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Abstract
This contribution summarizes the significant progress in a variety of topic areas related to internal tropical cyclone (TC) intensity change
processes over 2018–2022 from the WMO Tenth International Workshop on Tropical Cyclones (IWTC-10). These topic areas include surface and
boundary layer processes; TC internal structure and microphysical processes; and, radiation interactions with TCs. Recent studies better frame the
uncertainty in the surface drag and enthalpy coefficients at high wind speeds. These parameters greatly impact TC intensity and it is therefore
important that more direct measurements of these boundary layer parameters are made. Particularly significant scientific strides have been made in
TC boundary layers. These advancements have been achieved through improved coupled models, large-eddy simulations, theoretical advance-
ments, and detailed observations. It is now clear that the research field needs to better represent the eddy viscosity throughout the depth of the
boundary layer. Furthermore, detailed study of coherent structures in TC boundary layers will likely be a propitious direction for the research
community. Meanwhile, in-depth observational field campaigns and assiduous data analysis have made significant headway into verifying theory
and modeling studies of intensification processes related to TC vortex alignment, efficient latent heating distributions, and overall 3D structure.
Substantial efforts have also been made to better understand the intricate roles radiative processes play in TC evolution and intensity change.
Finally, some promising progress has been made in the development of time-dependent theories of TC intensification and the predictability of
internal TC intensity change. Overall, there have been well-earned gains in the understanding of intensity change processes intrinsic to the TC
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system, but the journey is not complete. This paper highlights some of the most relevant and important research areas that are still shedding new
light into internal factors governing TC intensity change.
© 2023 The Shanghai Typhoon Institute of China Meteorological Administration. Publishing services by Elsevier B.V. on behalf of KeAi
Communication Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Acronyms used in this paper.

ACT electrically active

CISK Conditional Instability of the Second Kind

ERCs eyewall replacement cycles

INACT inactive

KPP K-profile parameterizations
LLC low-level circulation

LES large-eddy simulations

MLC midlevel circulation

MPI Maximum Potential Intensity

MYNN Mellor–Yamada–Nakanishi–Niino

NOAA National Oceanic and Atmospheric Administration

NWP numerical weather prediction

PBL planetary boundary layer

PIR potential intensification rate

QUASI quasi-electrically active

RCE radiative-convective equilibrium

RI rapid intensification

RMW radius of maximum wind

SEF secondary eyewall formation

SFX surface enthalpy flux

SHIPS Statistical Hurricane Intensity Prediction Scheme

SST sea surface temperature

sUAS sUAS – small unmanned aircraft systems

TC tropical cyclone

TKE turbulence kinetic energy

VWS vertical wind shear

WISHE Wind-Induced Surface Heat Exchange

WWLLN World Wide Lightning Location Network
1. Introduction

Tropical cyclones (TCs, see a full list of acronyms in Table
1) have long captivated the scientific community in view of the
fact that these organized weather systems are products of their
environment, beholden to the large-scale characteristics of the
sea, land, and atmosphere, and yet, throughout their lifespans,
these storms create a breathtaking array of internal dynamics.
Internal TC dynamics range from the intricate organization of
boundary layer turbulence, imposing violent conditions at the
sea surface that thereby impact surface layer fluxes driving the
storm, to convective elements that, in mature storms, become
structurally arranged from circular, striated eyewalls in the
innermost TC region to spiraling convective-stratiform rain-
bands that sometimes behave semi-autonomously in a storm's
outer expanses. Spatial patterns of heating and cooling
emanating from microphysical and radiation processes are of
fundamental importance to a TC's structure and evolution.
Intense 3D wind shears and strong thermodynamic gradients in
the inner core of mature TCs unleash a variety of instabilities,
such as boundary layer rolls and eyewall asymmetries, which
can modify the trajectory of a storm's intensity. The multiscale
nature of TCs enables rapid two-way cascades of energy be-
tween the microscale and large-scale atmosphere. These com-
plex and fascinating aspects of TCs continue to both challenge
and motivate the research and forecasting communities.

In the following sections, we summarize the vital research
studies conducted over the past four years in the area of internal
TC dynamics. We emphasize one cannot fully describe TC
intensity change without considering the interactions between
environmental conditions imposed on a TC and the internal
dynamics that are impacted by and modify the environment.
This review focuses solely on internal TC dynamics, including
some of the dynamics set into motion by environmental stim-
uli. The rest of this paper is organized as follows. In section 2,
we cover the topics of the TC's lower boundary condition
(including air-sea interaction), the boundary layer, micro-
physics, radiation, the capacious topic of internal vortex-
convective structure and dynamics, and finally recent theoret-
ical and empirical advances in the area of TC intensification
rate. Section 3 connects aspects of storm internal dynamics to
the subject of intensity change theory and predictability.
Guided by the current state of knowledge, the final section
suggests the most auspicious avenues of inquiry in the forth-
coming years.
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2. Physical processes related to intensity change
2.1. Surface fluxes and other lower boundary condition
considerations
a) Update on Cd/Ck Knowledge

Exchange coefficients for enthalpy (Ck) and momentum (Cd)
are known to affect the intensity of TCs. Obtaining accurate
values of Ck and Cd in hurricane conditions remains a priority
in the TC community. Unfortunately, the uncertainty in these
exchange coefficients remains large, especially in high winds.
The nonlinear impacts of Ck and Cd on the modeled TC in-
tensity and the ocean coupling were reported by Nystrom et al.
(2020).

Laboratory measurements from Komori et al. (2018) and
Troitskaya et al. (2018) showed a sharp increase of Ck at wind
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speeds ≥35 m s−1 and, thus, Ck values in high-wind conditions
are much greater than earlier findings. They attributed the
noticeable increase in Ck at high wind speeds to intensive wave
breaking and enhanced exchange processes caused by the pres-
ence of giant droplets. Inconsistency in Cd at high-wind speeds
was also reported, with Cd saturating at approximately
25–35 m s−1 (Komori et al. 2018; Curcic and Haus 2020) rather
than “rolling off” above 30 m s−1 (Jarosz et al. 2007;
Kudryavtsev et al. 2019a; 2019b). Of note, Jarosz et al. (2007)
and Kudryavtsev et al. (2019a, b) estimated Cd using the ocean
response to TC winds and storm translation (i.e., a bottom-up
approach).

Several reasons were offered in recent years to explain the
inconsistency of Cd values at high-wind speeds. One expla-
nation is that Cd is a function of Reynolds number and wave
age rather than the often assumed 10-m wind speed (Donelan
2018). Similarly, the second explanation relates to a strong
dependence of Cd on the sea state, based on both modeling
(Chen et al. 2020) and observational studies (Zhou et al. 2022)
of TCs. Zhou et al. (2022) reported that the most notable
reduction of Cd occurs when the misalignment angle between
the dominant wave direction and the wind direction exceeds
about 45◦, which is more common in the far front and in the
left-front quadrant of the TC. This finding is consistent with the
results from Holthuijsen et al. (2012). Additionally, the effects
of shoaling waves on the variability of Cd at a given speed
during TC landfall were reported by Chen et al. (2020),
especially with steeper bottom slopes and faster moving TCs
(Fig. 1). Chen et al. (2020) noted that Cd is particularly
enhanced in the TC right-rear quadrant due to shoaling of
Fig. 1. Cd−U10 scatter plots in deep water (a) and at three different shallow-water
Category-5 TC. The upper panels (b–d) show results on 1:2000 (shallow) slope a
coded by wave age. The rectangular box with two whiskers shows data statistics in a
median Cd values, respectively. The bottom and top of the rectangular box mark the
indicate the 2.5th and 97.5th percentiles of the data. The blue line is the GFDL bu
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fetch-limited waves and in the left-front quadrant due to
shoaling of opposing-wind swells.

The third explanation for the inconsistency in the estimates of
Cd relates to the applicability and accuracy of the flux-profile
method of Cd estimation at hurricane-force wind speeds using
dropsonde data from reconnaissance aircraft (Richter et al.
2021). Richter et al. (2021) specifically questioned the robust-
ness of the decrease of Cd at 10-m wind speed >35 m s−1 and
found large uncertainty in the estimation of Cd in high-wind
conditions from consideration of the limited sample size alone
(Fig. 2a). Other factors including the uncertainty in the height of
recorded dropsonde data, the short vertical extent of the loga-
rithmic layer, and violation of the assumptions of Monin-
Obukhov similarity theory near the eyewall were also identi-
fied as potential contributors to a low-bias of Cd in high-wind
conditions (i.e., the “rolloff” seen in earlier observational
studies such as Jarosz et al. 2007). These results highlight the
need for direct flux measurements in the lower hurricane
boundary layer, such as through unmanned aircraft systems
(Cione et al. 2020), to accurately estimate the Cd values at high
winds.

b) Effects of Cd and Soil Moisture on TC Intensity Change

The role of Cd in TC intensification over the water was
investigated in a recent idealized modeling study (Li and Wang
2021a). Li and Wang (2021a) found that a larger Cd induces
stronger boundary layer inflow and shortens the spin-up period
preceding rapid intensification (RI) than a smaller Cd. How-
ever, they found the intensification rate is unchanged if the
depths, 40 m (b, e), 30 m (c, f), and 15 m (d, g), under a strong, fast-moving
nd the lower panels (e–g) show results on 1:200 (steep) slope. Data are color
given wind speed bin. The red and black lines in the box denote the mean and
25th and 75th percentiles of the Cd values. The lower and upper whisker levels
lk Cd. From Fig. 11 of Chen et al. (2020).



Fig. 2. The black squares show Cd calculated from all observational dropsondes over 1997–2018, and the shading represents the variability in Cd when performing 20
repeated tests of randomly subdividing the sonde database into thirds. (b) As in (a), but for friction velocity. From Fig. 6 in Richter et al. (2021).
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variation of Cd is within a limited range, as effects due to
frictional dissipation and Cd-modulated boundary layer inflow
are nearly counteracted. Kim et al. (2022) further pointed out
that reduced Cd in high winds also suppresses sea surface
cooling; the extra energy drives TCs away from a steady state
and they proposed that this explains the bimodality of the
lifetime maximum intensity. Several recent studies (Chen and
Chavas 2020; 2021; Hlywiak and Nolan 2021) also investi-
gated the effects of Cd and soil moisture content on the in-
tensity change of landfalling TCs, and agreed that surface
roughening dominates over surface drying for the initial decay
of wind speed after the landfall of TCs. This enhanced friction
over land also enhances the overturning circulations. Hlywiak
and Nolan (2021) also recognized the important role of
higher soil moisture content in supporting more convection in
the outer-core region that helps maintain or slows the decay of
outer-core winds as the TC weakens and moves further inland,
while the decay rate near the radius of maximum wind (RMW)
is similar across different soil moisture contents.

c) Effects of Sea Surface Temperature and Surface Enthalpy
Flux

Recent studies have advanced our understanding of the role
of sea surface temperature (SST) and surface enthalpy flux
(SFX) in TC intensification. In a real-case modeling study,
Peng and Wu (2020) identified the key region where surface
enthalpy flux is crucial to TC intensification. They found that a
TC intensifies only marginally if the SFX is suppressed
immediately outside the RMW, while a TC can intensify much
faster if the SFX outside of a radius of about 2.5 times the
RMW is suppressed, as deep convection aggregates inside the
inner core and is suppressed in the outer core. In parallel, the
impacts of anomalously warm SST in the pre-landfall RI of a
supertyphoon were investigated by Chen et al. (2018a). They
found that compared to relatively cool SST experiments, RI
onset in the warmer SST experiments occurs much earlier due
to earlier RMW contraction and more symmetric precipitation
around the TC center, and the longer duration of the RI period
before landfall in the warmer SST experiments leads to a much
stronger TC at landfall. Interestingly, Kaplan et al. (2010) also
found that TCs with a more symmetric inner-core structure as
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deduced based upon GOES-IR imagery were more likely to
undergo RI. In a follow-up to their earlier study, Chen et al.
(2021) further attributed the higher precipitation symmetriza-
tion before RI onset in the warmer SST experiments to a more
effective boundary layer recovery of downdraft-cooled parcels
that contributes to the development of upshear deep convec-
tion. A recent real-case observational study (Wadler et al.
2021) and dropsonde composite analysis (Nguyen et al.
2019) also highlighted the importance of left-of-shear high
enthalpy fluxes in boundary layer recovery and the main-
tanence of upshear updrafts during RI. These studies empha-
sized that an accurate representation of surface fluxes is
essential for the accurate prediction of TC intensity changes.
2.2. Boundary layer processes and eyewall turbulent
mixing
A poor understanding and limited modeling of boundary-
layer turbulent processes in numerical weather prediction
(NWP) models are recognized as a key obstacle for TC in-
tensity forecasts (e.g., Emanuel 2017). As existing planetary
boundary layer (PBL) parameterizations in NWP models have
generally been developed for non-TC conditions, researchers in
the past four years collected additional measurements of tur-
bulence properties and used large-eddy simulations (LES) to
reveal the uncertainties of existing PBL schemes in TC con-
ditions, both over the ocean and land, and to improve these
schemes for better TC forecasts. Additionally, other topics
including the role of eyewall turbulent mixing in modulating
TC intensity change, PBL structure evolution during landfall,
and the performance of PBL or canopy schemes over land are
drawing increasing attention.

a) Boundary Layer Turbulence Observations

One of the greatest uncertainties of PBL schemes in hurri-
cane conditions lies in the parameterizations of eddy viscosity,
Km, which relates downgradient vertical momentum flux to the
local vertical wind shear (VWS). Km is parameterized differ-
ently in various types of PBL schemes and is a function of
turbulence kinetic energy (TKE) and mixing length in high-
order PBL schemes. Retrieving Km and related turbulence
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properties in the TC PBL is of great value in evaluating PBL
schemes in intense TC conditions. In recent years, additional
measurements of turbulence properties were collected by
different observational platforms, including multi-level towers
sitting oversea or near the coast (Tang et al. 2018; Huang et al.
2022; He et al. 2022), lidar wind profilers (Tsai et al. 2019),
manned aircraft (Sparks et al. 2019; Zhao et al. 2020), and
small unmanned aircraft systems (sUAS, Cione et al. 2020).

During TC landfalls, Monin–Obukhov similarity theory was
found applicable to the surface-layer horizontal and vertical
wind speeds that exhibit logarithmic characteristics with height
(Tsai et al. 2019; Huang et al. 2022), regardless of the
nonstationary and spatially inhomogeneous conditions. The
surface layer depth over land varies in different studies, from
60 m (Tang et al. 2018) to ~200 m (Tsai et al. 2019; He et al.
2022).

Over the ocean, the relationship between Km and wind speed
at flight level shows a lack of consistency among several
studies. For example, an exponential increase of Km with wind
speed under high-wind conditions in the inner-core region from
Sparks et al. (2019) differs from a nearly linear relationship
between Km and wind speed indicated by previous observations
in North Atlantic hurricanes (e.g., Zhang et al. 2011). Zhao
et al. (2020) instead identified a power-law increase of Km

with wind speed up to 40 m s−1 before leveling off. Addi-
tionally, Zhao et al. (2020) reported that the Km values are
~50–100 m2 s2 in the eyewall within the 400–700 m layer,
while in the same layer the mixing length does not vary much.
One emerging technology to note is the sUAS, which is
released from the National Oceanic and Atmospheric Admin-
istration (NOAA)'s P-3 reconnaissance aircraft to sample the
turbulence properties within the lower hurricane boundary
layer (Cione et al. 2020). The estimates of momentum stress
(a)

Fig. 3. Vertical profiles of nondimensionalized vertical turbulent momentum flux τ (
(V25, orange), 35 m s−1 (V35, green), and 45 m s−1 (V45, black). Gray and blue dot
Cione et al. (2020). (b) Vertical profiles of the effective mixing length leff from the
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from the sUAS were found encouragingly similar to previous
measurements derived from NOAA P-3 manned aircraft and
add to the understanding of turbulence characteristics in the
inflow layer and eyewall.

b) Boundary-Layer Parameterizations and Modeling

The fact that PBL schemes are designed as single-column
models motivates efforts to obtain Km profiles in the TC PBL
to assess PBL parameterizations. As the observed Km profile
over the ocean is only available at relatively weak wind speeds
(18–30 m s−1), Chen et al. (2021a) recently developed a
modeling framework based on LES to obtain Km profiles at
hurricane-force wind speeds. This framework allows LESs to
run under thermodynamic conditions from actual mature hurri-
canes; with this special setup, the LES produces reasonable
values of effective Km, momentum flux, and turbulence length
scale compared to observations (Fig. 3). Evaluation of different
types of PBL parameterizations using this framework and LES
data reveals intrinsic deficiencies of K-profile parameterization
(KPP) schemes in hurricane conditions, supports an asymptotic
length scale of ~40 m for the Louis-type PBL parameterizations,
and provides guidance to improve a high-order PBL scheme
used in NOAA's next-generation hurricane forecast model
Hurricane Analysis and Forecast System (HAFS) (Chen et al.
2021a; 2022). For KPP schemes, LES results indicate that the
exponent in the parametric K profile needs to be increased for
hurricane conditions such that the maximumKm is located closer
to the surface and reduced in magnitude. Two approaches to
improve KPP schemes were subsequently proposed by Chen
(2022). Analysis of the high-order Mel-
lor–Yamada–Nakanishi–Niino (MYNN) scheme further sup-
ports a “three-layer” strategy for the mixing length
(b)          

m2 s−2) from three LES experiments where the surface wind speed is 25 m s−1

s denote previous aircraft observations, and red dots denote the sUAS data from
three LES experiments. Adapted from Figs. 7 and 11 in Chen et al. (2021a).



Fig. 4. Vertical profiles of azimuthal-mean N2, Ri, Km, buoyancy fluxes, total water fluxes, and momentum fluxes at the RMW averaged over the period from 0000
UTC 9 October to 1800 UTC 10 October 2018 simulated by HAFB (blue, original PBL) and HAFN (red, improved PBL). The fluxes shown in (d–f) include both
model-resolved and sub-grid scale components. The green dashed and black dashed lines in (a–c) indicate the profiles of N2, Ri, Km calculated by treating cloud
condensates as “all liquid” and “all ice,” respectively. From Fig. 8 in Zhu et al. (2021).
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parameterization for TCs that represents different types of tur-
bulence regimes (Chen 2022). Another study that used LES to
improve a PBL scheme is Li and Pu (2021), who included the
effects of coherent large eddies into the Km parameterizations
within a KPP PBL scheme and further showed that the modified
PBL scheme can improve intensity forecasts, though these
interesting results are based on two available hurricane cases.

Additionally, efforts using flight-level observations to
evaluate and improve PBL schemes were performed by
Gopalakrishnan et al. (2021) and Hazelton et al. (2022). Other
notable sources of uncertainty in the PBL schemes include the
Prandtl number, which controls the ratios of momentum to
moisture and heat exchange in the boundary layer (Kalina et al.
2021), and scale-aware parameterizations in the gray zone
(Chen et al. 2021b), both of which have a strong impact in
controlling the boundary layer structure and TC intensification.
Of note, HAFS adopts a scale-aware PBL scheme, and efforts
are desired to address the uncertainty in scale-aware parame-
terizations for future sub-kilometer numerical modeling.

c) Eyewall Turbulent Mixing

Vertical turbulent transport above the diagnosed PBL height,
especially in the eyewall region, and its impact on TC intensity
changes were recognized in recent studies. Zhu et al. (2021)
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identified an underprediction of in-cloud turbulent mixing
above the PBL within a KPP PBL scheme and fixed this issue by
including the effects of multi-phase water in the static stability
calculation (Fig. 4a and b). The enhanced vertical turbulent
mixingwithin the eyewall (Figs. 4c–f) contributes to stronger TC
intensity and a smaller RMW based on the statistics of over 100
forecast cycles. Chen and Bryan (2021) investigated the role of
TKE advection in idealized three-dimensional numerical simu-
lations using a modified high-order MYNN scheme. They found
that the vertical TKE advection is the predominant contributor to
the formation of a deep TKE column in TC eyewalls, a structure
that is comparable to the previous airborne Doppler radar ob-
servations, while the buoyancy TKE production in the eyewall
remains negative above the near-surface layer due to the domi-
nant stratification effect. Additionally, with the inclusion of TKE
advection, especially vertical TKE advection, the simulated TC
is stronger and the inner core is smaller, demonstrating that the
TKE advection cannot be neglected in the TC modeling using a
TKE-based PBL scheme.

d) Performance of PBL and Canopy Schemes During
Landfall

The effects of PBL parameterizations on the surface wind
field over land have been discussed in recent years. Nolan et al.



Fig. 5. The upper panel shows a typical azimuthal mean wind profile in a
mature hurricane where the radial coordinate is normalized by the radius of
maximum wind. The lower panel shows a conceptual diagram of the observed
secondary circulations associated with boundary layer eddies and the phasing
of peaks in forward scatter (F) and backscatter (B). From Fig. 20 in Sroka and
Guimond (2021).
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(2021a, b) carried out numerical simulations of Hurricane
Wilma (2005) to understand the evolution of the boundary and
surface layers over land. A key finding of their work was that if
short-term TC forecasts can accurately predict the track, in-
tensity, and size they can provide useful information on the
timing and magnitude of peak winds at fixed points over land.
Hendricks et al. (2021) extended that work to understand how
well urban canopy models (UCMs) can predict winds in a
major city during a TC's landfall. Near-surface winds in the
urban area were strongly sensitive to the UCM and less sen-
sitive to the boundary-layer parameterization. Although the
UCM had a negative wind bias, it was able to produce realistic,
heterogeneous wind patterns in the city.

e) Boundary-layer Structure (Including Landfall)

The boundary layer structure is closely related to TC in-
tensity change. This important relationship has drawn the
attention of researchers over the past four years. By examining
the axisymmetric structure of the inner-core boundary layer for
different intensity change groups using a dropsonde composite
analysis, Ahern et al. (2019) found that compared to non-
intensifying TCs, intensifying TCs have a deeper tangential
wind jet and, thus, higher inertial stability in the eyewall region
and lower static stability above the near-surface inflow outside
the eyewall. These differences in the PBL structure indicate a
higher possibility of low-level ascent outside of the RMW in
non-intensifying TCs. In a modeling study of a TC, Ahern et al.
(2021) revealed that the formation of descending inflow in
response to increased shear during the weakening stage pro-
vides an ideal downward conduit for low-entropy parcels into
the inner-core boundary layer. This hampers convective
development azimuthally downwind of the inflow. Dynami-
cally, the descending inflow accelerates the tangential wind in
the downshear-left quadrant and immediately downwind, while
the primary circulation in the right-of-shear quadrant weakens
with time.

A distinctive kinematic feature in the TC PBL is the
supergradient wind. Recent idealized simulation studies agree
on the minor contribution of vertical advection of supergradient
wind to the intensification rate while they diverge on its
contribution to the steady-state intensity, ranging from 10–15%
in axisymmetric simulations (Li et al. 2020) to more marginal
fractions in 3D simulations (Fei et al. 2021).

Strong VWS and nearly-neutral stratification in TC PBLs
provide ideal conditions for the formation of roll vortices.
Studies in recent years documented different types of rolls or
coherent structures in the TC PBLs (Gao and Ginis 2018;
Guimond et al. 2018; Sroka and Guimond 2021; Tang et al.
2021). Tang et al. (2021) confirmed the existence of roll
vortices with wavelengths of 400–1600 m in the outer-core
region in two typhoons and further quantified that the aver-
aged momentum flux of flight legs with rolls was ~2.5 times
that of legs without rolls at a similar wind speed range. The
characteristics of linear-phase rolls under a moving hurricane
were investigated by Gao and Ginis (2018), who found that the
horizontal wavelength of rolls is determined by the radial-
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shear-layer depth. A key finding in Gao and Ginis (2018) is
that the roll growth rate is not only determined by radial wind
shear magnitude but also by the radial-shear-layer depth. Rolls
under a deeper shear layer have large size and thus are more
easily affected by the bottom boundary, which reduces the
efficiency of rolls in extracting kinetic energy from the mean
flow.

In contrast, Guimond et al. (2018) identified a different type
of coherent turbulent eddy during an eyewall replacement cycle
of Hurricane Rita (2005). These coherent eddies have a radial
wavelength of ~1–3 km and depth of ~1.5 km and, more
importantly, these eddies transport high-momentum air up-
ward, in contrast with roll vortices (Fig. 5). Sroka and
Guimond (2021) further quantified the effects of upscale en-
ergy transfer (or backscatter) of these coherent eddies on TC
vortex intensity by computing the kinetic energy budget for the
resolved-scale and eddy-scale motions. While the sub-filter-
scale (<2 km) energy transfer term was found to be a minor
contributor to the resolved-scale kinetic energy, it contributes
an average of ~30% to the local time tendency of eddy-scale
kinetic energy. This result indicates that the primary dynam-
ical pathway for the coherent turbulent eddies to influence the
TC vortex is through wave–wave nonlinear interactions, which
can subsequently influence the wave–mean flow interactions.
These different types of coherent structures in the TC PBL call
for more future endeavors to investigate their formation
mechanisms.

The wind and storm surge damage of landfalling hurricanes
emphasize the need to understand the evolution of boundary
layer structure during and post-landfall. A Doppler-radar
analysis of Hurricane Irene (2011) by Alford et al. (2020)
documented a transition of the tangential wind jet from
within the boundary layer over water to above the boundary
layer onshore; this transition occurred within the distance of
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5 km inland. The lofted tangential wind jet during coastal
transition is an outcome of reduced maximum tangential wind
within the TC PBL, a response to greater surface roughness on
shore, and nearly-intact tangential wind above. Hlywiak and
Nolan (2022) examined the modification of boundary layer
wind fields of idealized powerful TCs forced by the coastal
roughness discontinuity before landfall. They found the sudden
decrease in frictional stress of highly agradient flow crossing
the offshore coastline contributes to enhanced off-shore radial
and vertical velocities once the TC is within roughly 200 km of
land. The enhanced advection of angular momentum by the
secondary circulation downstream accounts for the enhanced
upper boundary layer winds to the rear and rear-right relative to
TC motion, which may lead to stronger, more damaging
downdraft-related gusts in that region of the storm.
2.3. Microphysics and precipitation processes
Several recent studies have examined the relationship be-
tween the spatial distributions of precipitation, associated latent
heating profiles, and the TC vortex response to such heating
distributions. Much of this work has focused on weak TCs,
including those prior to genesis as well as tropical depressions
and tropical storms, to describe how precipitation processes
help to organize these weak systems to a point where intensi-
fication can occur. Bell and Montgomery (2019) used aircraft
data to investigate the mesoscale processes leading to the
genesis of Hurricane Karl (2010). They found that the
convective cycle in Karl, diurnally alternating between
convective precipitation that stretched vorticity in the lower
troposphere and stratiform rainfall that amplified the mid-level
vorticity, spun up the vortex in low levels and led to Karl's
genesis. The onset of deep convection and associated low-level
spinup were closely related to the coupling of the vorticity and
moisture fields at low- and mid-levels, and this study reaf-
firmed the primary role of deep convection in the genesis
process while providing a hypothesis for the supporting role of
stratiform precipitation and the mid-level vortex. Nam and Bell
(2021) emphasized the role of tilting of vorticity in cumulus
congestus clouds and subsequent stretching of vorticity in the
lower troposphere from deep convection to explain how a low-
level vortex could persist in the presence of substantial VWS
until genesis occurred.

Rogers et al. (2020) extended these ideas from genesis to
downshear reformation, when they examined the role of pre-
cipitation processes in the reformation and subsequent inten-
sification of the weak TC that became Hurricane Hermine
(2016). They noted that while Hermine was initially tilted
under moderate VWS, repeated cycles of deep convection on
the downshear side contributed to the formation of a downshear
environment characterized by a low instability index and high
column moisture, a condition known to favor bottom-heavy
mass flux profiles and low-level vorticity stretching
(Raymond et al. 2014; Sessions et al. 2015; Sentic et al. 2015;
Raymond and Flores 2016; Raymond and Kilroy 2019;
Raymond and Fuchs 2021). Under these thermodynamic con-
ditions, a subsequent burst of deep convection successfully
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repositioned the low-level center underneath the well-
developed mid-level center (or reformation) and affected the
subsequent intensification. Alvey et al. (2022) showed a similar
alignment process in Hurricane Dorian (2019), using ground-
based and airborne radar to show that deep and moderate
convection, at least partly driven by terrain interactions with
the island of Martinique, led to a repositioning of the low-level
vortex closer to the mid-level vortex and in a more humid
environment (e.g., Fig. 6). Further removed from ventilation
and in a more nearly-aligned state, Dorian commenced RI.

While the studies mentioned above focused on the vertical
structure of latent heating and mass flux profiles, other recent
work has examined the azimuthal variation of precipitation and
its impact on TC intensity change. Chen et al. (2018a), in a set
of simulations of the RI of Typhoon Mujigae (2015), found
that precipitation became more symmetrically distributed
around the vortex as vortex tilt decreased. In the simulation
where RI onset occurred earlier, precipitation symmetry was
higher in the inner-core region, particularly for stratiform pre-
cipitation. The presence of the aligned vortex, precipitation
symmetry, and strong boundary layer inflow at the RMW led to
a contraction of the RMW and the formation of a strong and
compact inner core, which was the key component explaining
RI onset.

Intensity forecasts are sensitive to the representation of
microphysical processes in numerical models (Park et al. 2020;
Wu and Coauthors, 2021), and several recent studies have
improved our understanding of these processes. Feng and Bell
(2018) used polarimetric radar observations to show that the
precipitation asymmetry in major Hurricane Harvey (2017) was
due to an asymmetric updraft induced by vertical shear, hy-
drometeor size sorting, and a convective to stratiform transition
in the rotating flow. Microphysical asymmetries and the size
sorting signature are prevalent in intense hurricanes (Homeyer
and Coauthors, 2021) and may also be induced by storm mo-
tion (Didlake and Kumjian 2018) or vortex Rossby waves
(Huang et al. 2022). Variations in microphysics also occur
radially, with warm-rain processes generally dominant in the
inner rainbands with an increasing importance of ice-phase
processes and graupel production in outer rainbands (Wu
et al. 2018; DeHart and Bell 2020). These microphysical var-
iations in both azimuth and radius have dynamic impacts
through modification of the distribution of latent heating and
evaporative cooling, which can lead to intensity change and
eyewall replacement cycles (ERCs). The importance of strati-
form precipitation processes in the ERC process in particular
has been emphasized in recent studies (see Section 2.5c).

The ability of deep convection to ventilate the air from the
top of the boundary layer was recognized to be an important
process regulating TC intensity change (e.g., rapid decay) in a
recent idealized modeling study. Smith et al. (2021) found that
the rapid decay of the TC vortex results from the increasing
difficulty of deep convection to ventilate the air exiting the
boundary layer, resulting in unventilated air being advected
radially outwards in the lower troposphere and leading to spin-
down because of the approximate conservation of mean ab-
solute angular momentum. Smith et al. (2021) also pointed out



Fig. 6. An example of downshear reformation as seen in 700–500-hPa layer-mean relative humidity (RH; shaded; %) from the ECMWF Reanalysis Version 5
(ERA5) data at three successive times over a 21-h period. Storm-relative winds at a height of 5 km (black vectors), along with 2- and 5-km TC center estimates, are
shown when tail-Doppler radar observations from a NOAA WP3 mission were available (a and c). Figure adapted from Fig. 6 in Alvey et al. (2022).
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the possibility of misinterpreting this pathway as an outcome of
ambient VWS, if rapid decay was found in real TCs under
VWS.
2.4. Radiative feedbacks
Over the last four years, observational and numerical
modeling studies have continued to investigate the diurnal
variation in TC structure, which usually manifests as radially-
outward propagating pulses of anomalously cold infrared
(IR) brightness temperatures over a deep layer of the tropo-
sphere (Dunion et al. 2019). Moderate or strong diurnal signals
can be observed in 45%, 54%, and 61% of at least tropical
storm-, hurricane-, and major hurricane-strength TC cases
(Knaff et al. 2019). Similar percentages were found by
Ditcheck et al. (2019a). That 36-y climatology of Atlantic basin
TC diurnal pulses not only identified cooling pulses, but also
uncovered pulses of warmer IR brightness temperatures prop-
agating outward following the Dunion “diurnal clock” (Dunion
et al. 2014; Ditchek et al. 2019a). Ditchek et al. (2019b) further
grouped pulses into electrically-active (ACT), quasi-
electrically active (QUASI), and inactive pulses (INACT)
based on World Wide Lightning Location Network (WWLLN)
lightning activity. The propagation of ACT cooling pulses,
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ACT warming pulses, and INACT cooling pulses lent support
to the gravity wave interpretation of diurnal pulses (Ruppert
and O'Neill 2019; Evans and Nolan 2019) and to the tropical
squall-line characteristics after propagating away from the
inner core (Dunion et al. 2019; Ditchek et al. 2020).

In addition to diurnal IR brightness temperature variations,
the transverse circulation of TCs in numerical simulations has a
bimodal diurnal evolution with peaks from low-to mid-levels
nocturnally and in the upper troposphere during daytime
(Ruppert and O'Neill 2019; Evans and Nolan 2022). Obser-
vations using composite analyses of GPS dropsondes (Zhang
et al. 2020) and satellite sounding retrievals (Duran et al.
2021) reveal the diurnal variation of the mean PBL structure
with much stronger inflow during nighttime, leading to the
contraction of the RMW (Tang et al. 2019; Wu and Hong
2022) and the size of eye (Lee et al. 2020), which, in turn,
leads to an increase in the intensity of the TC (Wu et al. 2020).
Finally, rapidly intensifying TCs have been found to have a
greater diurnal variation of overshooting tops (Sun et al. 2021),
a higher frequency of long-duration pulses, and a significantly
longer mean pulse duration than steady-state and gradually
intensifying TCs (Zhang and Xu, 2021).

Besides the diurnal variation in TC structure, efforts have
also been put forward to understand the impact of



X. Chen, C.M. Rozoff, R.F. Rogers et al. Tropical Cyclone Research and Review 12 (2023) 10–29
cloud–radiation feedback on TC genesis and intensification,
inspired by its critical role in convective aggregation. Recent
studies using the idealized framework of rotating
radiative–convective equilibrium suggest that the radiative
feedbacks are sufficient to form organized convective clusters
and, thus, a weak cyclone, and can significantly accelerate
cyclogenesis by a factor of two or three (Muller and Romps
2018; Carsten and Wing 2022; Wing 2022). The acceleration
of TC genesis occurs due to horizontally and vertically varying
radiative feedbacks that favor the development of the mid-level
vortex (Carstens et al. 2020; Yang and Tan 2020; Wing 2022).
The overall impact of radiative feedback on TC genesis is also
a function of vortex strength. All else being equal, a stronger
initial vortex reduces the impact that radiation has on acceler-
ating tropical cyclogenesis (Smith et al. 2020). After genesis,
cloud-radiation feedbacks can prevent tropical cyclones from
reaching a higher intensity by establishing a more tilted eye-
wall that is unfavorable for stronger inward transport of ab-
solute vertical vorticity (Yang et al. 2022). Cloud–radiation
feedback can also affect the timing and variability of struc-
ture changes of TCs (Trabing et al. 2021) under different
background environments, such as large-scale VWS (Rios-
Berrios 2020) and tropopause temperature (Trabing et al.
2019).

The relevance of such idealized simulations to real-world
TCs, which form from pre-existing disturbances, remains un-
clear. Focused on Super Typhoon Haiyan (2013) and Hurricane
Maria (2017), Ruppert et al. (2020) demonstrate that the
cloud–infrared radiation feedback, referred to as the “cloud
greenhouse effect”, provides moist static energy to the incipient
storm and directly promotes the thermally-direct transverse
circulation that moistens the storm core and, in turn, favors TC
intensification via the wind-induced surface heat exchange
(WISHE) feedback. The formation of Typhoon Haiyan was
also accelerated through the cloud–radiation feedback by
enhancing the mid-level circulation via potential vorticity
production (Yang et al., 2021a). Climate simulations with
realistic boundary conditions suggest that radiative feedbacks
do contribute to TC development (Wing et al. 2019) and
suppressing radiative interactions can reduce the global TC
frequency due to a decrease in the frequency of pre-TC syn-
optic disturbances (Zhang et al. 2021). Besides numerical
simulations, observations also provide evidence on the favor-
able role of radiation in TC development. Wu et al. (2021)
found that intensifying TCs have greater radiative heating
from clouds within the TC than weakening ones. TCs with
enhanced cloud radiative effects tend to intensify, especially
for those with weak initial intensity.
2.5. TC structure
a) Vortex Shape

The impact of TC horizontal structure on TC intensity has
received a lot of attention while the influence of TC vertical
structure on intensity is a new emerging topic. Progress in both
areas is summarized below.
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Absolute angular momentum is intrinsically tied to vortex
structure and it is integral to the dynamical evolution of TC
structure and intensity. For instance, Peng et al. (2018, 2019)
investigated relationships between angular momentum and
intensity change. In their studies, the intensification stage is
divided into Phase I and Phase II according to the state of
slantwise moist neutrality. During Phase I, the intensification is
accompanied by the conversion in the angle between absolute
angular momentum surfaces (M ) and entropy surfaces (s) from
almost orthogonal to congruent inside the inner core (Peng
et al. 2019). During this process, the sporadic, deep convec-
tion near the RMW plays an important role in vertically
redistributing the large M and s from the lower troposphere
upward to the tropopause. Later, Peng and Fang (2021)
explored how the vertical depth of the initial vortex impacts
the early evolution of simulated TCs in Phase I. They found
that a shallower vortex has a stable low-level stratification
which inhibits deep convective bursts and results in slow
development of slantwise moist neutrality. The longer time it
takes in Phase I, the slower the TC intensifies during the early
stage. A state of slantwise moist neutrality is gradually
approached during Phase I, which leads to Phase II, when the
intensification theory of Emanuel (2012) applies with the
congruency between M and s surfaces (Peng et al. 2018).
Hence, the timing of Phase I partially determines the timing of
TC intensification.

A recent observational study on Hurricane Michael (2018)
(DesRosiers et al. 2022) also showed that TC RI is accompa-
nied by the redistribution of the M surfaces in the inner core
region. Three-dimensional kinematic fields of the storm, which
were retrieved from tail Doppler radar data, exhibited a
steepening of the inner core M surfaces (Fig. 7) during Hurri-
cane Michael's RI stage. This progression is attributed to the
eyewall updraft.

In the above-mentioned studies, TC intensification is shown
to depend on and co-evolve with the vertical structure of the
parent vortex. These findings emphasize the importance of
carefully considering the details of vertical structure in addition
to the horizontal structure in TC initialization and forecast
validations.

Another valuable area of vortex structure research has
further emphasized the importance of the outer TC structure on
intensity. Guo and Tan (2022) used the concept of TC fullness
(Guo and Tan 2017) to shed new light on TC intensification
rate. Fullness represents the ratio of the extent of the outer-core
wind skirt (i.e., the region between the RMW and gale-force
wind radius) to the outer-core size of the TC, and it accounts
for the observation that TC size (defined by a single size metric
such as RMW or gale-force wind radius) and intensity are not
necessarily correlated. The fullness increases as the outer-core
size increases and/or the inner-core size decreases. Guo and
Tan (2022) showed that large values of TC fullness are asso-
ciated with high intensification rates.

Li and Wang (2021b) proposed that the sensitivity of the TC
intensification rate to the inner-core size and the outer-core
wind structure results primarily from the fact that surface
enthalpy fluxes outside the RMW contribute to the eyewall



Fig. 7. (a) Progression of the azimuthally-averaged 106 m2 s−1 absolute angular momentum (AAM) contour, and (b) hurricane-force wind contour (33 m s−1) during
14 aircraft passes in Hurricane Michael (2018). Adapted from Fig. 3 in DesRosiers et al. (2022).
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entropy budget and diabatic heating while the surface stress is
largely determined by the surface wind near the RMW (namely
the TC intensity) only. More recently, sensitivity of the initial
TC spinup and subsequent intensification rate to the initial
wind profile inside the RMW was reported by Li et al. (2022b),
who showed that higher winds inside the RMW favor a shorter
initial spinup period and higher intensification rate, especially
for TC vortices with a relatively large RMW. On one hand,
higher winds inside the RMW promote stronger surface
enthalpy fluxes that support faster inner-core moistening and
convective organization (or faster initial spinup). On the other
hand, stronger winds inside the RMW imply higher inertial
stability that contributes to higher efficiency of eyewall diabatic
heating and higher intensification rates.

The above findings suggest that a realistic representation
of the initial TC structure is key to skillful TC intensity
forecasts by numerical models, and highlight the need for
routine observations of the inner-core kinematic structure of
TCs.

b) Vortex Alignment

TC intensification, and RI in particular, typically begins
when TCs are weak. For example, Wang and Jiang (2021)
showed that ~75% of all RI events initially had intensities of
55 kt or less, which is similar to the results of an earlier study
by Kaplan et al. (2010) that indicated ~60–70% of RI events in
the Atlantic and Eastern Pacific basins, respectively, occurred
for TCs whose initially intensity was 60 kt or less. Structurally,
the development of a vertically-aligned circulation is a key step
to drive RI onset (e.g., Chen et al. 2019; Tao and Zhang 2019;
Alvey et al. 2020; Schecter 2022) or prevent TCs from
continuous decaying (Liu et al. 2021), as an aligned circulation
promotes a symmetric distribution of precipitation and in-
creases resilience to the ventilation induced by VWS
(Chen et al., 2018a, 2019; Ryglicki et al. 2019; Alland et al.
2021a, 2021b; Fischer et al. 2022). Understanding how align-
ment occurs, however, is particularly challenging for weak
TCs, since they have a weak rotational constraint and are,
hence, dominated by divergent flow, rendering them more
vulnerable to hostile environments (e.g., dry air, VWS) than
stronger TCs. Identifying structural characteristics associated
with aligning, rapidly-intensifying weak TCs is therefore an
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important step in understanding the physical processes under-
lying RI onset.

Recent studies involving idealized modeling, real-case
simulations, and observational case study analyses have iden-
tified two alignment pathways. Both pathways involve the
mutual advection of the low-level vortex and mid-level vortex
toward one another, with a key distinction between the path-
ways being their respective emphasis on divergent vs. non-
divergent flow in facilitating alignment (both pathways could
of course occur simultaneously in nature).

The first (non-divergent) pathway is the precession of the
mid-level vortex into the upshear quadrants, where it can then
be advected near the low-level vortex by the background
environmental VWS (Rios-Berrios et al. 2018; Gu et al. 2019).
The precession of the mid-level vortex can be sensitive to how
the background wind veers with height, as cyclonic (anti-
cyclonic) rotating shear accelerates (decelerates) the precession
rate through the feedback between moist convection and the
balanced response to the height-dependent vortex tilt (Gu et al.
2018; 2019). The second (divergent) pathway includes the
advection of the low-level vortex toward the location of the
mid-level vortex, which can be facilitated by convectively-
driven inflow toward regions of deep convection co-located
with the mid-level vortex (e.g., Schecter and Menelaou 2020;
Schecter 2022), and the local modulation of vorticity through
diabatic processes. Modulation of vorticity by diabatic pro-
cesses can take the form of either: 1) the reformation of a new
smaller vorticity core or low-level circulation (LLC) either
beneath or near the mid-level circulation (MLC) via persistent
convection with a bottom-heavy vertical mass flux profile that
facilitates lower-tropospheric vortex stretching (e.g., Chen
et al. 2018b; Rogers et al. 2020; Alvey et al. 2022 – see
accompanying discussion in subsection 2.3); 2) the vertical
development of a low-level vortex upward, effectively gener-
ating a vertically aligned circulation (e.g., Miyamoto and Nolan
2018); or, 3) a “reconstructing” process in which vortex merger
occurs to yield a single closed circulation over a deep layer
(Rios-Berrios et al. 2018).

c) Rainbands

While it remains an open question whether rainband activity
is favorable or unfavorable for TC intensity and intensification
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(e.g., Wadler et al. 2022), most of the research over the last
four years has elucidated the negative impacts of rainbands on
intensity. Alland et al. (2021a, b) found that downdraft and
radial ventilation [the downward and inward, respectively,
transport of low equivalent potential (θe) air] occurs within, and
downstream of, convection associated with rainbands, consis-
tent with Riemer et al. (2010). Furthermore, the vertical
structure of the ventilation suggests that weaker TCs embedded
in environments that are drier and have larger VWS (thus larger
vertical tilts) are associated with stronger ventilation extending
lower down toward the surface, inhibiting convection and
leading to less intensification. Hu and Wu (2020) also
demonstrated the negative impact of rainbands on intensifica-
tion using ensemble sensitivity analysis. They showed that
when outer rainbands are active, mid-level inflow becomes
stronger. Consequently, more low-θe air impinges into the
boundary layer, decreasing θe radially inward towards the
eyewall, and limiting TC intensification. In addition to venti-
lation, rainbands can also impede inflow from reaching the
inner core, as demonstrated by Dai et al. (2019) who found that
low-level inflow near the eyewall is enhanced in idealization
simulations where an outer rainband is “damped” (through
reduction of the water mixing ratio).

TC rainbands also play an important role in the formation of
secondary eyewalls, which modulate TC intensity. Using
Doppler radar observations collected in Hurricane Earl (2010),
Didlake et al. (2018) documented mesoscale, mid-level,
descending, radial inflow in the stratiform portion of a rain-
band, consistent with previous studies (e.g., Moon and Nolan
2010; Didlake and Houze 2013). As this descending inflow
penetrated the inner core, enhanced convergence induced an
intense updraft that appeared just prior to the occurrence of
secondary eyewall formation. Recent idealized (Yu and
Didlake 2019) and real-case (Zhu et al. 2022; Yu et al.,
2021) simulations confirmed the results of Didlake et al.
(2018) that the low-level updrafts generated on the inner
edge of the stratiform portion of the rainband are capable of
triggering convectively-buoyant updrafts that may further
impact the intensity and structure evolution of the TC. Wang
and Tan (2020) emphasized the essential role of unbalanced
dynamics in the outer rainbands in the formation of a sec-
ondary eyewall. They found that the canonical formation of
secondary eyewall results from the coupling between two
different pathways, the wind-maximum formation pathway and
the convective-ring pathway. Idealized TC simulations per-
formed by Wang et al. (2019) show that the upper-tropospheric
stratiform cloud in the outer rainband spirals cyclonically in-
ward and downward and is axisymmetrized when the inner
sector reaches the outer edge of the rapid filamentation zone in
the boundary layer. Continuous axisymmetrization of the
downwind inner sector in the boundary layer leads to the for-
mation of a secondary eyewall. Environmental conditions (e.g.,
nonzero vertical wind shear) that favor the activity of outer
rainbands can bridge the external and internal dynamics of
secondary eyewall formation (Wang and Tan 2022). A five-
year study of observed secondary eyewall formation (Vaughn
et al. 2020) further highlights the potential importance of a
21
stationary banding complex observed 12-h prior to secondary
eyewall formation in 79% of their cases.

d) Eyewall Replacement Cycles

The internal TC phenomena of secondary eyewall formation
(SEF) and eyewall replacement cycles (ERCs) significantly
influence TC intensity. Typically, an ERC marks either a
temporary or permanent break in TC intensification, particu-
larly at a stage of evolution where concentric eyewalls are
apparent to an observer. Currently, the variability in the ERC
timescale presents the largest intensity prediction barrier.
Recent studies shed light into this variability. Yang et al.,
(2021b) showed longer-lived ERCs are associated with larger
outer eyewalls and typically transpire under relatively high sea-
surface temperatures and weak VWS. Large moats appear
favorable for increased boundary layer pumping in the inner
eyewall and, therefore, a more intense inner eyewall (Kuo et al.
2022). More generally, intricacies in vortex structure and the
environment likely play a role in ERC timing (e.g., Fischer
et al. 2020). Overall, these results indicate that the variability
in ERC timescale, and therefore the timing of intensity
changes, is partly influenced by the size and configuration of
concentric eyewalls and overall vortex structure. It is also
important to note that TC-ocean feedbacks may further alter the
ERC timescale from the climatological mean. For example,
slower moving storms can induce enhanced sea surface cooling
that accelerates the ERC process via rapid decay of the inner
eyewall (Li et al., 2022a). In contrast, Yang et al. (2019) show
ocean feedbacks can act in a diametrically opposed manner to
the study of Li et al. (2022a) because ocean cooling may
introduce energy flux asymmetries that slow the ERC. In either
case, it is plausible that enhanced ocean feedbacks inhibit
reintensification otherwise expected at the conclusion of an
ERC. Finally, the presence of moderate VWS can alter the
nature and timescale of ERCs (Dougherty et al. 2018; Wang
and Tan 2022). The variance seen in ERC timescales guaran-
tees continued predictive challenges arising because of ERCs.

e) Eyewall Instabilities

Eyewall barotropic instabilities related to strong horizontal
shear reversals in the vicinity of the RMW manifest in different
intensity change outcomes depending on the sophistication of
the model, with two-dimensional barotropic models indicating
wind speed decreases and pressure falls (Vigh et al. 2018)
associated with mixing. On the other hand, sophisticated full-
physics hurricane simulations often show further intensifica-
tion in the presence of instabilities. The more realistic hurricane
simulations, in fact, offer a wider spectrum of intensity out-
comes dependent on the numerous multiscale factors at play,
betraying simple rules of thumb for the forecaster.

Consistent with early 2D studies on eyewall barotropic
instability, Mashiko and Shimada (2021) documented the
observed evolution of polygonal eyewalls and mesovortices
using Doppler radar and surface stations. They found that
mesovortices possess pressure deficits and enhanced surface
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winds. They also documented observational evidence of mixing
of high equivalent potential air between the eye and eyewall. In
terms of full-physics model results that show eyewall in-
stabilities during intensification, recent detailed observational
analyses demonstrate vividly the existence of polygonal eye-
walls during periods of RI (Cha et al. 2020). There has also
been a continuation of numerical investigations of the role of
eyewall potential vorticity (PV) mixing in RI. Tsujino and Kuo
(2020) used a full-physics simulation of Supertyphoon Haiyan
(2013) in tandem with PV inversion and balanced dynamics
diagnostics of model output to propound that PV mixing leads
to pressure falls, enhanced boundary layer inflow at low levels,
and intensification. On top of the significant progress made in
observations and full-physics models, eyewall instabilities have
been revisited in simplified barotropic models as well,
including in the work of Jiang and Wang (2022) that shows
barotropic instabilities in idealized vorticity rings advance more
quickly and asymmetrically on a beta-plane than on an f-plane.

Eyewall instabilities are present in the scenario of concentric
eyewalls too. In a series of papers, Lai et al. (2019, 2021a, b, c)
used both simple, idealized models and full-physics models to
examine the role of barotropic instability across the moat in the
evolution of double-eyewall tropical cyclones. They showed
that the associated eddy radial transport of absolute angular
momentum resulting from the instability can make a substantial
contribution to inner eyewall decay. This dynamical inner
eyewall decay mechanism may be important in real TC eyewall
replacement cycles, working simultaneously with other pro-
cesses such as the boundary layer cutoff effect.

f) Relative time between eyewall contraction and rapid
intensification

The contraction of a TC's RMW often accompanies intensifi-
cation. However, recent observational and numerical studies
(Stern et al. 2015; Qin et al. 2016; Li et al. 2019) indicate RMW
contraction often stops well before the end of intensification. In
fact, the observational study of Wu and Ruan (2021) shows rapid
RMW contraction often precedes RI in North Atlantic TCs, with
smallerRMWsbeingmore efficient to intensify for a given heating
rate. The idealized simulations of Li et al. (2021) provide insight
into this sequence of events. They found that during the rapid
RMW contraction stage, because of the weak TC intensity and
large RMW, the negative moderate radial gradient of radial
vorticity flux and small curvature of the radial tangential wind
distribution across the RMW favor rapid RMW contraction. On
the other hand, relatively small diabatic heating far inside the
RMW leads to weak low-level inflow and small inward absolute
vorticity flux near the RMW and thus a small intensification rate
(Fig. 8a and 8c). Subsequently, the RMW contraction rate de-
creases quickly due to the rapid increase in the curvature of the
radial tangential wind distribution across the RMW as the TC
intensifies rapidly and the RMW decreases (Fig. 8b and 8d).
Observational studies from Li et al. (2022c, 2022d) provide a
detailed overview of the timing, relationships, and variability of
TC RMW contraction and intensification. With such observed
relationships well analyzed over many TCs, these studies may
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provide new practical guidance for predicting intensity changes
including RI.

3. Intensity change theory and predictability
3.1. Time-dependent theories of TC intensification
In recent years, there has been a significant improvement in
understanding the factors influencing TC intensification. Kieu
et al. (2020) proposed a reduced dynamical model to study
TC intensification. Based on the non-dimensional equations,
they showed that with constant convective heating and fric-
tional convergence in the absence of slantwise moist neutrality
or surface fluxes (convective instability of the second kind
mechanism, CISK) is able to generate intensification and a final
stable maximum intensity, but the efficiency of this process
decreases rapidly as the TC inner core approaches a state of
moist neutrality, during which the WISHE feedback is
responsible for TC intensification. This explains why CISK
cannot support the intensification of real TCs. They also
emphasized that TC intensification ultimately depends on the
frictional convergence of absolute angular momentum inside
the boundary layer no matter feedback mechanisms.

Quantitatively understanding TC intensification rate has
long been a problem. Emanuel (2012) is the first study that
attempted to develop a time-dependent theory of TC intensi-
fication based on the boundary layer momentum and entropy
budget equations, and the assumptions of an axisymmetric
vortex in thermal wind balance and slantwise moist neutrality
in the eyewall ascent above the boundary layer. Using the
constraint from the critical Richardson number in the outflow
region, an extra relationship between dynamic and thermody-
namic parameters (absolute angular momentum M and satura-
tion entropy s*) closes the governing equations and leads to a
simple equation for intensification rate (Emanuel 2012):
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in which, Vm is the current maximum intensity, Vmax is the
steady-state maximum wind, and h is the boundary layer
height.

However, as shown in an observational study by Xu and
Wang (2018), the maximum potential intensification rate lies
in the middle of the intensification stage, which is not consis-
tent with the predicted intensification rate from Equation (1).
Since then, several improved versions of Equation (1) have
been proposed by Wang et al. (2021a, b, 2022).

In Wang et al. (2021a), a dynamical efficiency (E ) is
introduced in the intensification equation, such that

∂Vm

∂t ≈ Cd

H
(EV2

mpi −V2
m), (2)

where E = ( I
Impi

)n = [
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(f+2V

r )(f+∂rV
r∂r)

√
|rm̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(f+2V

r )(f+∂rV
r∂r)

√
|mpirmpi

]
n

,H is the height scale of

the TC system, I is the inertial stability frequency at the RMW,
and Impi is the inertial stability frequency of the mature storm at



Fig. 8. Results from the idealized simulations of Li et al. (2021): (a, b) Diabatic heating rate (K h−1; shading), tangential wind speed (m s−1; purple), and radial wind
speed (m s−1; blue) at the time of (a) the peak RMW contraction rate and (b) the peak intensification rate (IR). The dotted black line denotes the RMW. (c, d)
Tangential wind speed (solid) and the tendency of tangential wind speed in the subsequent 6 h (dashed) averaged below 500 m at the time of (c) the peak RMW
contraction rate and (d) the peak simulated IR.
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its MPI. The weaker the storm, the lower the E value.When a TC
approaches its MPI, E is equal to 1.0. By introducing this
dynamical efficiency term, the low efficiency in converting latent
heating to a TC's kinetic energy during the early development
stage is considered, which results in a reasonable prediction of
intensity-dependent intensification rate.

Later, in Wang et al. (2021b), the authors introduced,
instead of the dynamical efficiency, E, a new ad-hoc parameter
A, which can be considered as the ventilation parameter, rep-
resenting the extent of slantwise moist neutrality, which is
small for weak TCs and equal to 1.0 as TC reaches slantwise
moist neutrality. This is consistent with Peng et al. (2018) that
during the early development stage, M and s* surfaces gradu-
ally evolve from almost orthogonal to congruent. Using the
tangential wind and entropy budget equations in a slab
boundary layer as well as the slantwise moist neutrality scaled
by a parameter A, the authors derived an equation similar to (2)
above with E replaced by A,

∂Vm

∂τ ≈ αCd

h
(AV2

max −V2
m), (3)

where α is the reduction factor of slab boundary layer wind to
the near-surface wind speed; the ventilation parameter A is
empirically determined and calibrated using full-physics model
simulations and the best-track TC data as A = (Vm/Vmax)3/2,
which can also share the same expression as the empirically
determined E in Wang et al. (2021a). The forecasted relation-
ship between intensification rate and intensity by Equation (3)
has a comparable shape to the observed distribution of the 99th
percentile of intensification rates (Fig. 9). Promisingly, this
modified energetically/dynamically based time-dependent the-
ory can quantitatively capture the intensity dependence of po-
tential intensification rate (PIR) of real TCs as recently
23
evaluated using the best-track TC data for the North Atlantic,
eastern and western North Pacific by Xu and Wang (2022).

Equation (3) is then further updated by Wang et al. (2022)
including the effect of dissipative heating. Vmax in A is rein-
troduced as a time dependent Vmaxt, which has a dissipative
heating term. With the addition of dissipative heating, the
theory predicts not only a shift of the maximum PIR towards
the higher intensity side but also higher intensification rate for
intense TCs.

Since the current time-dependent theory is highly idealized
and does not include any unfavorable environmental effects,
such as the large-scale environmental VWS, the theory pro-
vides an upper limit of TC intensification rate, or PIR. As
mentioned in Wang et al. (2021a, b), hostile environmental
factors may reduce the dynamical efficiency (E ) or increase the
ventilation (reducing the ventilation parameter A) and, thus,
these factors need to be included in the time-dependent theory
by well-validated parameterizations based on both full-physics
numerical simulations and observations such that the theory
may be potentially useful for TC intensity forecasts.
3.2. Predictability issues with internal intensity change
Predictability studies are often motivated by spectacular
failures of operational forecast models. One striking example
was the operational models' failure to anticipate the extreme RI
of Hurricane Patricia of 2015—a failure that is particularly
vexing because Patricia was found to have high intrinsic pre-
dictability (Fox and Judt 2018).

Nystrom and Zhang (2019) showed that model forecasts of
Patricia could be much improved by assimilating aircraft radar
observations, but they also found that uncertainty in Ck and Cd

played a large role in model forecasts missing Patricia's RI. In
fact, for very intense storms with high intrinsic predictability



Fig. 9. Left column: Distribution of intensification rates (m s−1 day−1) as a function of (top) TC intensity (Vm) and MPI (Vmax), and (bottom) relative TC intensity
(Vm/Vmax) and Vmax calculated using Equation (3). Right column: Distribution of the 99th percentile of intensification rates as a function of (top) Vm and Vmax, and
(bottom) Vm/Vmax and Vmax, using the 6-hourly maximum 10-m sustained wind speed based on the best-track data of TCs in SHIPS (Knaff et al. 2005). Adapted from
Figs. 2 and 5 in Wang et al. (2021b).

X. Chen, C.M. Rozoff, R.F. Rogers et al. Tropical Cyclone Research and Review 12 (2023) 10–29
like Patricia, Ck/Cd uncertainty could be the most important
aspect of uncertainty, and a reduction in uncertainty from
currently ~40%–1% would be necessary to reduce the
ensemble spread to a magnitude that would be produced by
small random perturbations (Nystrom and Judt 2022). In
further ensemble experiments with Patricia, Nystrom et al.
(2020) found that the magnitude of ocean cooling increases
with storm intensity and Cd. Additionally, the simulated
maximum wind speed uncertainty does not necessarily
decrease when ocean feedback is considered.

Tao et al. (2022) used an ensemble of Hurricane Patricia
(2015) simulations to distinguish two intensity forecast error
sources from vortex structure. Without many hostile impacts
from the environment, the limited predictability of Patricia's
forecasted intensity is from either a shifted vortex development
such that the TC evolves on the same development pathway but
shifted in time, or a totally different storm such that there is no
moment in time the simulated storm can capture a correct TC
structure no matter how it evolves. Given that Patricia has high
intrinsic predictability (Fox and Judt 2018), the large forecast
errors mainly come from the practical predictability regime,
which can be greatly reduced by improving the initial
24
conditions using better data assimilation methods and more
inner-core observations in TCs like Patricia.

Many other studies also investigated TC predictability is-
sues caused by the uncertainties in initial inner-core conditions.
Nystrom et al. (2018) found that the intensity forecast spread at
the early forecast times is mostly determined by the initial er-
rors inside the inner-core region with very little impact from the
environment. Similarly, Xu et al. (2022) and Liu et al. (2018)
showed that the initial errors from the primary circulation and
moisture field inside a TC's inner core can lead to large un-
certainties in intensity forecasts. The primary circulation un-
certainty directly impacts the boundary layer convergence of
angular momentum toward the center and hence the following
intensification. The inner-core moisture difference affects the
inner-core convective activity immediately, which later in-
fluences TC structure and intensification.

The complex multi-scale processes driving TC intensifica-
tion also motivated efforts of developing a scale-specific sto-
chastic model to examine the cross-scale energy transferring
that affects the predictability of TC intensity change (Prasanth
et al. 2019). Results in Prasanth et al. (2019) suggest that
probabilities of episodic tipping of a TC vortex in response to
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an ensemble of stochastic forcings at different scales can
potentially produce physically-based intensity forecasts.

Previous studies have shown that TC predictability is both
intrinsically and practically limited under vertical wind shear
conditions. However, Rios-Berrios (2020) found that extra
constraints from radiation can significantly reduce the spread of
RI onset times for sheared TCs. This spread reduction is caused
by the reduced variability in nonlinear feedbacks among lower-
tropospheric ventilation, cold pools, convection, and vortex tilt
after turning on the radiation schemes.

Kieu and Rotunno (2022) extended previous work on TC
intensity predictability that borrowed from classical predict-
ability theory, i.e., error growth and saturation in spectral
space. They concluded that this method has limitations because
TC turbulence is not isotropic and homogeneous (an assump-
tion made in classical predictability theory), and possesses
different predictability properties from classical turbulence.

In summary, predictability issues arise from model errors
(especially uncertainty in Ck and Cd) and initial condition er-
rors (especially inner core structure). While the intrinsic pre-
dictability of the atmosphere sets an upper bound for
prediction, the practical predictability of TCs can be improved
by further reducing model errors and improving the initial
conditions.

4. Conclusions

This paper overviews the most significant progress made
over 2018–2022 in topic areas related to internal tropical
cyclone (TC) intensity change processes. These topics include
surface and boundary layer processes, TC internal structure and
microphysical processes, and radiation interactions with TCs.
Recent studies better frame the uncertainty in the surface drag
(Cd) and enthalpy (Ck) coefficients at high wind speeds. Spe-
cifically, inconsistency of Cd values at high-wind speeds was
found attributable to a few factors: 1) Cd is a function of
Reynolds number and wave age rather than the often assumed
10-m wind speed; 2) Cd depends heavily on the sea state; and,
3) there are limitations to the applicability and accuracy of the
flux-profile method of Cd estimation at hurricane-force wind
speeds using dropsonde data from reconnaissance aircraft.
These coefficients greatly impact TC intensity and predict-
ability and it is therefore important that more direct measure-
ments of these surface-layer coefficients are made. Particularly
significant scientific strides have been made in TC planetary
boundary layers. These advancements have been achieved
through improved coupled models, large-eddy simulations,
theoretical advancements, and detailed observations including
the usage of unmanned aircraft systems. It is now clear that the
research field needs to better represent the eddy viscosity
throughout the depth of the boundary layer as well as in the
eyewall clouds. Furthermore, detailed study of different types
of coherent structures in TC PBL will likely be a profitable
direction for the research community. Meanwhile, in-depth
observational field campaigns and data analysis have made
significant headway into verifying theory and modeling studies
of intensification processes related to TC vortex alignment,
25
efficient latent heating distributions, and overall 3D structure.
An “unusual” vortex alignment pathway through forming a
new center downshear of the weak TCs (downshear reforma-
tion) was highlighted in recent observational and numerical
simulations. Finally, significant effort has been made to better
understand the intricate roles radiative processes play in TC
evolution and intensity change.

Overall, there have been well-earned gains in the under-
standing of intensity change processes intrinsic to the TC
system. This review focused on recent advances in our un-
derstanding of internal mechanisms within a TC that alter a
storm's maximum wind speed, but we must emphasize that the
internal dynamics related to intensity change are interconnected
with the TC's environment and the internal structure of the TC
as well. The predictability of intensity changes will continue to
improve as our unified understanding of TC multi-scale dy-
namics advances.
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