, and
this trend is qualitatively consistent with the relative humidity distribution in all groups. In the
eyewall region, the vertical variation of 6, is much smaller in stronger TCs than in weaker TCs. On
the other hand, the magnitude of the radial variation of 6, is much larger in stronger TCs than in
weaker TCs, especially in the eyewall region.

The TC-intensity based dropsonde composites in this study have several applications for TC
forecast and research. For example, these composites can be used to identify deficiencies in the
existing algorithms to construct initial bogus vortices for TC forecast models. One could also use
these composites to validate TC structure in numerical simulations or forecasts over a TC’s life cycle,
during its transition from a tropical-storm stage to minor-hurricane and/or major-hurricane stages.
Such an examination may help identify potential deficiencies in model physics that can be reduced
to improve TC track and intensity forecasts. The observed structural differences in TCs with different
storm strengths may also assist forecasters to estimate potential TC intensity change in real time. The
structural differences between weak and strong TCs can also be useful in the communication of
intensity forecasts from the forecasters to public audiences.
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