


158 Journal of the Meteorological Society of Japan

Fig. 8.

Vol. 103, No. 2

Hurricane Matthew’s track (solid line) and reflectivity at z =4 km at 1930 UTC 6 October and 2126 7 Octo-

ber, respectively. Figure 1 of Cha et al. (2021). © American Meteorological Society. Used with permission.

the inner core region exhibits multiple maxima of tan-
gential winds and precipitation (Sitkowski et al. 2011).
The low-echo reflectivity region between the concen-
tric eyewalls is called a moat. Following the SEF, TCs
often undergo an ERC, characterized by the weaken-
ing of the original inner eyewall and its replacement
by the outer eyewall, which becomes the new primary
eyewall. If the environmental conditions remain fa-
vorable for TC development, TCs can then reintensity.
Such a process is typically over a timeframe ranging
from a couple of hours to a day or two (Kossin and
DeMaria 2016; Sitkowski et al. 2011). There are also
cases in which SEF TCs do not undergo an ERC;
instead, the outer eyewall decays and the inner eye-
wall retains (Yang et al. 2013). Although the inner
eyewall typically decays and the outer eyewall con-
tracts with intensification on a timescale of less than a
day or two, multiple eyewalls can sometimes coexist
for a longer period, or the outer eyewall decays earlier
(Kossin and DeMaria 2016; Yang et al. 2013). Many
physical mechanisms have been proposed for the SEF
and ERC (as summarized in Stern et al. 2014a; Vigh

et al. 2018), yet they are not fully understood.
Simplified models are known to reproduce the
structure similar to a secondary eyewall. Nong and
Emanuel (2003) and Emanuel et al. (2004) reported
that an SEF-like structure is generated even with an
axisymmetric model. Whereas SEF events are repro-
duced much less in an axisymmetric model, it may
aid in the exploration of certain aspects of plausible
mechanisms. Using a two-dimensional non-divergent
barotropic model, a strong inner vortex representing
the TC core can envelop neighboring weak vorticity
patches, forming an SEF-like vorticity ring (Kuo
et al. 2004). However, Moon et al. (2010) argued that
the allocation of convection-induced small vorticity
dipoles, which have comparable strength to the inner-
core vorticity and potentially better represent moist
convective vorticity in the TC’s outer core, did not
result in coherent concentric vorticity rings in baro-
tropic two-dimensional flow. In contrast, Moon and
Nolan (2010) successfully simulated a secondary
horizontal wind maximum by prescribing the same
vorticity dipoles using a three-dimensional model
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that calculates more sophisticated physical processes.
These findings underscore the importance of consider-
ing the complexity of three-dimensional processes in
capturing SEF TCs.

The SEF was associated with the upward motion
outside the primary eyewall. In addition to subsidence
induced by the updraft in the inner eyewall, Rozoff
et al. (2006) proposed that rapid filamentation domi-
nated by strain plays a crucial role in moat formation.
This rapid filamentation distorts vorticity generation
within a 30-minute timescale, impeding deep con-
vection. Observations indicate that mature hurricanes
typically exhibit a radial area with a slightly negative
radial gradient of azimuthal-mean vorticity beyond
the RMW at lower levels, known as a beta-skirt
region (Mallen et al. 2005). Within this region, under
conditions of rapid filamentation, sufficient convective
available potential energy (CAPE), and low convective
inhibition, sporadic convection can persistently occur.
Building upon the framework of two-dimensional
theory (Vallis and Maltrud 1993), Terwey and Mont-
gomery (2008) argued that this convective energy
likely upscales towards the tangential direction over
the beta-skirt region, leading to the accumulation of
a ring of low-level tangential jets outside the primary
eyewall.

Energy in the SEF region can accumulate through
the stagnation of vortex Rossby waves (Montgomery
and Kallenbach 1997), which is related to the slow-
down of the outward group velocity with increasing
radial wavenumbers in the outer region. Some studies
support the contribution of the accumulation of eddy
kinetic energy near the stagnation radius to the SEF
(e.g., Menelaou et al. 2012), while some studies do
not (e.g., Qiu et al. 2010). In addition, humid outer en-
vironments can be one of the important factors for the
SEF (Ge 2015). This is because the unstable condition
is favorable for TC to establish a secondary eyewall in
the outer region.

In the recent decades, numerical models have
demonstrated the increasing ability in reproducing the
SEF occurrence; however, there remains significant
uncertainty in simulated SEF regarding the onset time
and duration of ERCs, as well as in predicting changes
in TC intensity and structure during ERCs. Three-
dimensional high-resolution models with a horizontal
grid spacing of less than a few kilometers are needed
for reproducing the SEF and ERC (e.g., Houze et al.
2007). Analyzing the simulated Typhoon Sinlaku
(2008), Wu et al. (2012) and Huang et al. (2012)
identified a sequence of structural changes within
and just above the boundary layer, and proposed an
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unbalanced dynamical pathway to SEF, which was
further elaborated by Huang et al. (2018). Some
elements of this unbalanced dynamical pathway were
also revealed by numerical modeling data (Abarca
and Montgomery 2013) and data collected from flight
observations (e.g., Abarca et al. 2016; Didlake and
Houze 2011). Taking a different perspective, Kepert
(2013) proposed a formula showing the analytical
solution for the frictionally-induced boundary layer
updraft, and emphasized the coupling and positive
feedbacks between the friction-induced updraft and
the aloft convection. The hypothesis of Kepert (2013)
was supported by Kepert and Nolan (2014), Zhang, F.
et al. (2017a), Kepert (2017), and Kepert (2018).

As the tangential wind field expands preceding SEF,
a corresponding augmentation in surface heat fluxes
beyond the eyewall is anticipated. Cheng and Wu
(2018) conducted numerical experiments where they
applied various caps on surface winds, used for sur-
face flux calculations, across different radial intervals,
illustrating the importance of the WISHE mechanism
in SEF and ERC. In these numerical experiments, SEF
failed to occur when surface heat fluxes were marked-
ly suppressed both inside and outside the SEF region.
When surface heat fluxes were moderately suppressed
within the same area, SEF initiation was delayed, and
the intensity of both eyewalls diminished. Notably,
the suppression of surface heat fluxes in the inner-core
region had negligible impact on the outer eyewall
evolution. Observations and numerical experiments
have shown that SEF tends to occur under weak-to-
moderate VWS conditions (Didlake et al. 2017; Zhang,
F. et al. 2017). It implies the contribution of asym-
metric features, such as a rainband. Other factors
are known to be related to SEF. For example, no-ice
sensitivity experiments displayed that the SEF was de-
layed without an ice phase (Terwey and Montgomery
2008).

The aforementioned mechanisms and speculations
are not necessarily exclusive and may reflect different
aspects of the same phenomenon. Alternatively, some
characteristics may only be valid in certain special
cases. The SEF and ERC are topics that have been
continuously investigated. Very recent studies have
covered the above-mentioned mechanisms in more
detail, display evidence in real case observations,
propose a new theory, and investigate special cases.
Additionally, the decay of the inner eyewall was
investigated. These advances are summarized in the
following subsections.
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3.1 Classification of SEF and ERC

Cheung et al. (2024) investigated a dataset of 87
secondary eyewall progressions primarily based on
89-92-GHz passive microwave imagery. In their
works, the secondary eyewall is defined as the azi-
muthal coverage of at least 50 % surrounding the inner
eyewall. They classified the first stage into two types:
a spiral band stemming from the inner eyewall and an
outer rainband. The former typically progressed into
half-concentric coverage, and the latter progressed
into the full-concentric coverage. The exit stage
consists of two distinct categories: Replacement or
no replacement. The “no replacement” can be further
categorized into three types: the secondary eyewall
fading on microwave imagery, the merging of the sec-
ondary eyewall with the inner eyewall and becoming
a spiral rainband after the loss of concentricity. One
common pathway is that an outer rainband develops
into a fully concentric eyewall followed by an ERC,
while another typical pathway involves an inner rain-
band forming a half-concentric eyewall without any
replacement. ERC events favor more intense storms,
weaker VWS and greater relative humidity.

3.2 Stationary band complex (SBC) and SEF

Based on airborne Doppler radar analysis, Didlake
et al. (2018) argued that the SEF was initiated from an
organized rainband complex comprising convective
precipitation in the downshear-right and stratiform
precipitation in the downshear-left to upshear-left (Fig.
9). This rainband complex remained quasi-stationary
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Fig. 9. A schematic diagram showing the SBC
reflectivity (gray and purple) during the
SEF process. The MDI emerges at the left-
of-shear quadrants, where the surface cold
pool underneath interacts with the high-0,
envelope (yellow). Convective updrafts are

Developing reinvigorated in this region, which then gen-
erates enhanced positive PV anomalies that
secondary . .
propagate cyclonically downwind to form
eyewall

the secondary eyewall. Figure 13 of Yu et al.
(2022). © American Meteorological Society.
Used with permission.

relative to the storm center, like the SBC discussed in
Willoughby et al. (1984). In the downwind sections
(left of the VWS) of the rainband complex, falling
ice particles formed a wide and uniform precipitation
band with predominantly stratiform characteristics.
Stratiform precipitation in the SBC induced mesoscale
descending inflow (MDI). This process aided in the
expansion of the vortex circulation and transported
mid-level low-equivalent potential temperature (6,)
into the boundary layer. The updraft next to the MDI
was seemingly caused by convergence and upward
acceleration. It was induced by the negative buoyancy
of MDI, entering the high-6, region in the boundary
layer. This updraft and the MDI in the downshear-left
quadrant increased the tangential velocity, and it
yielded the axisymmetric structure of the secondary
eyewall. This can explain why SEF events typically
occur under weak-to-moderate VWS and why SEF is
sensitive to the ice phases.

Vaughan et al. (2020) compiled a five-year climatol-
ogy of the SBC based on passive microwave satellite
data. They demonstrated that approximately 80 % of
84 SEF events were preceded by an SBC in the 6 h
time window prior to SEF. The geometry of the SBC
has higher azimuthal extent and lower crossing angle
from 12—24 h before the SEF (Fig. 10). This suggests
that SBC-associated dynamic processes are important
for SEF. However, SBCs with substantial radial extent
and high circularity without subsequent SEF were also
detected in the dataset (Fig. 10c).

Yu and Didlake (2019) used idealized simulations
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Fig. 10. Kernel density estimation of SBC’s azimuthal extent () and crossing angle (a smaller value indicates higher
circularity) prior to SEF (left and middle), and (right) cases with no SEF within 24 h. Figure 9 of Vaughan et al.

(2020).

with a full-physics three-dimensional model to
investigate the response to a prescribed heating that
mimicked the contribution of stratiform around spiral
TC rainbands, similar to Moon and Nolan (2010).
The heating structure represented a quasi-stationary
rainband complex. The vortex response included the
MDI and a low-level forced radial updraft inside the
rainband heating. Stratiform-induced cold pool inter-
acted with tangential flow of upwind warm air, and it
caused the updraft through buoyancy. It clearly shows
that the diabatic forcing of rainband is critical for
triggering and sustaining the forced low-level updraft,
which might lead to a SEF.

Yu et al. (2021a) and Yu et al. (2022) further inves-
tigated the role of the stratiform rainband processes
using a full-physics simulation of Hurricane Matthew
(2016). Yu et al. (2021a) focused on the tangential
velocity in the pre-SEF stage. Under a moderate VWS,
the storm developed a quasi-SBC that aligned with the
shear vector. Prior to the SEF, the storm experienced
a broadening of the tangential velocity, which was
largely by horizontal advection of momentum accord-
ing to MDI in the downshear-left stratiform region.
The MDI was connected to the boundary layer in the
upshear-left quadrant, and convections were induced
along its inner edge. It helped develop the maximum
of low-level tangential velocity within the incipient
secondary eyewall. Yu et al. (2022) focused on the
emergence, maintenance, and impact of these per-
sistent updrafts which developed within the left-of-
shear quasi-SBC. Updraft initiation was based on the
process described by Yu and Didlake (2019). In this
process, buoyancy advection resulted from an MDI-
induced cold pool interacting with the high-0, air in

the inner core. A budget analysis of 6, demonstrated
that the updrafts in the left of the VWS were main-
tained by enhanced moist instability due to differential
horizontal advection in the boundary layer. A potential
vorticity (PV) budget showed that these updrafts
generated PV anomalies that propagated cyclonically
downwind. The propagation of PV anomalies down-
stream increased the azimuthal mean PV at the radius
of the SEF, corresponding to the axisymmetrization
of the secondary eyewall itself. These studies provide
a dynamical explanation, as illustrated in Fig. 9, of
how stratiform rainband processes can explain the
SEF in a sheared, mature TC. Recent studies, such as
those by Wang and Tan (2020), Zhu et al. (2022), and
Kasami and Satoh (2024) demonstrated a similar MDI
pathway to SEF in their modelling studies. Wang et al.
(2019a) conducted an idealized simulation under the
axisymmetric environment on an f-plane, yet the
rainband contributed the simulated SEF in a similar
manner.

Recent observational evidence of this stratiform
pathway to the SEF has also been presented (Fischer
et al. 2020; Kanada and Nishii 2023; Razin and Bell
2021). Fischer et al. (2020) examined the RI and as-
sociated ERCs of hurricane Irma (2017) using flight-
level and airborne radar observations, microwave
satellite observations, and model-based environmental
analyses. Irma’s RI event included two short ERC
episodes (less than 12 h). During the first SEF event,
the upward motion and tangential velocity had a sec-
ondary peak at the forefront of the MDI. Kanada and
Nishii (2023) focused on ground radar-based observa-
tions of the outer eyewall formation and inner eyewall
weakening of TC Hinnamnor when it approached to
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Okinawa’s main island in 2022. They revealed that an
SBC developed in the down-to-left quadrant of a mod-
erate VWS that turned into an outer eyewall. As the
VWS weakened, the SBC became more axisymmetric,
and a weakly convective “moat” region appeared
between the outer and inner eyewalls.

3.3 Boundary layer processes

The importance of boundary layer processes on SEF
has been reconfirmed by many studies. Kepert (2018)
developed a boundary layer model for TC rainbands.
The boundary layer flow yields a strong low-level
convergence and consists of an updraft along the rain-
band and some region located downwind. The upper
boundary layer has a marked wind peak along the
band that was approximately 20 % stronger than the
balanced flow. Therefore, the secondary peak of wind
at the SEF region can be explained by the boundary
layer dynamics near a rainband. Yu et al. (2021b) in-
vestigated the SEF using the Kepert (2018) nonlinear
boundary layer model and storm composites of tan-
gential wind observations from Wunsch and Didlake
(2018). For the pre-SEF composite, the boundary layer
model response exhibited clear secondary maxima in
the updrafts, tangential wind, and radial inflow in the
left-of-shear quadrant, which contributed substantially
to the azimuthal mean. This finding suggests that,
leading to SEF, the earliest signal of coupling with the
boundary layer and free troposphere is likely to occur
in these left-of-shear sectors. As this is also the same
region where the MDI triggered new updrafts in previ-
ous studies on individual storms, these studies support
the idea that the rainband complex process detailed in
the previously discussed studies is likely a prevalent
mechanism for SEF in sheared storms.

Huang et al. (2012) and Wu et al. (2012) identified
dynamical processes consistent with unbalanced
boundary layer features such as supergradient wind,
and their contributions to SEF were revealed by the
momentum budget of tangential and radial winds
(Huang et al. 2018). These findings continue to be
demonstrated in many studies (Ahern et al. 2022;
Chen 2018; Guan and Ge 2018; Persing and Mont-
gomery 2022; Razin and Bell 2021; Wang et al.
2019a; Wang et al. 2018; Wang and Tan 2020, 2022).
Most of these studies emphasized the cooperation of
this boundary layer pathway with other mechanisms
occurring in an aloft-free atmosphere, such as the
asymmetric dynamics associated with outer rainbands.

Miyamoto et al. (2018) proposed that the SEF can
be attributed to the instability of the flow in a free
atmosphere coupled with Ekman pumping. Vertical
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wind perturbation is damped in the classic Ekman
theory, which considers slow flow in a horizontally
uniform structure. Meanwhile, a positive feedback
mechanism for vertical wind perturbation works in
curving fast flows. This instability tends to be satisfied
when an angular velocity is high, absolute vertical
vorticity is low, radial gradient of angular velocity is
small and negative, and gradient of vertical vorticity
is strongly negative. In their setup, the unstable con-
dition is satisfied only between two and seven times
the RMW. They verified that the necessary condition
for this instability was satisfied in the SEF simulated
using a full-physics three-dimensional model.

3.4 SEF/ERC in a sheared environment

Liu et al. (2022) and Wang and Tan (2022) repro-
duced the SEF/ERC in simulations under moderate-
strong VWS and weak to moderate VWS to a vortex
with maximum wind at approximately 45 m s~ and 70
m s ' (or stronger), respectively. They found that in-
creasing the VWS caused earlier SEF through the for-
mation of outer rainbands. Moreover, Wang and Tan
(2022) showed that a vortex with a larger outer core
size or a stronger outer wind field could undergo ERC
in a non-sheared or strongly sheared environment. In
a simulation of Hurricane Earl (2010), Ahern et al.
(2022) argued that Earl’s azimuthal asymmetry in low
level wind and thermal fields affects the azimuthal
structure of the broadening of low-level swirling
winds; therefore, the secondary maximum winds first
appear in the downshear-left quadrant. Low-level az-
imuthal asymmetry was related to moderate-to-strong
VWS and asymmetric friction due to TC motion. By
analyzing satellite data, Yang et al. (2021) demonstrat-
ed that during ERCs, the mean VWS in the environ-
ment for long-lived (longer than 20 h) and short-lived
ERC events were weak and moderate, respectively.

3.5 Development of warm-core ring and moat prior
to SEF

In an idealized numerical simulation, Wang et al.
(2019b) found that an off-center warm ring in the
upper level outside the eye emerged prior to the SEF
and during the broadening of the tangential wind field,
and then rapidly strengthened after the SEF. They
suggested that this off-center warm ring is a plausible
indication of the subsequent occurrence of SEF. Qin
et al. (2021) performed a semi-idealized simulation
of Typhoon Matsa (2005) and found that the moat
formed with a well-developed anvil cloud extending
outward from the eyewall. Beneath the anvil cloud,
the heating-induced inflow appeared to enhance subli-
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mation cooling by drying local conditions. Subsidence
is further enhanced by the downward motion that
compensates the strong updraft in the eyewall. Fur-
thermore, the strong filamentation effect and reduced
ambient VWS facilitated the axi-symmetrization of
the moat and SEF. The authors suggested that a strong
eyewall with a well-developed anvil in strength and
space may favor SEF when the VWS environment
transitions from moderate to weak magnitude. This
feature is supported by an observational study (Kanada
and Nishii 2023).

3.6 Role of VRWs

Several studies have investigated the role of vortex
Rossby wave activity and examined its role in the SEF
or intensity/structure change during an ERC process.
Fischer et al. (2020) indicated that the theoretical
values of VRW’s stagnation radius, provided by Mont-
gomery and Kallenbach (1997), are close to the SEF
regions of Hurricane Irma (2017). Guimond et al.
(2020) presented evidence of VRW activity in the
outer eyewall of Hurricane Matthew (2016) under
moderate to strong VWS. After ERC completion, Hur-
ricane Matthew did not reintensify as it contracted, in
addition, it was not substantially weakened under the
high shear environment. Cha et al. (2021) investigated
the ERC process of Hurricane Matthew using ground-
based and airborne radars. During the ERC, the VRW
damping mechanism proposed by Reasor et al. (2004)
could assist the vortex resiliency and resistance to
increasing VWS. The AAM budget analysis by Gui-
mond et al. (2020) also indicated that VRW dynamics
appear to build up a second SEF event. Flight-level
observations of Hurricane Matthew (2016) displayed
secondary peaks of tangential velocity where VRW
were active, implying their connection to the SEF
process.

3.7 Barotropic and baroclinic instability during the
ERC

Observations have shown that the location of
inner eyewall often wobbles with a cycloidal track
when multiple eyewalls form. Menelaou et al. (2018)
demonstrated that the wobbling comes from the wave-
number-1 instability that grows exponentially in a
three-dimensional framework (Fig. 11). This instabili-
ty can be interpreted as the coupling of two baroclinic
VRWs across the moat. In contrast, this wobbling
was not reproduced in a two-dimensional barotropic
model framework unless an asymmetric condition is
provided at the initial time. The interaction of multiple
eyewalls also affects the intensity and other structures
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Fig. 11. Normalized potential vorticity represent-
ing multiple eyewalls. Figure 3 of Menelaou et al.
(2018). © American Meteorological Society. Used
with permission.

substantially.

The inner eyewall of Hurricane Wilma (2005)
became elliptic (Fig. 12; Lai et al. 2019), and the radial
flow had significant wavenumber-2 component at
lower levels as wavenumber-1 component weakened.
Using a nondivergent barotropic model, they showed
that this structure was developed through barotropic
instability across the moat in which the sign of radial
vorticity gradient changed (referred to as type-2
instability; Kossin et al. 2000). The inner eyewall
significantly decays due to the development of wave-
number-2 radial flow. With a three-dimensional full-
physics model, Lai et al. (2021b) pointed out that the
inner eyewall decay corresponded to the net negative
radial advection after the elliptic structure developed
through the type-2 instability. It suggests that the
eddies that develop under concentric eyewall condi-
tion can significantly weaken the inner eyewall, as
well as the cutoff of moisture transport in the bound-
ary layer. This finding is supported by the observation-
based study of Tsujino et al. (2021).
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Fig. 12. The simulated radar reflectivity (dBZ) of Hurricane Wilma at z = 2 km at (a) t =42, (b) 59.5, (¢) 62, (d) 64,
(e) 66, and (f) 69 h, exhibiting the elliptical inner eyewall structure. Figure 2 of Lai et al. (2019). © American Me-

teorological Society. Used with permission.

Lai et al. (2021b) also mentioned that an idealized
simulation with physics parameterization schemes
turned off can intensify the outer eyewall in addition
to the inner eyewall decay. Lai et al. (2021c) investi-
gated the interaction between the inner eyewall and
outer eyewall using an unforced shallow-water model.
The radial eddy transport due to VRWs that developed
through the type-2 instability can explain the inner
eyewall weakening and outer eyewall intensification.
In terms of AAM budget, the inner eyewall weakening
and outer eyewall intensification can be viewed as
divergence and convergence of the eddy angular
momentum flux, respectively.

While the above-mentioned studies discuss the early
stage of eddies developing according to the type-2
barotropic instability, Lai et al. (2021a) investigated
the impacts for a longer period using forced and
unforced shallow-water equations. The inner eyewall
weakening and outer eyewall intensification repeated-
ly appear associated with the development of eddies.
They also implied that the difficulty in the prediction
of intensity changes during ERCs partly stems from
type-2 instability.

Rostami and Zeitlin (2022) indicated that a robust

tripolar vortex structure emerges during the late stages
of the type-2 barotropic instability of double eyewall
TC-like vortices when the intensities of the eyewalls
are comparable with a moist-convective shallow-water
model. This tripolar structure is more complicated
than those in the studies employing two-dimensional
nondivergent barotropic models, rotating shallow
water models or laboratory experiments. Slocum et al.
(2023b) demonstrated the type-2 instability by using
a two-dimensional nonlinear nondivergent barotropic
model with a simplified vorticity profile of Hurricane
Maria (2017). Their results indicated that the type-2
instability may occur near the end of an ERC and
yield a tripolar vorticity structure.

3.8 Decay of the inner eyewall

Using tangential winds estimated from Himawari-8
satellite data, Tsujino et al. (2021) demonstrated that
momentum loss to surface friction could not suffi-
ciently explain the inner eyewall intensity decay rate
during the ERC of Typhoon Trami (2018). They
suggested that eddies also weaken the inner eyewall.
Based on a series of slab boundary layer model exper-
iments, Kuo et al. (2022) proposed a scaling law in
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which inner eyewall pumping is proportional to storm
intensity and the root square of a non-dimensional
moat size (the actual moat size normalized by the
Rossby length). From this perspective, they explained
why satellite observations often document wider
moats in long-lived ERCs (Yang et al. 2021).

Using idealized simulations, Yang et al. (2024)
showed that the decay of the inner eyewall occurs ear-
lier following the onset of an outer eyewall if the ini-
tial vortex is small and weak. They demonstrated that
spiral rainbands of a large and strong TC were more
active outside of the outer eyewall. These active rain-
bands reduced the inward-penetrating inflow toward
the outer eyewall, slowing down the contraction and
intensification of the outer eyewall. This prolonged
the duration of the concentric eyewall structure.

3.9 Special ERCs cases

Molinari et al. (2019) summarized several unusual
features of ERCs during Hurricane Frances (2004). It
underwent three consecutive ERCs that resulted in an
annular eyewall structure, which is rarely observed
during Pacific typhoons. It has been proposed that
unusual easterlies in the upper levels produce an en-
vironment with low inertial stability. This persistently
low inertial stability in the outflow layer contributes to
an anomalously strong outflow and faster intensifica-
tion of the outer eyewall, resulting in multiple ERCs
and shorter ERC durations.

Using airborne radar observations, Razin and Bell
(2021) analyzed the unconventional ERC of Hurricane
Ophelia (2005), which underwent two ERC events at
category-1 intensity and over a low SST, at approxi-
mately 23 °C. Their results supported two previously
proposed pathways to SEF; one is due to stratiform
heating of TC rainbands (Didlake et al. 2018), while
the second is associated with the unbalanced boundary
layer dynamics (Huang et al. 2012).

Wang and Wang (2021) conducted sensitivity
experiments on the decay of the original eyewall and
the genesis of an outer eyewall as TC Megi (2011)
crossed Luzon Island. The original inner eyewall was
not fully destroyed over flat land, highlighting the im-
portance of topography. Additionally, short-lived deep
convection (possibly a new inner eyewall) developed
after the center of TC Megi (2011) moved into the
South China Sea due to favorable oceanic conditions
for deep convection. Lau et al. (2024) also investigat-
ed island-induced eyewall formation in the case of TC
Mangkhut (2018). Their findings generally align with
those of Wang and Wang (2021). Furthermore, Lau
et al. (2024) analyzed their results from the perspec-
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tive of unbalanced dynamics.

3.10  Other perspectives

The impact of TC-induced SST cooling, ocean
waves, radiation, and data assimilation on the SEF
and ERC has been addressed in several studies. Yang
et al. (2020) and Li, X. et al. (2022) demonstrated that
the inclusion of TC induced SST cooling and ocean
waves led to a simulated ERC duration that better
matched observations. Yang et al. (2020) displayed
that when both the ocean and waves were considered,
the lifetime of the ERC was significantly prolonged
for Typhoon Sinlaku (2008). According to Li et al.
(2022a), the exclusion of the SST cooling associated
with slow TC motion resulted in an impractically
long ERC during Typhoon Trami (2018). In this case,
the substantial negative feedback likely reduced the
energy supply to the inner eyewall more severely.
Because these results seem oppositional, further inves-
tigation is needed to clarify the impact of a coupling
as well as the relevant mechanism.

Trabing and Bell (2021) showed that the magnitude
of shortwave radiation affects the SEF timing through
nonlinear interactions at longer lead times. Generally,
shortwave radiation served to delay the SEF and
ERC. The proposed mechanism is that the shortwave
radiation alters the convective and stratiform heating
profile and frequency, and it stabilize the atmosphere
and reduces the CAPE.

4. Operational analysis and forecast

Utilizing information about the inner core structure
such as RMW in an operational setting to forecast
structural changes and the wider implications for TC
intensity prediction is challenging. Operational centers
have assessed inner core structural changes with the
aid of existing and developing operational tools. Com-
bining subjective assessments of inner-core changes
with the available objective guidance remains the
leading operational methodology. Although all avail-
able data are useful for the assessment by forecasters
and analysts, the availability and manual assessment
of satellite imagery is essential. The inner core struc-
tural change is important for the TC intensity estimate
because satellite analysts at operational centers exam-
ine satellite images and utilize the Dvorak Technique
to derive a current intensity (CI) number, which is one
of important sources of TC intensity (Dvorak 1984).
In this section, the operational analysis and forecast-
ing of the TC inner core structure, use of tools, and
relevant research are described. Regarding the surface
wind estimation, readers may refer to Knaff et al.
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Table 1. The responses from operational centers to Q2-1 in Section 4.1.

Response #

Explanations

1

Manual analysis of imagery from scatterometers, SMAP, soil moisture and ocean salinity mission (SMOS),
SAR, radar, and microwave overpasses.

All available observations. By decreasing order of quality: radar data, SAR data, scatterometer data, micro-
wave imagery, IR or Visible imagery. Internal documents describe the best way to use microwave imagery
in particular, or when to shift from inner RMW to outer RMW as the primary radius of max winds when an
ERC is taking place.

Standard Dvorak techniques and available scatterometry observations. Otherwise lack of observations.

Available radar and microwave imagery. The lower 37 GHz channel is preferred, otherwise estimate distance
inside the 89 GHz circulation. IR and Visible imagery are used if an eye is present. Additionally, analysis of
guidance from scatterometry, noting the various sensors and resolution limitations, each sensor is considered
on merit. SMAP, SMOS, advanced scatterometer (ASCAT), advanced microwave scanning radiometer 2
(AMSR?2) and Haiyang-2B (HY-2B) can all be helpful, particularly when the RMW is larger. Finally in the
absence of objective information, climatology can be used.

The post analysis of RMW is performed at the same time as other post analysis of intensity, track, and wind
radii using all available observations, etc.

Table 2. The responses from operational centers to Q2-2 in Section 4.1.

Response #

Explanations

1

Lack of observations and no needs

While we understand the usefulness of RMW in surveys and research, we believe that careful consideration
is needed in terms of the characteristic of the basin such as an unorganized tropical cyclone from a monsoon
gyre, and temporal homogeneity of data in order to routinely include RMW in the best track.

(2021), which is a nice review for operational center
practices, historical databases, current and emerging
objective estimates of TC surface winds, including
algorithms, archive datasets, and individual algorithm
strengths and weaknesses.

4.1 Operational analysis of RMW

The RMW can be operationally used for various
purposes: 1) to monitor inner core structural changes
associated with SEF, ERC, and RI; 2) to estimate
central pressure; 3) to correct numerically simulated
wind fields (e.g., Aijaz et al. 2019), 4) to potentially
aid diagnostic intensity forecasts (e.g., Carrasco et al.

2014), and 5) to forecast waves and storm surges.

Considering the importance of the RMW to the TC

wind structure, a questionnaire was conducted to

collect operational practices on the method of RMW
analyses. The questions were:

“Q1: Does your operational center analyze the RMW
routinely and include it in your post-analysis
best track?

Q2-1: If yes to Ql, please describe the method of

analysis with possible references such as re-
search papers, documents, memorandum, etc.

Q2-2: If no, please select the reasons (check all that
apply). 1. Lack of observations, 2. Lack of
methods, 3. No needs, 4. Others”

The respondents to the questionnaire were Regional
Specialized Meteorological Center (RSMC) Miami,
RSMC Tokyo, RSMC La Réunion, RSMC Nadi,
Tropical Cyclone Warning Centre (TCWC)-Australia,
TCWC-Wellington, and Joint Typhoon Warning Center
(JTWC). Of the seven respondents, four indicate that
their center analyzes RMW in real-time, two centers
do not analyze RMW, and one center analyzed RMW
in real time however they do not conduct post-analysis/
quality control. The answers to these questions are
summarized in Tables 1 and 2.

For centers that generally analyze RMW, a manual
assessment of all available observations was the
primary method. Radar, scatterometry, passive micro-
wave (37 GHz and 89 GHz frequencies), and visible
imagery, as well as Synthetic Aperture Radar (SAR),
Soil Moisture Active/Passive (SMAP), and Soil
Moisture and Ocean Salinity Mission (SMOS)-derived
wind speeds are analyzed, with preference for the
highest quality data. Climatology is occasionally used
in the absence of real-time observations. Internal
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documents describe the best practices for analysis,
particularly for microwave imagery, as well as the pro-
cedures for shifting from the inner RMW to the outer
RMW as the primary radius of maximum winds when
an ERC is taking place. Post-analysis of the RMW is
performed coincidentally with other parameters, such
as position and intensity. Centers that do not routinely
analyze RMW cited the sparsity of observations, lack
of operational requirements, non-standard structures
such as monsoon gyres, and temporal inhomogeneity
of supporting datasets.

From a research community, Tsukada and Horinou-
chi (2023) recently proposed the improved method of
IR-based RMW estimation for a TC with a clear eye,
following up the work of Kossin et al. (2007). Com-
pared with C-band SAR sea-surface wind estimates,
the mean absolute error of 4.7 km in previous studies
was reduced to 1.7 km. Chavas and Knaff (2022)
developed a simple semiempirical model to estimate
the RMW using operationally available parameters,
including an outer wind radius, the Coriolis parame-
ter, and maximum wind speed. The empirical model
is based on the physical understanding of the radial
structure of TCs (Chavas and Lin 2016; Emanuel
and Rotunno 2011; Emanuel et al. 2004). Chavas and
Knaff (2022) showed that the model estimates RMWs
with much better accuracy than previous methods (e.g.,
Knaff et al. 2011, 2015). Additionally, Avenas et al.
(2023) applied the method of Chavas and Knaff (2022)
to estimate RMWSs using outer wind radii derived
from satellite radiometers and scatterometers and
SAR-derived RMWs as ground truth.

4.2  Operational assessment of ERCs

Although the predictability of an ERC event is low,
efforts have been continuing. As ERC affects intensity
trends and anticipated impacts, predicting the onset
and completion of ERC remains an important chal-
lenge for operational centers. While high resolution
numerical weather prediction models can resolve
ERCs, the variability in predictions and low skill limit
their applicability in operational settings. In many
cases, the models indicated an ERC event, however
the timing is incorrect. Applying hourly data assimila-
tion cycling to the simulations of Hurricane Matthew
(2016), Green et al. (2022) showed that concentric
eyewalls could be better resolved by the inclusion
of ground-based radar observations. Assimilating
radar observations more rapidly reduced the bias of
the storm structure, indicating the importance of an
improved representation of the initial TC structure in
forecasting the ERC process.
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Considering the limitations of high-resolution mod-
eling, forecasters at National Hurricane Center (NHC),
Central Paciffic Hurricane Center (CPHC), JTWC,
RSMC La Réunion and Bureau of Meteorology (BoM)
assess the University of Wisconsin Cooperative In-
stitute for Meteorological Satellite Studies (CIMSS)
Microwave Probability of Eyewall Replacement Cycle
(M-PERC) tool (Kossin et al. 2023; available online at
https://tropic.ssec.wisc.edu/real-time/archerOnline/web/
index_erc.shtml) to assist ERC prediction. M-PERC,
which was developed using Atlantic data, applies a
logistic regression probabilistic model to evaluate the
environmental conditions that favor ERC. Evaluation
of M-PERC indicate that the algorithm efficiently
depicts ERC events in all ocean basins despite the At-
lantic focused training of the model. Independent vali-
dation of the model using a climatological probability
of ERC of 13 % yielded a Brier skill score of 35 %.
Additionally, Pulmano and Joykutty (2021) found that
for Atlantic Basin TCs between 2017 and 2019, the
algorithm correctly predicted approximately 41 % of
the total ERC events. The model was trained on SEF
events that lead to ERC and thus model probabilities
will rise with SEF development and intensification of
the outer ring regardless of where the ERC completes
or not. Pulmano and Joykutty showed that this can at
times lead to higher probability events in the presence
of dry air environments at higher latitudes that do not
result in completion of the ERC. In addition, Kossin
et al. (2023) noted the intensity evolution of ERC
events as a function of TC intensity and found that
the previous paradigm of TC weakening as result of
an ERC should be modified to note a change in inten-
sification rate instead. Kossin et al. (2023) shows TC
intensification rate changes during ERC events which
indicates a slowing of intensification for storms under-
going ERCs for Category 1-2 storms whereas storms
at Category 3 intensity or stronger are more likely to
undergo weakening (Fig. 13). Lower probability ERC
events indicated by M-PERC may occur during the RI
phase with the ERC resolving quickly and only result-
ing in a brief pause in RI on the order of 12 hours with
RI resuming once the ERC is completed. An example
of this occurred during the RI of Hurricane Dorian in
2019 on August 29th which was confirmed by aircraft
reporting concentric eyewalls with the inner eye diam-
eter of only 4 nautical miles.

4.3 Use of inner core structure data for operational
intensity prediction

Operational centers either use or anticipate tools

such as M-PERC, raw microwave satellite imagery,
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Fig. 13. (top) Intensity and (bottom) intensity change during Atlantic hurricane ERC events. See Kossin et al. (2023)
for details. Fig. 3 of Kossin et al. (2023). © American Meteorological Society. Used with permission.

statistical-dynamical models, and lightning data to pre-
dict the intensity fluctuations associated with changes
in the inner core structure. A case study in the 2020
JTWC Annual Tropical Cyclone Report highlighted
the successful prediction of multiple ERC events for

TC 25P (Harold) using M-PERC algorithms, demon-
strating the value of the tool for anticipating the
associated short-term intensity fluctuations (typically
a slight weakening prior to re-intensification) in an
operational setting (Francis and Strahl 2021). Addi-
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Fig. 14. Microwave images of Tropical Cyclone Trevor (2019) revealing double eyewall structure. Images courtesy

of NRL.

tionally, the BoM reported frequent use of microwave
imagery to provide short-term subjective predictions
of inner core structural changes and related intensity
fluctuations. For example, a visual assessment of the
ERC evident in passive microwave imagery influ-
enced the operational decision-making for TC Trevor
(2019). The system was approximately 12 h from
landfall at CI 5.0/80 knots in a very favorable broad
scale environment. Intensification at or above the stan-
dard Dvorak rate would lead to Category 4 (Australian
system — 90—105 knot 10 min. mean wind) landfall
forecasts were credible. However, based on the double
eyewall structure evident in the special sensor micro-
wave/imager (SSMI) microwave imagery (Fig. 14), a
subjective judgment was made that the inner eyewall
would likely decay over the next 12—18 h leading
to little intensification over that period, therefore the
landfall forecast was limited to Category 3. In this
case, this is what unfolds (Tony Wedd, Senior Meteo-
rologist, BoM).

Rapid intensification can be preceded by inner core
changes, as shown by Li, Y. et al. (2022) who used the
best-track dataset for the North Atlantic and Eastern
North Pacific during 1999-2019 to examine the statis-
tical relationship between the rapid contraction of the
RMW and RI. Their findings demonstrated that rapid
RMW contractions were frequently followed by RI.
Operationally, forecasters subjectively assess passive

microwave imagery and other satellite imagery to
identify processes such as contraction of the inner core
as indicators of intensity change. Intensity tools aim
to capture these processes by placing various levels
of emphasis on each process, depending on their
predictive value. The well-known statistical hurricane
intensity prediction scheme (SHIPS; DeMaria et al.
2005) incorporated the IR brightness temperature
parameter derived from IR satellite data. The Rapid
Intensification Prediction Aid (RIPA), which provides
statistical guidance for predicting the likelihood of RI
in the western North Pacific and other basins, incorpo-
rates IR brightness temperatures, core size, and core
symmetry as predictor variables. RIPA has been used
operationally at the JTWC since late 2017 (Knaff et al.
2020).

Observational data have been used to validate
physical parameterizations in operational TC forecast
models. Composites of global positioning system
(GPS) dropsondes, Doppler radar and Stepped Fre-
quency Microwave Radiometer (SFMR) data have
been used to evaluate the performance of the forecast-
ed TC structures which lead to identification of model
deficiencies (e.g., Zhang et al. 2015). Observation
based new parameterizations of turbulent mixing have
been implemented in U.S. operational TC models [e.g.,
Hurricane Weather and Research Forecasting System
(HWRF)], which led to significant improvement in
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hurricane intensity forecasts as well as RI prediction
(Zhang et al. 2015, 2018).

Operational forecasters consider the potential appli-
cability of inner core lightning data for their forecast
processes, particularly considering the limited avail-
ability of high-resolution microwave imagery, which
is typically necessary to reveal rapidly changing inner
core structures. The lightning data from TC Harold
(2020), which underwent multiple periods of rapid
intensification, indicated patterns that were highly
consistent with the documented relationships between
increased inner core lightning density and intensifi-
cation (Francis and Strahl 2021; Lin and Chou 2020;
Stevenson et al. 2018). Operational forecasters consid-
er lightning density as a possible forecasting aid, and
the lightning-based model is running in parallel and
demonstration mode at NHC for the Atlantic and
eastern Pacific using GOES-16 and GOES-18 geosta-
tionary lightning mapper (GLM) data (Slocum et al.
2023a). Further studies are needed to identify reliable
lightning indicators that are valid for all basins and
can be used as tools to predict intensity changes, par-
ticularly for RI.

Finally, the ingestion of dry air into the inner core
is associated with rapid weakening. Forecasters report
using satellite imagery, including Morphed Integrated
Microwave Imagery at the Cooperative Institute for
Meteorological Satellite Studies (MIMIC) total pre-
cipitable water loops, to identify inner core erosion
due to dry air intrusion and VWS. However, assessing
satellite imagery is a subjective process, and reliably
determining the extent and effects of dry air intrusion
into the inner core remains a forecasting challenge.

5. TC inner core structure change in future
climate

The horizontal scale of a TC affects the size of the
damaged area caused by strong winds and waves, at-
tracting socioeconomic interest. Future changes in TC
inner core structure are also an important issue. Some
studies have investigated future changes in TC size
(Knutson et al. 2020). Gutmann et al. (2018) evaluat-
ed the influence of global warming on the size of TCs
using the WRF model and indicated that although the
influence depended on individual TCs, the mean size
across all TCs did not change significantly owing to
global warming. Wehner (2021) reported that climate
change does not influence the average radial distribu-
tion of a simulated TC on a specified Saffir-Simpson
scale, at least when using the National Center for
Atmospheric Research (NCAR) Community At-
mosphere Model version 5.1 with a horizontal grid
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spacing of 25 km. Song et al. (2020) showed that TC
size would increase under quadruple CO, forcing over
all ocean basins except the North Atlantic and North
Indian Oceans using SEMO-UNICOM. As introduced
here, the results obtained in previous studies are
inconsistent, which is partly due to differences in the
definition of TC size, experimental design, and model.
Knutson et al. (2020) emphasized that “future studies
should further assess model capabilities of simulating
present day TC sizes, which has so far been done
only to a limited extent. A better understanding of the
mechanisms determining TC sizes in observations and
models is important, as is the monitoring and accumu-
lation of observed climate records of TC size.”

In general, TCs are in a mature stage in the tropics
and consist of a strong rotating circulation with a large
axisymmetric component. As TCs transition into the
mid-latitudes, their structures become more asymmet-
ric owing to the baroclinic environment in the mid-
latitudes. Typhoon Faxai in 2019 made landfall in the
Tokyo metropolitan area at a latitude of approximately
35°N with a central pressure of 960 hPa, and caused
severe damage owing to strong winds. The intensity
of Faxai exceeded the maximum potential intensity,
which was attributed to Faxai maintaining an axisym-
metric structure similar to that of a well-developed TC
in the tropics well after a TC would normally begin
an extratropical transition. This was due to favorable
environmental conditions such as relatively weak
VWS (Miyamoto et al. 2022). It is unclear whether the
environmental conditions before Faxai made landfall
in Japan are associated with global warming. How-
ever, there is an urgent need to address the impacts of
global warming on TC structure in the mid-latitudes
where large cities and densely populated areas are
located. Using a nonhydrostatic regional model with
a horizontal resolution of 0.04°, Kanada et al. (2020)
conducted approximately 100 dynamical downscaling
experiments for mid-latitude typhoons in both current
and warming climates (Fig. 15). In a future warmer
climate, the extratropical transition position of TCs
will shift to higher latitudes owing to higher SST,
larger near-surface water vapor content/capacity, and
smaller baroclinicity compared to the current climate
conditions. The results of Fujiwara et al. (2023) were
consistent with these results; they also showed that
eyewalls become deeper in warmer climates. This will
likely facilitate TCs intruding further into mid-latitude
regions while retaining an axisymmetric structure,
intensity, and smaller radius of maximum winds, as
observed in the tropics.

Changes in several recent destructive TCs have also
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Fig. 15. Composite of TC-centered 10-m wind fields when the TC center was located in [142—147°E , 35—-40°N] in
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the areas of high winds, moderate wind speeds, and the jet, respectively. Figure 3 of Kanada et al. (2020).

been studied using convection-permitting regional
climate model simulations under pre-industrial,
current, and future climate conditions (Patricola and
Wehner 2018). The results indicate significant rainfall
contraction and enhancement in the core regions of
storms simulated in future warmer climate conditions
and suggest that climate change has likely begun to
enhance rainfall for recent destructive TCs.

6. Concluding remarks

This paper compiled recent publications and rele-
vant information on research and operational use of
TC inner core structural changes with an overview of
conventional understanding. These are summarized as
follows:

* The changes in the inner core structure during each
intensity stage are described in detail. Many studies
have focused on non-conventional distinctive struc-
tures such as dual warm cores, mid-tropospheric
maxima in wind speed, short-lived deep convective
clouds in the eye region, and finger-like features
from both observational and modeling perspectives.

The numerical simulations confirm the dependence
of the RMW on the size and humidity of the outer
core region. Non-axisymmetric structures, including
those related to VWS, as well as contributions from
factors such as translation speed, interactions with
the land and ocean, and transformations from high-
frequency components have advanced. A compar-
ison with dry TCs suggests the potential impact
of falling hydrometeors on the depth of the inflow
layer and the size of the inner core.

Observations and numerical simulations have
focused on the transformation of the SBC into a
secondary eyewall. Diabatic cooling from rain in
the SBC causes MDI, which triggers enhanced
convection in the upshear region. The axisymmetri-
zation of the enhanced convection finally yielded a
secondary eyewall. Also, many studies have recon-
firmed the importance of boundary layer dynamics
in the SEF region. From a dynamical perspective,
the interaction between the inner and outer eyewall
vortices has been applied to explain the enhanced
wobbling and decay of the inner eyewall or the
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persistence of multiple eyewalls. Some studies have
investigated the environmental conditions required
for special multiple eyewall events. As such, both
dynamical and thermodynamical processes have
been proposed in the boundary layer and free atmo-
sphere for multiple eyewalls, and the understanding
of the SEF and ERC has progressed over the last
several years. However, further studies are needed
to clarify whether they are complementary or exclu-
sive, and whether they are case dependent.

With the progress in understanding the inner core
structure, many operational agencies have started
to utilize information on the inner core structure
for disaster prevention and mitigation. The ques-
tionnaire to operational centers revealed that five
operational agencies had already analyzed the
RMW of TCs based on available observations with
a preference for the highest quality data. Some
agencies have begun to use guidance and subjective
analyses to analyze and/or predict SEF and ERC.
Inner core lightning activity and dry air intrusion
from satellite observations were investigated for use
in operational analysis and forecast. In-situ obser-
vations were used to improve model physics with a
focus on turbulent mixing.

Studies on climatological changes in the inner core
structure are limited or unreliable owing to the high
computational cost and diversity of the results.
However, several publications have reported an
increase in the inner core rainfall amount, an ax-
isymmetric structure maintained at higher latitudes
using regional climate models.

Building upon prior studies, extensive research
has been conducted on structural changes in the TC
inner core during various phases, SEF and ERC. Con-
sequently, our knowledge of TC inner core structure
has significantly advanced in recent years. However,
some controversies and fragmented understandings
still remain. It is essential to appropriately assess each
result in terms of methodological reliability and strive
for a more generalized perspective. It requires refine-
ment in observational methodologies and numerical
simulations, as the TC inner core is not easily observ-
able. On one side, some operational agencies have
already begun analyzing the RMW and concentric
eyewalls using both existing and new tools. Although
standardizing methodologies is challenging, enhanced
international communication among operational centers
and researchers is expected to foster advancements
in publishing valuable information for TC-related
disaster prevention based on updated insights. Further
research on the impact of climate change on TC inner
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core structure is recommended. To make this more
feasible, further model improvements and develop-
ment of a kilometer-scale climate model (Miura et al.
2023) will be required, which demands huge computa-
tional resources. It is also worthy of note that machine
learning and artificial intelligence techniques have been
growing rapidly as a tool which may yield the new
insight on the TC inner core research and operation.
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Campaign for the Improvement of Inten-
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VRW — Vortex Rossby Wave

VWS — Vertical Wind Shear (i.e., Environmental ver-
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