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Abstract A tropical cyclone (TC) can generally be divided into three regions: inner core with vigorous
convection, intermediate region with intermittent convection, and far outer region with less convective activity.
The different physics in these three regions suggest correspondingly different wind structure models. In this
study, we combine the inner-core wind model from Tao et al. (2023, https://doi.org/10.1029/2023g1104583,
T23), the outer wind model from Emanuel (2004, https://texmex.mit.edu/pub/emanuel/PAPERS/Energetics_
Structure.pdf, EO4), and a transition model of a modified Rankine vortex to create a new fast and analytical
model for the complete radial structure of the TC wind field. The T23 model captures inner-core wind variation
with small errors, while the EO4 model reproduces the broad outer wind structure at large radii well. The new
wind model combines the strengths from both T23 and E04 models without the need for statistical fitting,
showing great potential in reproducing the full range of simulated and observed TC winds.

Plain Language Summary We developed a simple analytical model to represent the full wind
structure of a tropical cyclone by combining three different wind models: one for the storm's inner core, one for
the far outer region, and a smooth transition in between. Each part is designed to reflect the different physical
processes that occur at different distances from the storm center. The inner-core model captures how winds
change during storm intensification, while the outer model accurately describes the broad, low-wind areas far
from the center. Together, the combined model does a good job matching both computer-simulated and real-
world observations of tropical cyclone wind profiles. In addition, no statistical fitting procedure is needed,
ensuring consistency across different data sets and fast implementation. This new model can help improve our
understanding of storm structure and support applications like hazard prediction and storm surge modeling.

1. Introduction

Tropical cyclones (TCs) pose significant threats to coastal regions and offshore facilities. To quantify TC impacts,
accurate and efficient modeling of their wind field is essential for wind risk estimation (Vickery et al., 2009;
Watson & Johnson, 2004) and storm surge modeling (Jakobsen & Madsen, 2004; Lin & Chavas, 2012; Yin
et al., 2021). One widely used approach involves parametric wind models, which describe the spatial distribution
of winds using mathematical expressions governed by a few key parameters. Given that parametric models are
relatively simple and require minimal input data, they are especially valuable in scenarios that require a large
ensemble of potential wind fields. However, accurately modeling the full TC wind field including both inner core
and outer wind structure, while accounting for the large possible variations in TC size and intensity remains a
challenge. While the footprint of extreme winds depends principally on winds in the inner core, inland-flooding is
driven by rainfall that depends strongly on the wind field structure at intermediate radii (Xi et al., 2020). Storm
surge is greatly enhanced by the weaker winds at large radii that blow over a large area and across long fetch to
push water toward the shore ahead of landfall (Irish et al., 2008; Wang et al., 2022). For each of these hazards,
economic damages can be linked by forcing models using a parametric wind field (Gori et al., 2025). Hence,
accurately representing the wind field at all radii is important for modeling TC related hazards.

There has been a great deal of effort in developing parametric wind models. Holland (1980) used a logarithmic
rectangular hyperbola to fit the observed dependence of pressure on radius, and calculated the radial distribution
of the wind, V(r), according to the gradient wind balance. Later, Holland et al. (2010) further advanced this wind
model by allowing the shape factor, B, to vary with intensity in order to better capture the variability in the wind
profiles. Meanwhile, Willoughby et al. (2006) empirically derived a sectionally continuous wind profile with
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analytical segments patched smoothly together. However, both Willoughby et al. (2006) and Holland et al. (2010)
wind models have many tunable parameters that need to be determined statistically through fitting observational
data set, which often results in varying optimal parameters for different data sets.

Emanuel (2004, hereafter EO4) suggested that the radial structure of TC winds is determined by different
mechanisms in different regions (e.g., inner vs. outer cores), and derived models for the outer non-convective
region and the inner convective region respectively, which were then asymptotically merged. This wind model
(hereafter fullEO4 model) requires an input for the radius of the vanishing wind (ry), which is however not
practically available in observations. Chavas et al. (2015) extended the EO4 idea and developed a complete wind
model combining the theoretical wind models for an inner-core convective region (Emanuel & Rotunno, 2011)
and an outer region driven by subsidence (E04). This complete model for the radial wind profile is fully physics
based and requires minimal inputs to reconstruct the radial wind profile. It has been shown to compare very well
against observational wind profiles, especially in the outer region versus QuikSCAT data (Chavas et al., 2015,
hereafter C15), and can reproduce the observed modes of wind field variability (Chavas & Lin, 2016). The C15
model provides a physical basis for a simple empirical model to predict the radius of maximum wind from outer
radii (Avenas et al., 2023; Chavas & Knaff, 2022), and has been very useful for predicting historical hazards,
including the historical record of U.S. peak storm surge (Gori et al., 2023), the climatology of U.S. TC inland
rainfall (Xi et al., 2020), and aggregate economic damage (Gori et al., 2025). However, this complete wind model
is limited by both its slow numerical (non-analytic) calculation (Chavas et al., 2016), and the fact that the inner
component of the model is too limited to capture the full structural variability of the wind profile just beyond the
radius of maximum wind (Tao et al., 2023).

Recently, a simple but promising inner-core empirical wind model was developed using the quasi-linear char-
acteristics of the absolute angular momentum surface outside the radius of maximum wind (r,,) (Tao et al., 2023,
hereafter T23). The inner-core wind profile can be determined by any two points on the absolute angular mo-
mentum surface (e.g., [;,» V,,] and [ry75, 17.5 ms™']) through linearity. With this simple inner-core model, the
wind profile variation to intensity and size is captured without fitting any data set. However, this wind model only
applies to the inner-core region such that the outer wind quickly goes to zero, similar to the inner-core wind model
in Emanuel and Rotunno (2011).

As suggested in the C15 complete wind field model, it is physically meaningful to use sectional wind models. In
this study, we introduce a fast and simple analytical wind model, which combines the T23 inner-core wind model
and an approximation of the EO4 outer wind model to take advantages of the strengths from both. The proposed
model is straightforward to apply, depends on only a small number of input parameters, and is capable of
reproducing the complex structure of TC wind fields in both model simulations and observations. This makes the
model well-suited for applications requiring efficiency, without sacrificing too much accuracy. In Section 2, we
will introduce the sectional wind model derivations and the validation data sets. Section 3 is the validation of the
simple wind model results against model simulations and observations. Section 4 is conclusion and discussion.

2. Methodology
2.1. Wind Models
2.1.1. Inner-Core Region: T23 Inner-Core Wind Model

The T23 model for the inner-core wind field is developed using the quasi-linear behavior of the absolute angular
momentum surface beyond 7,,. A key advantage of this model is that it has no empirically fitted parameters,
making it both analytically transparent and easily applicable across various scenarios. Given the wind field in-
formation at r,, and at an outer radius, for example, r|; 5, the linear slope SL,; 5 can be determined by

SLizs = w1 )]

rm

where M ;5 and M,, are the absolute angular momentum at ry; 5 and r,,, respectively.

With known SL; 5, r,, and V,,, the absolute angular momentum M at a given radius r is expressed as
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M(r) = |:SL17_5(rL - 1) + 1:|Mw (2)

m

Actually, there are many alternative ways to determine the slope. One approach is using the linear fit across all
available radii (ry75, 157 and r33), while anchoring the fit through the known point of r,,. In this way, we are
taking advantage of all available information, and the fitted wind profile should align well with all known radii.
While using two outer radii and V,,, we can also estimate r,, from the T23 model. Users can flexibly adapt the
application of this model to suit their specific needs.

2.1.2. Outer-Core/Transition Region: Modified Rankine

Here we introduce a modified Rankine vortex as the transition wind model between T23 and EO4. The primary
purpose of using a modified Rankine is to extend the region of non-zero wind and to provide a smooth connection
between the two linear absolute angular momentum models (both T23 and the approximate version of E04 have
linear absolute angular momentum, more details in Section 2.1.3). The wind and absolute angular momentum
equations for modified Rankine vortex are given by

V(r) = Ar ®, 3)

M(r) = Vr+%fr2 =Arl® +%fr2, 4)

where « is a preselected shape parameter (larger a, broader wind skirt), A is solved at the first merging point (more
details in Section 2.2.1), and f is the Coriolis parameter.

2.1.3. Far Outer Region: E04
The outer descending solution (Emanuel, 2004) links the radial gradient of M at the top of the boundary layer to

the thermodynamics of the quiescent free troposphere in radiative-subsidence balance. The solution is given by

oM _ (V)
or _Xr02—r2

©)

with

2C
r=—"2, (6)

Weool

where 7, is the outer radius where the rotational wind goes to zero, C, is the surface drag coefficient, and w,,,; is
the magnitude of the radiative-subsidence rate in the free troposphere.

This equation has long been known to lack an analytical solution and therefore must be integrated numerically to
match some known wind radius (Chavas et al., 2015). However, this requires knowing the exact value of the outer
radius ry, as it appears in the denominator of Equation 5. Previous work solves this by employing a shooting
method to search for the correct 7, that matches the known wind radius (Chavas & Emanuel, 2010; Chavas
et al., 2015). Moreover, because the denominator approaches zero at ry, the solution blows up if the equation is
integrated outward toward ry. Chavas et al. (2016) showed that this singularity disappears when the equation is
integrated in nondimensional form, with r scaled by ry and M by M,. However, this approach involves two
numerical convergence calculations and requires several hundred lines of code to implement. Recently, Cro-
nin (2023) also presented a method to solve the equation using polynomial representations and offered to
numerically approximate the resulting power series.

Here, we resolve this longstanding issue by exploiting a simple yet overlooked physical constraint that enables a
good estimate of the ry from the original EO4 model. Specifically, if the point [ry,0] and one wind point [r}, V]
on the outer wind profile are known, then the average value of dM/dr between r; and r, can be determined, which
yields
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dM M, —M, )
dr ro—r

ad

5, and substitute in for M, = % fr? in Equation 5, we arrive at a 3rd order polynomial

: oM
If we approximate 5 ~
equation for ry:

1 1
Efr8+§fr1r§—M1ro—(rlM1+)((r1v1)2)=0, 8)

the positive real root of which is the solution for ry. The full profile M(r) follows from Equation 7:

=1 ©)

M(r) =M, —
o
The above approximation produces a simple solution for M that is linear in r between r; and r,. This assumption
aligns closely with the full EO4 model that also predicts M to be nearly linear in r at all radii except at very small
wind speeds near r; (cf. Figures 1a and 2a in Chavas & Lin, 2016).

2.2. New Wind Model With an Analytical Solution

We now illustrate the procedure for combining the three wind models described above to construct a piecewise
continuous wind profile. This process involves identifying two merging points: [r,, V,] where the inner-core T23
model transitions to the modified Rankine vortex, and [r,, V] where the modified Rankine vortex transitions to
the far outer-region EO4 model. The smooth transitions at merging points also indicate that the piecewise structure
of the model is dynamically consistent and avoids artificial discontinuities.

2.2.1. Derivation

At the first merge point [r,, V,],

M, = [SLW.S X <rri

m

1
- 1) + 1} M, = Ar,0"® 4 Efrj. (10)

The smooth transition between T23 model and modified Rankine model also requires

am M,
7=SL]7A5 Xle(l _a)ra_a +fru. (11)
dr T

Given a preselected a and observations of r,,, V,,,, 1175 and f at the TC center, the two unknowns (A and r,) can be
solved from the above two equations.
At the second merge point [r,, V,,], the smooth transition between modified Rankine model and E04 requires

oM (n,V,)’

ar Iy — T,

A(l —a)r,* + fr, (12)

while the approximation in Section 2.1.3 gives

oM _ VP iy o
or R—r: dr ro—"1,

where M, = 1,V}, + 1fr}.My = 1fr3,V,, = Ar;® With preselected values of y and a as well as the parameter
A obtained above, the two unknown variables (r;, and ry) can be determined by Equations 12 and 13.
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Given the routinely available records of r,,, V,,, and {7 5, the wind profile beyond r,, then can be fully determined.
Two tunable parameters (a and y) primarily control the locations of the merging points and the wind structure in
the outer and far-outer regions. In the situation of @ = 1, there exists an analytical solution from Equations 10-13,
which will be presented in the next section. Numerical solution exists for a # 1 (see Tao et al., 2025). It will be
shown in the a sensitivity tests that @ = 1 also gives the best reconstructed wind profile when compared to
simulated wind profile in the next section.

2.2.2. Analytical Solution

Here we present the analytical solution from Equations 10-13 for A, r,, 1, and r, under the situation of @ = 1:

1 (SL;75 X%
A——( 17.5

M2
=% p m) + M, (1 —SLy75), (14)

m

SLi75 XM,
r,=——="—2
¢ ST

15)

(16)

(17)

Thus, the analytical wind model is defined by the following sectional functions:

M, 1
V(r) = [(i— 1)SL17_5 n 1] << (18)
r

rm

Arr, <r<n; (19)

A-Lfr? 1
Aol +fr,— Efr’ T, ST <Tp. (20
,

For the wind profile inside r,,, we simply use a linear profile given by

V(r) = vmri,rgrm. @21

m

Figure 1 shows the y sensitivity of the analytical wind model (Equations 18-21) with the inputs of V,,, 7,,,, 1175 and
f values from a simulated TC wind profile (see Section 2.3.1). Variations in y lead to differences in the far outer
low-wind region of the analytical wind model, with larger y values producing larger r, and ry, as described in
Equations 16 and 17. According to Chavas and Lin (2016), y is typically around unity when using the drag
coefficient from Donelan et al. (2004) as both quantities C; and w,,,, are approximately 0.0015-0.003 and
relatively constant. For simplicity, and based on the relatively good performance shown in Figure 1, we adopt
x = L5 in the analytical wind model used in the following sections.

We also present the a sensitivity in Figure S1 in Supporting Information S1 with the same inputs of V,,, 1,,,, 1175, f
and y = L.5. The a range that can produce a reasonable wind profile is in [0.81-1.01] for these inputs. A smaller o
generates slightly larger wind beyond r, which results in slightly larger r,. Among the sensitivity tests, the
reconstructed wind profile with @ = 1 shows the best performance compared to the simulated profile. Using
a = 1is also justified by the observational findings in Avenas et al. (2024) that for the most intense and peaked
wind profiles, relative angular momentum conservation rV = constant applies for radii greater than a critical
radius (about 2-3 times r,,). In the following sections, we will present the results from the analytical wind model
(@ = 1) withy = 1.5.
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Figure 1. Wind profiles from the CM1 simulation (black) and the analytical solutions (color) with @ = 1 and ¥ € [1.0,2.0]
with a 0.25 interval. The merging points (,, r,) and the rotational wind vanishing point (ry) for the analytical solution are
denoted by plus, triangle and circle signs, respectively. The input values for V,,, r,, and ry; 5 are shown on the upper-right corner
in (a), the corresponding enlarged outer wind profiles are shown in (b).

2.3. Validation Data Sets
2.3.1. Idealized Simulations

A three-dimensional idealized simulation was conducted using Cloud Model 1 (CM1, v21.1), initialized with a
modified Rankine wind profile (exponent —0.35), featuring a surface maximum wind speed of V,, = 15 ms~! at
1,, = 100 km. The wind extends to » = 200 km, then gradually decreases to zero by r = 500 km. The simu-
lation uses the moist tropical sounding from Dunion (2011), a sea surface temperature of 302.15 K and
f = 0.00005 s~!. The RRTMG radiation scheme (Iacono et al., 2008), upper-level Rayleigh damping, and a
revised surface-layer scheme are adopted from the Weather Research and Forecasting Model. The model top is at
25 km, with horizontal grid spacing varying from 3 km in the inner core to 15 km at the domain edges, spanning a
total of 3,300 km. The CM1 simulation provides a controlled environment with a well-resolved wind field, free
from observational uncertainties, enabling accurate comparison.

2.3.2. Synthetic Aperture Radar (SAR) Wind Data

Synthetic Aperture Radar (SAR) has proven to be a valuable satellite technology for producing fine-scale, wide-
swath data in the TC boundary layer under nearly all weather and all-day conditions (Mouche et al., 2017, 2019).
The derived SAR products contain high-resolution estimates of the wind speed amplitude, lacking reliable in-
formation on the respective contribution from tangential and radial components, but still offering a great op-
portunity to investigate the TC wind profile (Avenas et al., 2024). In this study, we utilize the azimuthally
averaged high-resolution (1 km) SAR data set processed by Avenas et al. (2023). In order to get a reasonable
result for SL,; 5 (Tao et al., 2023), we select the SAR wind profiles with V,, >20 ms~! and available r,; 5 values.
Additionally, to ensure an analytical solution, M,, needs to be less than M/, 5. After filtering, a total of 292 SAR
wind profiles remain for analysis.

2.3.3. Extended Best Track

We also evaluate our analytical wind model using the Extended Best Track v2021-03-01 (Demuth et al., 2006,
hereafter EBT) data for TCs in the North Atlantic and East Pacific basins. The EBT data set provides 6-hourly
estimates of TC center position, intensity and wind radii (including 775, 757 and r33) in four quadrants
(northeast, northwest, southeast, southwest), as well as a single value of r,, for each TC throughout the life cycle
from 1988 onward. For this study, we use data from 1988 to 2020. Wind radii are processed by averaging all
available nonzero values across the four quadrants and applying a reduction factor of 0.85. This adjustment
accounts for the fact that reported wind radii represent the outermost extent in each quadrant, and the average
effective radius is estimated to be approximately 15% smaller (DeMaria et al., 2009). We apply the same selection
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Figure 2. Wind profiles from the CM1 simulation (black), the analytical solution (blue) with @ = 1 and y = 1.5, the C15
model (solid magenta) and the fullEO4 model (dashed magenta). The merging points (r,, r;,) and the rotational wind vanishing
point (ry) from the analytical solution are denoted by plus, triangle and circle signs, respectively. The V,,, r,, and r;; 5 values are
shown on the upper-right corners in (a—c), the corresponding enlarged outer wind profiles are shown in (d—f). The C15 model
only takes in [r,,, V,,]. No dashed magenta lines in (a, d) mean that the fullEO4 wind model does not have a solution for the wind
profile given the inputs.

criteria to the EBT data set as in previous section, requiring V,, >20 ms™', the availability of r;; s and M,, < M7 5.
The values of V,,, 1,,, 175 and f at TC center will be the inputs for the analytical wind model.

3. Results
3.1. Wind Model Validation Against CM1 Simulation

The azimuthally averaged 10-m tangential wind profiles for three snapshots of the simulated TC during rapid
intensification (RI) are shown in Figure 2. The simulated wind profiles exhibit a rapid increase in wind speed
within the inner-core region, a contraction of r,,, and an expansion of ry; 5 as the storm intensifies (Figures 2a—2c).
A gradual outward expansion of the wind field in the far-outer region with intensification is also observed
(Figures 2d-2f). Since the simulated TC evolves in a quiescent environment, the wind in the far-outer region is
unaffected by environmental flow and can approach zero. In reality, TCs are often affected by nonzero envi-
ronmental winds in the outer and far-outer regions, which can influence the observed TC wind structure.

The analytical wind model (Equations 18-21), fitted to the V,,, r,, and r{;5 values from the CM1 simulation,
effectively capture the wind structure across a range of TC intensities (Figures 2a—2c), particularly within the
inner-core region. The wind decay beyond r,, and the expansion of 7, are both reasonably well represented. The
C15 model captures the overall structure of the simulated wind profiles but overestimates the wind beyond r,, in
the intense TC situation (Figures 2b and 2c). In contrast, the fullEO4 model (more details in Supporting Infor-
mation S1) fails to provide a solution for the weak TC situation (Figures 2a and 2d), produces a nearly perfect fit
for the intense TC situation (Figures 2¢ and 2f), and performs well in the inner core for the intermediate intensity
but overestimates winds in the far-outer region (Figures 2b and 2e).

3.2. Wind Model Validation Against SAR Wind Data

Examples of individual TC azimuthally averaged total wind profiles are shown in Figure 3. The SAR-derived
wind profiles extend outward up to approximately 500 km, offering detailed insight into wind structure across
a range of TC sizes and intensities. The analytical wind model, using inputs of the V,,, r,, and ry; 5 values from
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Figure 3. (a-1) Example wind profiles for TCs with different size/intensity from Synthetic Aperture Radar data set (black), the analytical wind model with y = 1.5
(blue), the C15 model (solid magenta) and the fullEO4 model (dashed magenta). The merging points for the analytical wind model results are denoted by plus and
triangle signs, and the rotational wind vanishing point by a circle sign. The name and time (in UTC) of the storms are also shown. Cases with no dashed magenta line
mean that the fullEO4 wind model does not have a solution for the wind profile given the inputs of [r,,, V,,] and [r] 75,17.5 ms‘l] . The C15 model only takes in [r,,, V,,].
Note that the coordinates have different ranges to better exhibit the wind profiles.

SAR profiles, generally captures the wind decay beyond r,, well, despite variations among cases. However,
discrepancies arise in the outer-core region, where the analytical wind model tends to underestimate wind speeds
compared to SAR observations (Figures 3a—3c, 3e-3f). This is reasonable, as environmental wind in these outer
regions often becomes comparable in magnitude to the TC wind. Typhoon Rammasun (2014), a rapidly inten-
sifying TC, is well represented by the analytical wind model in both its relatively weak and intense stages
(Figures 3g and 3h). Typhoon Hagibis (2019), an exceptionally large TC, is effectively captured by the model
throughout its weakening phase, with size evolution reflected in changes in r, (Figures 3j-31). As expected, the
analytical wind model cannot capture complex structures, such as multiple-peak wind profiles due to coastal
impact (Figure 3a) or secondary eyewall formation (Figure 3k).

In contrast, the C15 model fitting to [r,,, V,,] generally performs well in reproducing the wind profiles except for
Hagibis (Figures 3j—31), which has been significantly underestimated. Using V,, and [rl7_5, 17.5 ms_l] , the C15
model reproduces outer wind profiles that closely match the new analytical wind model results in the most cases
(Figure S2 in Supporting Information S1), further confirming that the linear approximation in Section 2.1.3 is
appropriate. However, the C15 model fitted to an outer radius cannot capture the inner-core structure well in some
TC cases (Figures S2j—S21 in Supporting Information S1). The fullE04 model performs well for some cases
(Figures 3c and 3d), underestimates winds in the outer region in others (Figure 3¢) and fails to produce solutions
for the rest. While using a fixed ry = 1200 km as input instead of r7 5 in the fullEO4 model following Emanuel
et al. (2006), the resulting profiles tend to underestimate winds in most shown cases (Figure S2 in Supporting
Information S1). Note that the inputs for the C15 model and the fullEO4 model in Figure 3 and Figure S2 in
Supporting Information S1 are different (see Table S1 in Supporting Information S1).
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Figure 4. Results of the analytical model (blue), the C15 model (solid magenta) and the fullEO4 model (dashed magenta)
applied to 292 Synthetic Aperture Radar wind profiles. (a) Data count in the calculation for each radius, (b) linear correlation,
(c) mean bias, and (d) root mean square error. The black circle denotes the point not passing the significance test at the 95%
level. Similar to Figure 5 in Holland et al. (2010).

The overall performances of the aforementioned wind models applied to the SAR wind profiles are shown in
Figure 4 and Figure S3 in Supporting Information S1. Owning to the limited SAR swath and different r,, values
among SAR profiles, the radial extent of available data beyond r,, varies among profiles. The number of data
points included in the statistical analysis at each radius also varies across models. For example, the fullE04 model
has substantially fewer applicable cases because no solution exists for some r; 5 values (Figure 4a). For the C15
model, the fullEO4 model with a fixed r, = 1200 km and the analytical model, all 292 profiles contribute data
within 200 km from r,,. However, the number of observations declines significantly beyond 250 km from r,,, and
the difference among models at larger radii is due to their different r, values.

The correlation coefficient between the analytical model and SAR data remains above 0.8 up to approximately
~250 km, though it generally decreases with increasing distance from r,,. The analytical solution has a negative
bias with the largest value of —3 ms~! (~10% of the mean wind magnitude at the same location) just outside 7.
The root mean square error (RMSE) maximizes with a value of 4 ms™' (~ 14% of the mean wind magnitude at the
same location) at the same distance as the bias. Among the reference models, the C15 model using ;7 5 performs
better overall than that using r,, as an input, while the fullEO4 model with fixed r, performs the worst. The
comparable RMSE trends at the outer radii between the analytical model and the fullE04 model as well as the C15
model using r; 5 (Figure 4d and Figure S3d in Supporting Information S1) provide further confirmation that the
linear approximation in Section 2.1.3 is valid. Overall, the analytical wind model is well behaved, with skill
exceeding the C15 and fullEO4 models (Figure 4 and Figure S3 in Supporting Information S1), as well as out-
performing the results reported in Holland et al. (2010) (see their Figures 5 and 6, noting that a different
observational wind data set was used).
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The T23 model is developed from TCs under RI (Tao et al., 2023). To evaluate the performance of the analytical
model across different scenarios, we separate the SAR profiles into RI and non-RI cases (Figure S4 in Supporting
Information S1) as well as intensifying and non-intensifying cases (Figure S5 in Supporting Information S1).
Interestingly, the differences between RI and non-RI, or between intensifying and non-intensifying cases, are
small. Intensifying cases exhibit slightly better statistics across all three diagnostics, while RI cases show smaller
overall bias and RMSE, higher correlation coefficient within 100 km from r,,, but a more rapid drop in correlation
coefficient beyond ~ 100 km from r,,. It is worth noting that the RI sample size is much smaller than that of the
non-RI cases, which may limit the representativeness of these statistics. Overall, the weak sensitivity of the
analytical model to intensification rate demonstrates its robustness for practical applications. As shown in Figure
S6 in Supporting Information S1, the diagnostic statistics differ more notably between weak and strong cases. The
analytical model performs better for strong cases beyond ~ 100 km from r,,. Weak cases show better statistics

within ~ 100 km from r,

1> though this should be interpreted with caution because weak cases inherently have

lower wind speeds at these radii.

3.3. Wind Model Validation Against EBT

Figure 5 compares the analytical wind model estimates of r,5 ; and r33 against the EBT records. The model shows
nearly perfect linear regression slopes for r,5; in the Atlantic basin (0.99) and r3; in the East Pacific basin (0.97).
A slight overestimation is observed at smaller values for r33 in the Atlantic and 7,57 in the East Pacific, while an
underestimation appears at larger values, with transition points occurring near ~100 km and ~70 km respec-
tively. Overall, the analytical model provides reliable estimates for both radii across the two basins, supporting the
robustness and general applicability of this new wind model.
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The wind values for the two merging points are shown in Figure S7 in Supporting Information S1. The V, value

! with the majority falling below 17.5 ms~!. This indicates that the

T23 model is suitable for representing the wind field between r,, and r{; 5 in most cases. Greater variability in V,, is

has a wide range from ~5 ms~! to ~28 ms™

seen among weaker Atlantic TCs, while the lower bound of V,, tends to increase with increasing TC intensity in
both basins. The second merging point, V,, exhibit less variability, with all values remaining below 10 ms™'.

4. Conclusions and Discussion

In this study, we develop a new, fast, and fully analytical model for reconstructing the radial structure of TC low-
level winds. The wind model integrates three distinct components tailored to the varying dynamical regimes of the
TC wind field in three regions: the T23 model for the inner core, a transition model based on the modified Rankine
vortex, and the EO4 model for the far-outer region. This approach effectively captures the varying physics and
wind dynamics across the inner core, intermediate, and outer regions of the storm, given the information from
only two data points [r,,, V,,] and [ry75, 17.5 ms~!]. The skill of this analytical wind model is validated against a
CM1 TC simulation, SAR wind data set and EBT data set. The evaluation results demonstrate that the combined
model reliably reproduces both simulated and observed wind profiles, offering a promising tool for TC structure
analysis and potential operational applications. It is also worth noting that the analytical model achieves this skill
without any fitting parameters and is more computationally efficient, running roughly 30 times faster than the
widely used C15 model in our MATLAB tests reconstructing 292 SAR profiles. These substantial gains in both
applicability and speed highlight its value for large-ensemble applications where rapid computation is essential,
such as simulating thousands to millions of wind profiles in risk modeling.

The new analytical wind model's ability to capture the radial structure of TC low-level winds with no tuning
highlights its robustness and applicability to a wide range of TC intensities and sizes. However, the caveat
associated with this analytical wind model is its inability to represent wind profiles with multiple peaks, such as
those associated with secondary eyewall formation. In addition, like many axisymmetric parametric wind models,
it cannot represent TC structural asymmetries that arise due to inhomogeneities in the environment (e.g., vertical
wind shear, land-sea contrast). A natural extension of this work would be to incorporate azimuthal variations by
applying asymmetry coefficients, similar to the approach used in Kepert (2023).
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