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Abstract Initially a Category 3 storm, Hurricane Ian (2022) rapidly intensified on the West Florida Shelf
reaching Category 5 over the course of about 12 hr. Intensification occurred despite inhibiting factors such as
high axial tilt, high vertical wind shear, low atmospheric moisture, and transit over a relatively shallow
continental shelf. Using a high‐resolution simulation of Hurricane Ian from the Hurricane Weather Research
Forecasting (HWRF) model, we examine the factors that both hindered and supported rapid intensification (RI)
by blending various methods. We show that an increase in diabatic heating in the eyewall led to an inward radial
advection of momentum, seen in both the absolute angular momentum budget and in the azimuthal wind budget.
Analysis of the moist static energy budget indicates that the substantial latent heat flux from the surface was
enough to balance heat losses through storm outflow. For instance, surface latent heat fluxes exceeded
1,500 W m−2 on the West Florida Continental Shelf. As suggested by actual ocean temperature observations
that substantially exceeded those in the HWRF simulation, the latent heating may have even been larger.
Physical explanations for discrepancies between the simulated Hurricane Ian and observations are provided,
particularly those pertaining to the coastal ocean at the time of Ian's passage. This research provides a
comprehensive explanation of the RI of a hurricane using momentum budget analyses as part of a coupled air‐
sea analysis. Our findings demonstrate the importance of in situ oceanic air‐sea measurements in evaluating the
performance of coupled models, especially for hurricanes.

Plain Language Summary An already powerful Category 3 Hurricane Ian (2022) intensified by over
15 m s−1 in a 24 hr period over the shallow waters of the West Florida Continental Shelf. The rapid
intensification occurred in an environment considered unfavorable for such a process. We analyzed the high‐
resolution forecast from an operational model to explain why Ian intensified. Using a variety of methods, we
show that warmer‐than‐average waters on the shelf may have contributed to heat fluxes even higher than those
predicted by the model, thereby fueling the storm.

1. Introduction

Forecasting rapid intensification (RI) in hurricanes poses significant challenges, resulting in models inaccurately
predicting either the storm's intensity or its track (Bhatia et al., 2022). Such errors may lead to severe conse-
quences including loss of life and financial damage, especially when the storm impacts a densely populated
coastal region. Forecast models, even high‐resolution models, have considerable errors with RI due to the
complex multiscale processes that range from synoptic scales (>1,000 km) down to turbulent scales (<1 km).

Identifying the circumstances that may favor RI is difficult owing to the various factors that may be involved.
Using the Statistical Hurricane Intensity Prediction Scheme (SHIPS), Kaplan et al. (2015) identified a set of
environmental factors that favor RI: high precipitable water, low vertical wind shear, high upper‐level divergence,
and high ocean internal energy. These factors account for >25% of the forecast skill in RI scenarios, with the
remaining >75% of the skill coming from inner core processes such as convection and turbulence. However,
improved methods that correctly predict RI tend to increase the false‐alarm ratio (Kaplan et al., 2010). Although
improved models do have a modest impact upon decreasing the false‐alarm ratio (J. A. Zhang, Cione, et al., 2017),
Bhatia et al. (2022) show that evolving ocean and atmosphere states complicated the process beyond mere
improvement in models. Recently, machine learning techniques have been shown to reduce the false‐alarm ratio
and to increase the detection of RI (e.g., Kim et al., 2024; Ko et al., 2023) despite performing similarly in non‐RI
scenarios.

A critical challenge in prediction is that some storms undergo RI despite lacking some of the previously
mentioned conditions for RI. Recent examples include hurricanes Earl (2010), Edouard (2014), Harvey (2017),
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and Dorian (2019) (e.g., Alvey et al., 2022; Montgomery et al., 2014; Potter et al., 2019; Rogers et al., 2015, 2016;
Stevenson et al., 2014; Susca‐Lopata et al., 2015; Zawislak et al., 2016). Extensive reconnaissance flights into
Hurricane Earl expanded the understanding of RI (e.g., Smith et al., 2017) and improved forecast models (e.g.,
J. A. Zhang, Cione, et al., 2017; J. A. Zhang, Rogers, & Tallapragada, 2017; Wadler et al., 2018; J. A. Zhang &
Rogers, 2019), yet there are many outstanding issues related to RI.

Beyond previously suggested indicators of RI, recent studies also suggest additional factors that may influence RI
initiation. These include salinity stratification (Balaguru et al., 2020), the radial gradient of sea surface tem-
peratures (SSTs) (J. A. Zhang et al., 2020; Z. Zhang et al., 2020), downdraft intensity (Wadler et al., 2018), latent
heat flux (Richardson et al., 2022), combinations of diabatic heating (DH) and radial inflow of vorticity (Feng
et al., 2024; Y. Li et al., 2021), topographic interactions (Alvey et al., 2022), advection of vorticity through vortex
tilting (DesRosiers et al., 2022), ventilation (Fischer et al., 2023), precipitation symmetry (X. Chen, Xue, &
Fang, 2018), moist static energy (MSE; X. Chen et al., 2019), wind field asymmetries (Nolan et al., 2023), vortex
size (Huang & Ge, 2023), and even the phase of larger scale factors such as the Madden‐Julian oscillation
(Aberson & Kaplan, 2020). Eyewall contraction often precedes RI (e.g., Y. Li et al., 2021), but Qin et al. (2016)
show that most storms reach a state, which they refer to as “steady,” where eyewall contraction ceases, and in
some cases, the eyewall even expands slightly near the completion of RI (H. Chen et al., 2011).

Atypical cases of RI are also noted, including those occurring in shallow water with low tropical cyclone heat
potential (TCHP) (e.g., Potter et al., 2019), under high vertical tilt (e.g., Alvey & Hazelton, 2022; Alvey
et al., 2022, 2025; DesRosiers & Bell, 2024; Feng et al., 2024; Ryglicki et al., 2021; Xie et al., 2024), in dry
environments (Nam et al., 2023), and in moderate (e.g., Alvey & Hazelton, 2022; Alvey et al., 2022; Feng
et al., 2024;Miyamoto&Nolan, 2018; Rios‐Berrios et al., 2018; Rios‐Berrios, 2020; Rogers et al., 2015; Ryglicki,
Cossuth, et al., 2018; Ryglicki, Doyle, et al., 2018; Ryglicki et al., 2019;Wang et al., 2022) and high (e.g.,Molinari
& Vollaro, 2010; Nguyen &Molinari, 2012; Reasor & Eastin, 2012; Shelton &Molinari, 2009) wind shear. Some
of these conditions have also been observed in general intensification and not just RI (e.g., Schecter, 2022, 2023;
Yu et al., 2024). Hurricane Dorian (2019) underwent RI in a combination of moderate shear, high tilt, and low
humidity (Alvey et al., 2022). As shear increases, the cases of RI that occur decreases (e.g., Nebylitsa et al., 2023),
and shear even causes storms to weaken altogether (e.g., Gao & Wang, 2024). Among the environmental con-
ditions, warm SST remains the only consistent requirement behind RI.

Judt et al. (2023) proposed a new paradigm in the form of two modes of RI, “sprint” and “marathon. The
“marathon” mode, typically a gradual process over several days, occurs in low shear and high humidity (see their
Figure 9a), while the “sprint” mode, a burst‐like process over a period of about a day, occurs in moderate‐to‐high
shear and low humidity. These analyses are limited to cases where the storms were initially classified as tropical
storms or tropical depressions.

None of these studies explored a case such as Hurricane Ian (2022) in which RI occurred in an already powerful
Category 3 storm (Saffir‐Simpson scale). Kuo et al. (2019) examined Super Typhoon Haiyan, which underwent
two RI cycles (31 m s−1 in 24 hr and 25 m s−1 in exactly 24 hr), but their model failed to capture two distinct RIs as
occurred in Haiyan. In Ian, RI occurred in two stages, a process similar to Hurricane Opal (1995), which also
underwent two stages of RI (Bosart et al., 2000) due to differing environmental conditions, much like Ian's
intensification pause while passing over Cuba before the second period of RI that began over the West Florida
Continental Shelf (WFS).

This paper focuses on Hurricane Ian and its RI over the WFS. Section 2 describes the model used for the analysis
of the storm and the thermodynamic, dynamic, and oceanic processes and variables examined. Section 3 contains
an overview of Hurricane Ian and its environment. Section 4 describes and discusses the analysis findings, and
Section 5 draws conclusions from the analyses. Through these analyses, we aim to explain how a hurricane can
undergo RI in water that is relatively shallow (initially less than 100 m deep and then less than 50 m deep).

2. Data and Methods

2.1. Model Data

We use the HurricaneWeather Research Forecasting (HWRF) model to analyze Ian's RI. The HWRF version 4.0a
model (Biswas, Carson, et al., 2018) features a triple‐nested grid on a storm‐following coordinate with grid sizes
of 13.5, 4.5, and 1.5 km. The 1.5‐km grid is a 9° × 9° storm‐following coordinate system with 46 vertical levels
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that range from 1,000 hPa at the base level to 2 hPa at the top of the model domain.Where possible, we use the 1 hr
diagnostic output file, which includes many key variables (e.g., SST, sea level pressure).

The atmospheric model is coupled with the Princeton Ocean Model (POM) to allow air‐sea exchanges, leading to
more accurate estimations of air‐sea enthalpy fluxes. The POM has a domain encompassing the entire tropical
North Atlantic basin at approximately 9‐km grid spacing in the horizontal and 40 sigma coordinate points in the
vertical.

The HWRF model is written in pressure coordinates with terms of ω∂/∂p and the height Z = Z(α,φ,p), where α is
the longitude, φ is the latitude, and p is the pressure. In this study, the three‐dimensional atmospheric variables
will be viewed in cylindrical, polar coordinates, with r the radius, λ the polar angle, p the pressure coordinate, u the
radial wind speed (positive is outward from the center), and υ the azimuthal wind speed (positive is cyclonic). At
each layer of the model, the storm center is estimated as the local wind minimum in the eye of the storm.

SHIPS (DeMaria & Kaplan, 1994; https://rammb2.cira.colostate.edu/research/tropical‐cyclones/ships) provides
estimates of relative humidity, storm shear, and precipitable water, making it a vital component of forecast en-
sembles suites (DeMaria et al., 2022). The 850–200‐hPa shear and relative humidity were originally spatially
averaged over 200–800‐km from the storm center (DeMaria et al., 2005), but more recent versions of SHIPS use
0–500‐km after removing the storm vortex (Kaplan et al., 2010, 2015). Rios‐Berrios et al. (2024) correctly point
out that using a spatial average in this region does not necessary represent what is happening in the storm core.

The HWRF simulation we use is from the operational run initialized at 1800 UTC 27 September 2022. This run
corresponds to the first forecast point following Ian's egress from Cuba and is less than 12 hr before Ian traverses
the shelf break on the WFS. The model output time step is 3 hr for the 1.5‐km domain and 1 hr for the diagnostic
file. The meridional and zonal winds were passed to the ocean via the model coupler, and from the ocean model,
the latent heat fluxes were calculated and returned to the atmosphere. The model vortex was initialized using the
previous 6‐hr forecast and corrected using the storm size, location, and intensity. Model domains received their
initial fields from the Global Forecast System, which was then interpolated onto the inner domain grids.
Observational data used in initializing the model include dropsondes, reconnaissance, and satellite observations.
Further details about the operational HWRF can be found in the model documentation (Biswas, Abarca,
et al., 2018).

2.2. Oceanic Data

Tropical cyclone heat potential (TCHP) was first proposed by Whitaker (1967) to account for mixed layer depths
and later popularized by Leipper and Volgenau (1972). TCHP is defined as

TCHP = cp+
z(T=26°C)

z=0
ρi (Ti − 26) dz, (1)

where cp is the specific heat of water (>3,850 J kg
−1 °C−1), z = 0 at the surface of the water, z (T = 26°C) is the

depth of the 26°C isotherm, Ti is the temperature of the parcel at level i, ρi is the density of a water parcel at level i,
and dz is the height of the water parcel level i. We also examine the air‐sea enthalpy flux (the sum of the surface
latent and sensible heat fluxes).

We supplement the model output with in situ observations from four Coastal Ocean Monitoring and Prediction
System (COMPS) stations located on the WFS. These strategically positioned stations are located along different
isobaths of the WFS in order to best capture the various processes first described in detail by Z. Li and Weis-
berg (1999a, 1999b) and elaborated by Weisberg et al. (2001, 2009, 2015), Weisberg and He (2003) with the
added context of the Gulf of Mexico Loop Current in relation to the WFS topography by Liu et al. (2016). We
compare the POM temperatures to the in situ observations in order to evaluate the HWRF simulation's perfor-
mance on the WFS. The COMPS SSTs and the NOAA best track use observations; all other analyses we perform
use the HWRF simulation of Hurricane Ian.
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2.3. Moist Static Energy

Moist static energy can be considered a state variable since it is defined in terms of three state variables: tem-
perature (T), height (z), and specific humidity (q). The MSE (h) is defined as

h = cpT + gz + Lvq, (2)

where cp is the specific heat of dry air at a constant pressure (>1,004.7 J kg
−1 K−1), g is the gravitational constant

(>9.81 m s−2), and Lv is the latent heat of vapourization for liquid water (>2.5 × 106 J kg
−1). The first term on the

right side of Equation 2 is the enthalpy at a constant volume, the second term is the geopotential energy, and the
last term is the latent heating. Also of importance is the moist enthalpy, k, defined as

k = cPT + Lvq. (3)

MSE is widely used in the tropics, including studies on the intertropical convergence zone (e.g., Neelin &
Held, 1987), the Madden‐Julian oscillation (e.g., Sobel et al., 2014), and tropical cyclones (e.g., Emanuel, 2018;
Juračič & Raymond, 2016), because its column integral is conserved. Using the moist enthalpy in the local change
term gives better closure to the MSE budget (Neelin, 2007), as has been also shown to apply in HWRF (X. Chen
et al., 2019) and the advanced HWRF (Fischer et al., 2023).

2.4. Diabatic Heating

A critical part of the spin‐up mechanism is the increase in DH of the core of the storm. DH drives the inward radial
advection of absolute angular momentum (AAM) (Ooyama, 1982) that leads to increasing tangential winds. DH
of a system is simply defined (following Kuo et al., 2019) as the material derivative of the potential temperature:

Q =
Dθ

Dt
=
∂θ
∂t

+ u
∂θ
∂r

+
υ

r

∂θ
∂λ

+ ω
∂θ
∂p
, (4)

where θ is the potential temperature. Following a Reynolds decomposition Equation 4 can be azimuthally
averaged to give

Q =
Dθ

Dt
=
∂θ
∂t

+ u
∂θ
∂r

+ ω
∂θ
∂p

+ uʹ
∂θʹ

∂r
+ ωʹ

∂θʹ

∂p
, (5)

with the overbars denoting azimuthal means and the primes denoting departures from the mean.

2.5. Absolute Angular Momentum

The AAM is the second part of the spin‐up of hurricanes (e.g., Persing et al., 2013; Montgomery et al., 2014;
Smith et al., 2017; J. A. Zhang & Rogers, 2019; sources within these papers). The AAM (M) is defined as

M = rυ +
1
2
f r2, (6)

where M is the AAM, r is the radius, υ is the azimuthal wind speed, and f is the local planetary vorticity. In
hurricanes, as in the case of J. A. Zhang and Rogers (2019), the azimuthally averaged AAM balance provides a
simple view of spin‐up. The AAM balance is given by

∂M
∂t

= −u
∂M
∂r

−
υ

r

∂M
∂λ

− ω
∂M
∂p

+ Fr, (7)

where Fr represents the model residual. The spin‐up mechanism is seen, following Smith et al. (2017), via the
azimuthally averaged AAM budget,
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∂M
∂t

= −u
∂M
∂r

− ω
∂M
∂p

− uʹ
∂Mʹ

∂r
− ωʹ

∂Mʹ

∂p
+ Fr. (8)

2.6. Wind Component Balances

Due to the limited use of AAM in the boundary layer, Persing et al. (2013), Montgomery et al. (2014), and Smith
et al. (2017) demonstrated increased accuracy by analyzing the budget of the azimuthal wind. The planetary
boundary layer height is that from the HWRF model output, determined via the virtual temperature profile, the
wind speed at the top of the layer, and the critical Richardson number. In highly sheared or tilted storms, Nolan
and McGauley (2012) suggested that momentum evaluation (e.g., ∂υ/∂ t) using actual wind analyses may not be
effective. The agradient wind (υa), the difference between the tangential wind speed and the gradient wind, is
derived from the gradient wind (υg) by solving the quadratic equation:

1
r
υ2g + f υg + (−g ∂Z

∂r
) = 0 (9)

for υg and subtracting υg from υ. If O(υa) = O(υg), then it is likely that the budget of the azimuthal wind will be

more reliable than the budget of the AAM. We will show that O(υa) = O(υg) in Section 4.3. The budgets for the

individual wind components are

∂υ
∂t

= −u
∂υ
∂r

−
υ

r

∂υ
∂λ

− ω
∂υ
∂p

− (f + υ

r
) u − g

1
r

∂Z
∂λ

+ Dυ (10)

∂u
∂t

= −u
∂u
∂r

−
υ

r

∂u
∂λ

− ω
∂u
∂p

+ (f + υ

r
)υ − g

∂Z
∂r

+ Du (11)

Taking the azimuthal mean of the above equations gives

∂υ
∂t

= −u (f + ζ) − ω
∂υ
∂p

− uʹ ζʹ − ωʹ
∂υʹ

∂p
+ (−g 1

r

∂Zʹ

∂λ
) + Dυh + Dυp (12)

∂u
∂t

= −u
∂u
∂r

− ω
∂u
∂p

+ [(f + υ

r
)υ − g

∂Z
∂r

] − (uʹ
∂uʹ

∂r
+
υʹ

r

∂uʹ

∂λ
) − ωʹ

∂uʹ

∂p
+ (−g ∂Zʹ

∂r
+
υʹ
2

r
) + Duh + Dup, (13)

where g is the gravitational constant, Z is the atmospheric height, ζ is the vertical component of the relative
vorticity, and the D terms represent diffusive tendencies. The terms that include the derivatives of Z represent
gradient forces, and the Zʹ terms represent agradient forces. Unlike the AAM budget, the horizontal wind budgets
should balance in the boundary layer. Above the boundary layer, the winds are typically in approximate gradient
wind balance, but this does not hold true in the strong inflow region of the boundary layer. For instance, in
Hurricane Ian, it is expected that supergradient winds will be found, similar to those found in Hurricane Earl in
2010 (Montgomery et al., 2014).

3. Storm Evolution

A disturbance formed over the tropical waters of the Caribbean Sea on 22 September 2022, developing into
Tropical Storm Ian the following day. The system initially moved westward before turning northward and
intensifying into a hurricane. Ian underwent its first RI cycle, strengthening 20 m s−1 in 24 hr before making
landfall over western Cuba. Maintaining its Category 3 status while traversing Cuba, Ian then moved onto the
WFS. Once on the WFS, Ian again underwent RI, strengthening to a Category 5 hurricane before making landfall
over Lee County, Florida (Figure 1a). Actual landfall happened >70 km south of the HWRF predicted location.

During Ian's second period of RI, beginning at 0000 UTC 28 September 2022, Ian's wind speed increased by
>15 m s−1 in 12 hr (Figure 1b), with the HWRF simulation predicting an increase of >12 m s−1 over the same
period. As seen from SHIPS output, RI took place despite the presence of high shear (10–15 m s−1, Figure 1c),
which increased throughout the forecast period, and relative dry conditions (60%–70% relative humidity,
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Figure 1d), which decreased over the same time. Moreover, at the start of RI, the storm was tilted (900–300 hPa,
Figure 2a) downshear (as in Yu et al., 2023), with the magnitude of the tilt decreasing during RI despite shear
increasing to 15 m s−1 during the simulation, conditions that represent about 1% of all RI cases (see Nebylitsa
et al., 2023; Figure 5).

The tilt consistently remained southward (Figure 2b), and the departure of the tilt (which we define as the angle
between the tilt and a vertical line up from 900 hPa) decreased along with the tilt magnitude. When comparing to
studies, such as Alvey et al. (2022, 2025), tilting was due to persistent shear, which was consistently from the
northeast (Figure 2c). This realignment of the lower and upper level vortices is consistent with Fischer
et al. (2022, 2024) and was previously hypothesized to be necessary for intensification (Alvey et al., 2020; X.
Chen, Wang, et al., 2018; Rios‐Berrios et al., 2018; Rogers et al., 2020; Schecter & Menelaou, 2020). The radius
of maximum wind (Rmw) decreased from nearly 50 km to under 30 km during RI (Figure 3a), while convective
activity, indicated by cloudbursts (points within 200 km of the storm center and with a vertical velocity greater
than 3 m s−1), increased during the period of intensification and decreased when the storm began interacting with
the Florida Peninsula (Figure 3b).

Previous studies linked increased cloudbursts to intensification (e.g., H. Chen & Gopalakrishnan, 2015; Nolan
et al., 2007; Rogers et al., 2013, 2015; Vigh & Schubert, 2009), and the last of these studies specifically showed
that cloudbursts, especially in the downshear left and upshear left regions, can lead to central pressure drops as
part of RI. Here, cloudbursts are seen in both of the downshear quadrants (as in Schecter, 2024) as well as the
upshear left quadrants, much like Alvey et al. (2020) found for pre‐RI convection. In the case of sheared storms,
Huang and Ge (2023) found that strong outflow and convection in the upshear left side can offset the shear, thus

Figure 1. (a) Storm track (black line, circles) and Hurricane Weather Research Forecasting (HWRF) forecast track (blue line,
squares) of Hurricane Ian for the time between model initialization and landfall. Included are the 50 and 100 m isobaths of the
West Florida Shelf. (b) Observed (black) and HWRF forecast (blue) maximum wind speed in m s−1. (c) Statistical Hurricane
Intensity Prediction Scheme (SHIPS) (black) and HWRF (blue) 850–200‐hPa wind shear magnitude in m s−1. (d) SHIPS 850
to 700‐hPa average relative humidity for 200–800 km from the storm center. The gray vertical line represents the
initialization of rapid intensification; the red lines represent Ian's landfalls in Cayo Costa and at Pirate harbor.
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allowing intensification to occur. Alvey and Hazelton (2022) show RI being
preceded by both realignment and increased convection in the early morning
hours, but Ian's RI is accompanied by realignment and most rapid during the
night, which favors intensification due to destabilization of the atmosphere
(Dunion et al., 2019; Tang & Zhang, 2016; J. A. Zhang et al., 2020; Z. Zhang
et al., 2020). Given such adverse kinematics, something else must have
influenced Ian's RI over the WFS.

At this point, it is important to digress regarding the observed Ian track as
compared with the track of the HWRF simulation used here for analysis. Note
that these two tracks are very similar over the RI time period. Only after RI
did the tracks begin to deviate, with the simulated track showing landfall
farther north of the observed track. We will return to this point later when we
introduce the simulated and observed sea surface and subsurface temperatures
in Figures 7 and 8, which will reinforce our analyses.

The kinematics of Ian as it underwent RI are revealed in the six‐hourly
snapshots of the HWRF simulated, azimuthally averaged, radial, azimuthal,
and vertical components of wind as functions of radial distance from the
storm center and height, shown in Figure 4. During the RI process, the radial
wind maximum moves inward and increases in magnitude, while the vertical
updraft in the eyewall becomes stronger and more pronounced, as does the
adjacent interior downdraft. These changes are accompanied by an increase in
the azimuthal wind and a stronger outflow at the top of the storm. The initial
dry pocket at the top of the eye (8–12 km above the surface, Figure 5) spreads
vertically to 2 km above the surface as the eyewall becomes more pronounced
and forms a dry slot at >10 km. The evolving dry slot eventually grows from
the top of the storm to the bottom as a pronounced, well‐defined eye forms,
contrary to the expected weakening associated with such high shear (e.g.,
Frank & Ritchie, 2001).

Figure 6 illustrates the distribution of the cloudbursts and the equivalent
potential temperature (θe, calculated relative to 1,000‐hPa as in Bolton, 1980,
Equation 38). The primary cloudburst band becomes more defined, wider,
and concentrated (Figure 6) along the eyewall. At the same time, the eye (e.g.,
θe) becomes more concentrated and well‐defined, indicating a more orga-
nized and intense storm structure. Carstens et al. (2024) showed that θe in the
upshear right region is most important for intensification, but in Ian, there
appears to be a fairly symmetric distribution of heat. At least kinematically,
the HWRF simulation seems to have captured the structure of Ian as it
intensified and eventually started to dissipate once land effects came into
play. The plots of the modeled radial storm structure at 850 mb and the
normalized azimuthal wind profiles from reconnaissance flights (Figure 4)
show slight variations.

4. Storm Analysis

4.1. Oceanographic Factors

The ocean environment in which RI initiated was sufficiently warm despite
the water on the WFS being shallow (<100 m). The RI began as the storm
straddled the escarpment along the Straits of Florida (Figure 7, top row). This
region had TCHP values over 100 kJ cm−2 and continued over areas where

the TCHP was still above 60 kJ cm−2Mainelli et al. (2008, and sources therein) showed that the TCHP is a strong
indicator of RI, especially when it exceeds 60 kJ cm−2, and also linked TCHP to Category 5 hurricanes. The
model output indicates TCHP is above 60 kJ cm−2 for both the observed and HWRF simulated tracks.

Figure 2. (a) The magnitude of the 900–300‐hPa storm tilt in km; (b) the
angle of the storm tilt (black); (c) the angle of the tilt departure from the
vertical; (d) the angle of the vertical wind shear from Statistical Hurricane
Intensity Prediction Scheme (black) and Hurricane Weather Research
Forecasting (HWRF) (blue). The direction of the tilt is based on 0° being
toward the north and 180° being toward the south. Plots (a)–(c) come from
HWRF. The vertical lines are as in Figure 1.
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The air‐sea enthalpy flux, dominated by the latent heat flux term, was high
and sustained throughout the model run (Figure 7, middle row). SSTs
remained above 28°C during the RI period (Figure 7, bottom row), ensuring a
steady energy supply for its 24 hr over the WFS. Potter et al. (2019) similarly
showed that Hurricane Harvey (2017) intensified despite having TCHP
values that were below the threshold, demonstrating another example of RI
over a shallow escarpment.

The HWRF/POM‐simulated WFS SST, however, is cooler than the observed
SST from three of the four moored buoy stations (Figure 8). Only at C10
(Figure 8a), which received the least direct impact from Ian, is the SST
initially warmer. The warmer SSTs at the other three stations were more
favorable for RI, giving a possible explanation for why the simulated hurri-
cane was less intense than the observed hurricane. The initial simulated and
observed SSTs were similar at C12 (b), but the SST decrease was greater in
the simulation than in the observations due to the actual track being more
southerly. At C13 (c) and C22 (d), both the simulated and the observed
hurricanes passed directly over the moorings, and the simulated SSTs were
cooler than the observed SSTs, peaking at 0.5°C at C12, 1.1°C at C13, and
0.9°C at C22. The modeled SST decrease begins earlier at C22 than in the
observations. After the passage of Ian, the temperature decreased approxi-
mately 3°C at C12 (both at the surface and at depth) and C22 but decreased
only 2°C at C10 and C13.

At the model initialization, there is a period of rebound for the modeled SSTs
at C10 and C12. Thus, the modeled SSTs are either erroneous (as at C10 and
C12) or too low (as at C13 and C22) at the beginning of the simulation. POM

SSTs, which are used to determine the latent heat flux, remained below the observed values at all times.
Consequently, assuming all other variables remained constant, the air‐sea enthalpy flux into Ian was higher than
predicted by the simulation. Liu et al. (2025) provide the oceanographic explanation for why theWFSwaters were
anomalously warm, the importance of deeper water, and hence what helped facilitate Ian's RI. When including
more observations than just SSTs, the discrepancies become more evident.

Although differences exist between the modeled track and the actual track (and thus any differences in the
modeled and actual storm environments), we can refer to Equations 3 and 4 from the Sorinas et al. (2023) study to
make inferences about the latent and sensible heat fluxes. From Figure 8, we can generally conclude that the
HWRF SSTs are consistently up to >1°C lower than observed SSTs at the four buoys, and likewise, the modeled
air temperatures are up to 3°C higher than the in situ values, as seen in Figure 8. During RI, these values peak at
2.5°C at C10, 1.6°C at C12, 3.2°C at C13, and 1.6°C at C22. Relative humidity observations are likewise lower
than modeled values. During the times that the modeled and actual storm tracks are similar, the wind speeds are
also similar, although C22 suffered an instrument failure early in the RI period.

Using C13 for an example and Equations 3 and 4 from Sorinas et al. (2023), we can make estimates of the
differences in the sensible and latent heat fluxes. Since ρa, Le, cp, Cl, and Cs are all constants or approximately

constant, and the value ofWspd is approximately the same in both the simulated and actual conditions from model

initialization until the tracks begin to diverge at 0300 UTC 28 September 2022, we only need to consider Δq, the
difference between specific humidity and saturation specific humidity, and ΔT, the temperature gradient from the
surface to the air. For consistency across comparisons, we compute both specific humidities from the air pressure,
air temperature, and relative humidity for the HWRF output and the COMPS stations using the equations from
Salby (1996) and Wallace and Hobbs (1977). By using the observed temperature for computing the specific
humidity, we account for differences in the modeled and observed air temperature and dew point.

When computed, according to the data shown in Figure 8, Δq at C10 cannot be compared because of the saturation
of the modeled atmosphere; at C12, Δq in the observations is larger by a factor between 1.25 and 2; at C13,
saturation of the modeled atmosphere hinders the comparison between the model and observations, but the
observed Δq is larger by a factor of 1–2; and at C22, saturation of the model again is the prevailing factor. From

Figure 3. Hurricane Weather Research Forecasting (a) radius of maximum
wind (km) and (b) cloudburst number. The vertical lines are as in Figure 1.
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this, we see that the latent heat flux in the observed storm is approximately 25%–100% larger in the actual storm
environment.

A similar comparison can be made for the temperatures and therefore the sensible heat flux. Using the SST and air
temperature, at C10, ΔT is between 1 and 1.75 times larger in the observations than in the model; at C12, ΔT is
between 1 and 2 times larger; at C13, ΔT is between 1.25 and 3 times larger; and at C22, ΔT is between 1.5 and 2
times larger. As a result, the sensible heat flux would also be much larger in the observations than in the HWRF
simulation of Ian. We will link these findings about latent and sensible heat to the MSE budget in the discussion.

4.2. Thermodynamics

Following X. Chen et al. (2019) and Sobel et al. (2014), the vertically integrated MSE budget is defined as

ï∂k
∂t
ï = −8u ·∇pk9 − ïω ∂h

∂p
ï + QAS + QRad (14)

Figure 4. (Top three panels) The azimuthally averaged radial (top), azimuthal (middle), and vertical (bottom) wind
components (m s−1). (Bottom panel) Snapshots of the azimuthally averaged azimuthal wind (m s−1) at 850‐mb (black)
compared to aircraft reconnaissance wind observations (red).

Figure 5. The azimuthally averaged relative humidity.
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Figure 6. (top) The distribution of cloudbursts. The red dot represents the storm center in the Hurricane Weather Research
Forecasting (HWRF) simulation, and the red square represents the storm center from the NOAA best track. The red circles
outward from the center represent 1, 2, 3, and 4 times the radius of maximum wind. (bottom) The equivalent potential
temperature relative to 1,000‐mb (K). The white dot represents the storm center in the HWRF simulation.

Figure 7. (top) The tropical cyclone heat potential (kJ cm−2). (middle) The air‐sea enthalpy flux (W m−2). (bottom) The sea
surface temperature (°C). The white dot represents the HurricaneWeather Research Forecasting‐simulated storm center. The
blue dots in the middle left panel show the locations of the four COMPS surface stations.
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where the angle brackets represent the column‐integrated quantity from the surface to the 100‐hPa pressure level
that is spatially averaged within 200 km of the storm center, u is the horizontal wind vector,∇pk is the gradient of

the moist enthalpy at constant pressure, ω is the vertical wind speed, p is the pressure, QAS is the air‐sea enthalpy
flux, and QRad is the sum of incoming and outgoing longwave and shortwave radiation terms, and the rest of the
variables follow their standard definitions. This form of the equation, with k in place of h in the local and hor-
izontal advection terms, gives better closure to the scheme (Neelin, 2007).

MSE is preferable over CAPE, which is not conserved, and regular static energy, which does not include a
moisture term. As shown by X. Chen et al. (2019), MSE can be a useful indicator of RI in hurricanes as it is
usually conserved (and transferred) or slightly increasing during such events.

The column‐integrated MSE was fairly consistent over the time of RI, changing only in slight increments
(Figure 9a). Throughout the RI period, the components of the MSE (Figure 9b) varied differently: the enthalpy
term initially decreased and then increased, the geopotential term remained fairly constant, and the latent heat
term consistently decreased until the end of RI. Advection contributed negatively to theMSE (Figure 9e), with the
vertical term dominating the outflow of MSE (as in Fischer et al., 2023). In contrast, the air‐sea enthalpy flux
(mostly latent heat) and radiation terms remained fairly constant and positive during RI, with the radiation being
much smaller than the flux (Figure 9d). Hence, the source and advection terms (Figure 9e) balance each other,
with the local change term and the sum of the right hand side terms being approximately equal during RI, showing
the model achieved approximate closure.

The azimuthally averaged DH rates in Ian were above 50 K hr−1 inside the radius of maximum wind, sloping
along the updraft region of the eyewall (Figure 10), with pronounced cooling only found in the interior downdraft.
Kuo et al. (2019, Figure 11) found DH rates of 3–14 K hr−1 during a period of much greater intensification
(31 m s−1 in 24 hr), starting from a tropical storm. Kilroy et al. (2016), at 6 km above the surface, found DH rates
greater than 25 K hr−1 in a storm that was weakening after RI. In Hurricane Patricia (2015), Martinez et al. (2019),
using expendable dropsondes, found DH rates in excess of 200 K hr−1 in the eye of the storm during RI.

Azimuthal means of DH are more indicative of RI than the spatial distribution of DH (Montgomery et al., 2006;
Nolan et al., 2007). Our findings agree with Vigh and Schubert's (2009) observation that the DH rate increases
downdraft intensity inside the region of heating. In the convective ring model of storm intensification, DH induces
radial inflow, leading to contraction of the eyewall and subsequent spin‐up, which causes subsidence that leads to
adiabatic heating and a pressure drop. This pressure drop maintains the gradient wind balance (e.g., Pendergrass
& Willoughby, 2009; Willoughby, 1990; Willoughby et al., 1982).

Figure 8. Sea surface temperatures, air temperatures, sea level pressure, relative humidity, and surface wind speeds from the four COMPS surface stations (blue) on the
West Florida Shelf along with the Hurricane Weather Research Forecasting/POM interpolated values from the 3‐hr (black) and 1‐hr (red, where there are values from
the 1‐hr output). The vertical lines are as in Figure 1.
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Convection was concentrated within the core of the storm, which corresponds
to the dominant process of latent heating that is strongest in the eyewall. In an
unstable atmosphere (∂θe/∂ p< 0, which is not shown but is discussed later as
it does apply to Ian), convection is further favored and initially manifests as
outflow at the top of the storm (Figure 4), enhancing the secondary, or
overturning, circulation (e.g., Bui et al., 2009; Carrier, 1971; Charney &
Eliassen, 1964; Ooyama, 1969, 1982) with a radial outflow at the top of the
storm and a radial inflow at the base of the storm. In an RI scenario (e.g., D.‐L.
Zhang et al., 2001), strong AAM advection is supergradient (e.g.,
Smith, 1968) at both the surface (inward) and at the top of the storm (out-
ward). The radial wind in Ian showed an intensification in the inflow
(outflow) at the base (top) of the storm in agreement with these theories.

4.3. Dynamics

The results of the AAM balance following Equation 8 are shown in Figure 11
in which the local derivative, advection, and eddy terms are shown along with
the sum of the advection and eddy terms and the model residual. The limi-
tations in the method are apparent from the residual, especially in the plan-
etary boundary layer and in the eyewall, where residual values were an order
of magnitude larger than the local tendency. A decrease in the AAM occurred
in the outer regions of the storm and was accompanied by an increase in the
eyewall and eye of the storm, indicating a net inward advection of AAM. The
eddy and advection terms were nearly opposite of each other; in the lower
portion of the eyewall, both terms were dominated by their radial component
with the vertical advection dominating at the top of the eyewall due to venting
aloft. These findings match those of J. A. Zhang and Rogers (2019) for
Hurricane Earl (2010), which also underwent RI under moderate shear.

Intensification via AAM advection assumes that the total AAM is conserved
within the storm and advected from one region to another. However, this
assumption does not hold in the HWRF representation of Ian, where a large
model residual was noted in the boundary layer and the eyewall during the
peak of intensification. Intensification via azimuthal wind advection (e.g.,
Montgomery et al., 2014; Persing et al., 2013; Smith et al., 2017) should
balance in the planetary boundary layer. Numerous studies (Montgomery &
Persing, 2021; Montgomery et al., 2020; Persing et al., 2013; Smith
et al., 2009, 2017) addressed such boundary layer issues. As seen in Figure 12,
the agradient wind (note the difference in the colorbars) is above 10 m s−1 in
the boundary layer, with the maximum of the agradient wind aligned with the
AAMmaximum, including a negative component along the spin down region
of the eyewall (e.g., Eliassen, 1971; Eliassen & Lystad, 1977; Greenspan &
Howard, 1963; Montgomery et al., 2001; Smith & Montgomery, 2015; Smith
et al., 2017). The deepening of the azimuthal wind is much like that shown in
DesRosiers et al. (2023) and DesRosiers and Bell (2024). Hence, we look at

Figure 9.

Figure 9. (a) The moist static energy (MSE) (black line, MSE). (b) The time rate of
change of the enthalpy (black), the geopotential (blue), the latent heat (green), and
the latent heat of a saturated atmosphere (red). (c) Time rate of change of the moist
enthalpy (black), the horizontal advection of moist enthalpy (blue), the vertical
advection of enthalpy (green), and the total advection (magenta). (d) Time rate of
change of the moist enthalpy (black), the air‐sea enthalpy flux (blue), the total
radiative flux (green), and the sum of the radiative and air‐sea enthalpy fluxes
(magenta). (e) The local change in MSE (black), the advection of MSE (green), the
sources and sinks (blue), and the sum of all the right hand side terms of Equation 14
(magenta). The gray and red lines are as in Figure 1.
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the azimuthal momentum budget (Figure 13) and indeed see a negative inflow in the planetary boundary layer, as
was observed in the AAM budget.

5. Conclusions

Hurricane Ian (2022) was analyzed using a comprehensive combination of techniques that had previously been
applied individually in the analysis of hurricanes but not all together in a single study. As Ian approached the
southwest coast of Florida, the HWRF model accurately predicted the timing of the intensification of the storm
while remaining within the margin of error for the track of the storm. Dynamic and thermodynamic analyses are
combined with atmospheric and oceanographic parameters to explain Ian's RI on the WFS. Ian underwent two
separate RIs, with the second RI occurring while it was already a major hurricane, resulting in it becoming a
Category 5 storm characterized by the most intense winds and convection being found in the left front quadrant.

Similarities exist between Hurricane Ian and other hurricanes. Ian, much like Hurricane Dorian (2019), underwent
RI in adverse conditions, with RI preceded by an increase in convection. Alvey et al. (2022) showed this using
reconnaissance data, whereas we show this via cloudbursts in the HWRF simulation. Dorian, however, had much
larger tilt (>50 km between 2 and 6 km). Both Ian and Dorian had tilts within the 100‐km threshold that Schecter
and Menelaou (2020) showed to be essential rapid vortex realignment. The modeled track bias being downshear
to the left of both the tilt and the shear and being too far downshear is consistent with the findings of Alvey
et al. (2020, 2025). We include the caveat that we were looking at HWRF, whereas Alvey et al. (2025) and other
recent studies have used the newer Hurricane Analysis and Forecast System (HAFS).

The latent heat remained large throughout the model run, with the TCHP being at or above the threshold for RI
(>60 kJ cm−2). This sustained heating balanced the loss of MSE due to advection, allowing the atmosphere to
remain unstable, and contributed to the DH of the inner core region of the storm. The observed sea temperatures
remained higher than those predicted in the POM/HWRF simulation. Assuming all other variables remained
constant, then the latent heat flux would have been larger, likely leading to stronger and faster RI than predicted by
the HWRF simulation. We show the observed air temperatures are lower than the HWRF values, the observed
SSTs are higher, and the observed relative humidity is lower. In the HWRF simulation, latent heat offset the
advective losses due to shear while providing enough heat to the atmosphere that RI took place despite the adverse
conditions. In the actual storm, the latent and sensible heat fluxes may have been large enough to not only offset
the advective loss of MSE but also possibly to increase the column‐integrated MSE in Ian (e.g., Schecter, 2022).

The DH operated in a storm spin‐up akin to that described in D.‐L. Zhang et al. (2001) and Ooyama (1982), with
the heating leading to an increase in both storm inflow and outflow (e.g., AAM and azimuthal momentum
advection). The AAM and azimuthal momentum budgets are both in approximate balance, meaning that general
conclusions can be made from these. Large contributions from the advective terms are balanced in the eyewall by
the eddy terms. Strong convection and outflow, to conserve mass, cause a strong inflow of momentum that crosses
the radius of maximumwind, leading to intensification (Smith et al., 2017). This process occurring in Ian, a storm
with relatively low tilt, agrees with the findings of Fischer et al. (2024). Given the high sea temperatures on the
WFS, further intensification likely would have occurred had the storm not made landfall over southwestern
Florida.

Figure 10. The diabatic heating, in K hr−1. In all the panels, the black line represents the top of the planetary boundary layer as
determined by Hurricane Weather Research Forecasting.
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Based on the above analyses, Hurricane Ian followed the classical RI paradigm that was succinctly summarized
by D.‐L. Zhang et al. (2001). High latent heat fluxes from the surface caused a net positive DH in the storm core.
This heating is sufficient to offset advective losses at the top of the storm, leading to large DH in the storm core
and driving a radial advection of boundary layer momentum that, upon deceleration, was lifted vertically,
spinning up the storm. This process continued while Ian was over the anomalously warm shallow waters of the
WFS. The storm continues to intensify until frictional effects from the Florida Peninsula begin to affect the storm.
Even after this RI cycle, the WFS maintains a sufficient TCHP and SST to support further development. The
decreasing effect of MSE advection shows an increasingly organized storm core that was heavily influenced by
landfall. Hence, Ian was a storm that was still intensifying when frictional effects (possibly the loss of latent

Figure 11. The absolute angular momentum budget. (top) The total advection. (second from top) The eddy terms. (middle)
Sum of the advection and eddy terms. (second from bottom) The local change. (bottom) The model residual. In all the panels,
the black line represents the top of the planetary boundary layer, and the units are m2 s−1 hr−1. Note the different scales for the
local tendency term.
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heating from the sea surface) became so great that the storm could no longer intensify. The roles of DH and
asymmetric convection in driving vortex realignment and RI are similar to Feng et al.’s (2024) simulation of
Super Typhoon Rammasun (2014).

Hurricane Ian underwent RI in a hybrid of the sprint and marathon modes, described by Judt et al. (2023) as a “fast
marathon.” Likewise, there are similarities to the “Type A” mode of Schecter (2024) for intensification beginning
while the vortex is still misaligned, but Ian's main convection region was in the uptilt direction, not downtilt.
Classification is difficult because the temporal resolution resolves the smaller timescale variations that charac-
terize the modes. We state this because Ian's RI (a) suddenly occurred in (b) a high shear environment that had
caused (c) a moderate tilt as in the sprint mode before (d) reorganizing as part of the RI. Throughout the
simulation, Ian maintained a classic modified‐Rankine vortex model (which can be approximately seen in
Figure 4) as in the marathon mode and underwent a quasi‐constant intensification rate over a 12‐hr period. Unique
to Ian was its original intensity at the time of RI initiation, but most of the environmental features that we observe
in Ian are consistent with the findings of the recent literature with regard to RI for storms over deeper water.

Hurricane Ian's azimuthal wind budgets show some signatures that we could not explain using the standard
methods. In this study as well as in the previous studies, one value of the radius of maximum wind (that from
850 hPa) was used at all levels of the storm. Would using the unique radius of maximum wind from each model
level lead to more exact results? Further analyses are needed to explain why the left front quadrant became the
strongest quadrant instead of the right front, something that is seen in both the HWRF simulation and in ob-
servations. These results show that improvements in atmospheric physics must be accompanied by improvements
in the coupled ocean model as well.

In their analysis of Hurricane Sandy (2012), S. Li and Chen (2022) coupled the Finite Volume Community Ocean
Model (FVCOM) to the WRF. They found that the FVCOM coupled model more accurately simulated Sandy's
approach to the New Jersey coastline than the uncoupled model largely due to improved latent heat fluxes. We
speculate that a higher resolution ocean model that more closely captured the actual ocean temperature structure
on the WFS being coupled to HWRF could have resulted in a more accurate forecast intensity and track. As of the
time of this writing, the new Hurricane Analysis and Forecast System (HAFS), which is coupled to the Hybrid
Coordinate Ocean Model (HyCOM), has yet to encounter such a case of RI on the WFS. HyCOM, with a similar

Figure 12. The azimuthally averaged azimuthal (top), gradient (middle), and agradient (bottom) wind components. In all the
panels, the black line represents the top of the planetary boundary layer, and the units are m s−1. Note the different scale for
the agradient wind.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD042024

NICKERSON ET AL. 15 of 20

 2
1
6
9
8
9
9
6
, 2

0
2
5
, 1

3
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
4
JD

0
4
2
0
2
4
 b

y
 U

n
iv

ersity
 O

f M
iam

i - L
aw

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

7
/0

6
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



resolution as POM (9 km), may be subject to the same coastal ocean temperature structure deficiency as observed
with Ian. This highlights the importance of having actual water column temperature observations in the coastal
ocean region subject to hurricane landfall and the consideration of using even higher resolution coastal ocean
models coupled with atmospheric models for improved hurricane intensity and track forecasts.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Figure 13. The azimuthal momentum budget. (top) The total advection. (second from top) The eddy terms. (middle) Sum of
the advection and eddy terms. (second from bottom) The local change. (bottom) The model residual. In all the panels, the
black line represents the top of the planetary boundary layer, and the units are m s−1 hr−1. Note the variability in the colorbar
scales.
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Data Availability Statement

The in situ data from the West Florida Continental Shelf are available through the COMPS website at https://
comps.marine.usf.edu:81/.
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