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Key points

1. The boundary layer dynamics by which the moat width regulates the interaction between inner

and outer eyewalls is demonstrated/emphasized

2. The inner eyewall is supported by greater inward absolute vorticity flux and maintained for a

longer time period when a larger moat exists

3. Active outer rainbands can slow down the contraction of the outer eyewall and increase the

timescale of the eyewall replacement cycle
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Abstract

The timescale of eyewall replacement cycle (ERC) is critical for the prediction of intensity and
structure changes of tropical cyclones (TCs) with concentric eyewall (CE) structures. Previous
studies have indicated that the moat width can regulate the interaction between the inner and outer
eyewalls and has a salient relationship with the ERC timescale. In this study, a series of sensitivity
experiments are carried out to investigate the essential mechanisms resulting in the diversity of the
duration of CEs using both simple and full-physics models. Results reveal that a larger moat can
induce stronger inflow under the same inner eyewall intensity by providing a longer distance for
air parcels to accelerate in the boundary layer. Thus, there is greater inward absolute vorticity flux
to sustain the inner eyewall. Besides, the equivalent potential temperature (6,) budget indicates
that the vertical advection and surface flux of moist entropy can overbalance the negative
contribution from the horizontal advection and lead to an increasing trend of 6, in the inner
eyewall. This suggests that the thermodynamic process in the boundary layer is not indispensable
to the inner eyewall weakening. It is also found that the contraction rate of the secondary eyewall,
which directly influences the moat width, is subject to the activity of outer spiral rainbands. By
directly introducing positive wind tendency outside the eyewall and indirectly promoting a
vertically tilted eyewall structure, active convection in the outer region will impede or even suspend

the contraction of the outer eyewall and hence extend the ERC timescale.

Plain Language Summary: The eyewall replacement cycle (ERC), during which the inner
eyewall gradually fades away and is replaced by the outer eyewall ultimately, can impose
significant influences on the intensity and structure of tropical cyclones. However, few efforts have
been devoted to understanding the timescale of the ERC. The idealized simulations of this study
highlight the essential role of the moat width (the radial region between the inner and outer eyewall
containing suppressed convection) in the decay rate of the inner eyewall. Results show that a wider
moat can provide longer travelling distance for air parcels in the boundary layer to obtain larger
radial velocity and to bring greater flux of angular momentum inward, which helps the inner
eyewall persist. Besides, stronger diabatic heating rates of outer spiral rainbands tend to slow down
the contraction of the outer eyewall by introducing larger positive wind tendency outside than

inside the outer eyewall, therefore reducing the contraction rate of the outer eyewall and extending
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the ERC timescale.

1. Introduction

Research on the eyewall replacement cycle (ERC) in tropical cyclones (TCs) has progressed
over the last few decades (Black & Willoughby, 1992; Fortner, 1958; Samsury & Zipser, 1995;
Willoughby, 1990; Willoughby et al., 1982). The importance of ERC to TC structure and intensity
changes is manifested in its universality (Hawkins et al., 2006; Hawkins & Helveston, 2004; Kossin
& Sitkowski, 2009; Kuo et al., 2009; Sitkowski et al., 2011), and its challenge to TC structure and
intensity forecasts (Chen, 2018; Houze et al., 2007; Rozoff et al., 2008; Sitkowski et al., 2011; Wu
et al., 2012; Zhou et al., 2011). The formation of the outer (secondary) eyewall outside the inner
(primary) eyewall is always accompanied by the broadening of the wind field, which can increase
the total energy of TCs and the potential damage to the human society (Irish et al., 2008; Lin et al.,
2014). In general, the ERC process consists of the secondary eyewall formation (SEF; Abarca &
Corbosiero, 2011; Abarca & Montgomery, 2013, 2014; Abarca et al., 2015; Ahern et al., 2022;
Huang et al., 2012; Kepert, 2013; Kepert & Nolan, 2014; Kuo et al., 2008; Kuo et al., 2004; Qiu et
al., 2010; Rozoff et al., 2006; Terwey & Montgomery, 2008), contraction and intensification of the
outer eyewall along with weakening of the inner eyewall, and replacement of the inner eyewall by
the outer eyewall.

Although Kuo et al. (2009) reported that more than half of the ERC cases follow the typical
paradigm, namely increases (decreases) of TC intensity before (after) the SEF, there exist
nonnegligible examples of unique evolution of concentric eyewalls (CEs). In terms of intensity
change, the secondary eyewall does not necessarily form at the intensification phase of a TC and
does not always indicate the weakening of TC intensity either (Kuo et al., 2009; Willoughby et al.,
1982). In a CE configuration, on the one hand, suspension of eyewall replacement can happen
when the outer eyewall disappears or both inner and outer eyewalls dissipate simultaneously due
to environmental wind shear or topography (Hawkins, 2008; Zhu & Yu, 2019); on the other hand,
multiple ERC events and triple eyewalls are documented based on observations (McNoldy, 2004;
Molinari et al., 2019; Wang et al., 2023; Zhao et al., 2016). Besides, the timescale for a TC to
complete an ERC also varies greatly. The average CE duration in the western North Pacific and the
North Atlantic is 16 h and 10 h but there are 12% and 6% ERC events that endure more than 30

hours, respectively (Yang et al., 2021). The diversity of ERC patterns motivates us to study the
3
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internal dynamics and environmental conditions that are responsible for those distinct
characteristics among CEs, and the variability of ERC timescale is of special interest as it currently
presents the largest TC intensity prediction barrier (Chen et al., 2023). During a general ERC event,
TC evolution is subject to the mutual interaction between the inner and outer eyewalls, in contrast
to a single-eyewall phase. Therefore, predicting the end of an ERC is of the same importance as
knowing the timing of SEF.

TCs with long-lived CEs are especially concerned due to their persistently large areal coverage
of damaging winds and have been studied extensively in the literature (Tsujino et al., 2017; Wang
et al., 2023; Yang et al., 2014). Based on passive microwave satellite imagery from 1997 to 2011
in the western North Pacific, Yang et al. (2013) found that CE structures that can sustain for more
than 20 hours generally have larger TC intensity, moat width and outer eyewall width at the time
of SEF than those of shorter duration. More recently, using an extended satellite dataset, Yang et
al. (2021) further investigated the relationship between CE duration and structural parameters of
CEs in the western North Pacific, the North Atlantic, and the eastern North Pacific. They revealed
that the ERC timescale is noticeably correlated to moat width and outer eyewall width in all three
basins, but its relationships with inner eyewall intensity and inner-core size are less significant.

As summarized in Kuo et al. (2009), for TCs that follow the classical ERC paradigm, the ERC
timescale is directly influenced by the decay rate of the inner eyewall. Therefore, it is important to
understand underlying mechanisms that cause the weakening of the inner eyewall. There are
numerous studies on this issue from the viewpoint of internal dynamics, and interestingly most of
them interpret the collapse of the inner eyewall in a way that the moat width can decide the pace.
Yang et al. (2013) speculated that the type-2 barotropic instability (Kossin et al., 2000; Rozoff et
al., 2008), which can mix potential vorticity across the moat and distort eyewall structures, is more
likely to emerge when the moat is narrow. Lai et al. (2019) argued that the excitation of
wavenumber-2 (WN-2) vortex Rossby waves at lower levels of the simulated hurricane Wilma
(2005) sharply led to the breakdown of the inner eyewall. The outward eddy radial transport of
eddy absolute angular momentum across the moat induced by the wave instability can result in the
dissipation of the inner eyewall and enhancement of the outer eyewall (Lai, Hendricks, Menelaou,
& Yau, 2021; Lai, Hendricks, & Yau, 2021; Lai, Hendricks, Yau, & Menelaou, 2021; Rostami &
Zeitlin, 2022). Elliptic inner eyewall structures near the end of ERCs have been documented in

observations like in typhoon Trami (2018) (Tsujino et al., 2021) and hurricane Maria (2017)

4
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(Slocum et al., 2023), supporting the argument that the type-2 barotropic instability can
significantly contribute to the demise of the inner eyewall.

From the axisymmetric perspective, Willoughby et al. (1982) suggested that the upper-level
divergent flow of the outer eyewall could counteract the inner eyewall’s outflow. Willoughby et al.
(1982) and Willoughby (1990) proposed that the subsidence induced by the outer eyewall
convection could disrupt the inner eyewall updraft. Zhu and Zhu (2014) confirmed that as the moat
width shortens and the outer eyewall strengthens the descending branch of the outer eyewall’
transverse circulation would cover most the TC inner-core region and suppress convection in the
inner eyewall according to the balanced vortex dynamics. However, this was not supported by the
result of Rozoff et al. (2008), who derived an analytic solution, showing that the downdraft
introduced by the outer eyewall is mainly confined to the moat and eye regions and argued that the
dissipation of the inner eyewall arises from the enhanced inner-core static stability.

Considering the key role of the boundary layer played in the TC development, the interception
of inward moist entropy and momentum fluxes by the outer eyewall is generally believed
detrimental to the inner eyewall. Zhou and Wang (2011) indicated that the outer eyewall in a TC
with enhanced ice concentrations tends to form at a larger radius and blocks the supply of moist
entropy in a less effective way. On the contrary, a TC wherein the outer eyewall is close to the
center has an obvious transport of low moist entropy into the inner eyewall and experiences quick
eyewall replacement due to a sharper negative gradient of equivalent potential temperature (6, ) in
the moat. Based on the numerical simulation of the long-lived Typhoon Bolaven (2012), Tsujino et
al. (2017) found that the positive 8, tendency in the TC inner core is sufficient for the survival of
the inner eyewall although the moist entropy supply was reduced after the SEF. However, they also
cautioned that it is unclear whether the 6, tendency in the inner core becomes zero or negative in
short-lived CEs.

The convective barrier can prohibit inward angular momentum transfer due to the buoyancy-
driven consumption of air masses (Houze et al., 2007; Samsury & Zipser, 1995). Kuo et al. (2022)
proposed a dimensionless scaling law for the inner eyewall pumping based on a forced slab
boundary layer model. They indicated that the inner eyewall updraft scaled with the maximum
wind speed is positively proportional to the moat width scaled with the Rossby deformation radius
and proposed that the maintenance of the inner eyewall is governed by the pressure gradient force

that accelerates inflow within the moat region. Although Kuo et al. (2022) discussed how the
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boundary layer dynamical process may contribute to the inner eyewall decay, the use of a model
without coupling between the boundary layer and the free atmosphere hindered complete
verification of their hypothesis. Therefore, we will examine the boundary layer mechanism in a
time-evolving framework in terms of the decay rate rather than assuming the steady state of the
inner eyewall as in Kuo et al. (2022).

In spite of many studies on inner eyewall dissipation mechanisms, fewer of them have probed
into the issue of outer eyewall contraction which is connected to the change rate of the moat width
and thus the dissipation of the inner eyewall and the timescale of the ERC in TCs. Abarca and
Montgomery (2015) emphasized the dominant role of the boundary layer in spinning up swirling
winds at radially inward side of the secondary eyewall. Chen (2018) suggested that an outer eyewall
can shrink swiftly when there exists strong boundary layer inflow. Besides, Tsujino et al. (2017)
illustrated that both the axisymmetric and asymmetric components of potential vorticity generation
can contribute to the outer eyewall contraction. In this study, we will show how the activity of outer
spiral rainbands impacts the contraction of the outer eyewall and address its connection to the ERC
timescale. The rest of article is organized as follows. Section 2 presents a brief description of model
configurations and experimental designs of two numerical models including the three-layer
Ooyama-type model and the full-physics cloud model CM1. The boundary layer mechanism
leading to the demise of the inner eyewall and the relationship between the moat width and the
decay rate based on the Ooyama-type model are discussed in section 3. Results from the CM1
model and the connection between the rainband activity and the inward contraction of the outer
eyewall are analyzed in section 4. Finally, main conclusions are summarized and discussed in the

last section.

2. Model and experimental design

The three-layer Ooyama-type model (OM3L hereafter, Ooyama, 1969; Schecter & Dunkerton,
2009) and the full-physics cloud model CM1 (Bryan & Rotunno, 2009) are used to investigate
factors that affecting the timescale of ERC in TCs. Although the OM3L model only consists of
minimal parametrizations of cumulus convection and air-sea interaction, previous studies have
proved its capability to capture the formation and basic evolution of TCs (cf. Schecter & Dunkerton,
2009). On account of the simplicity of the OM3L model, it is much easier to manipulate the vortex
structure while keeping dynamic and thermodynamic variables at different layers coupled.

6
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Although the fundamental dynamics underpinning the CE evolution can be clearly revealed in a
simplified framework that is free of complicated physical processes, a more state-of-art model, the
CM1 model, is employed to confirm the primary conclusions derived from the OM3L model.

Model settings of the two models and parameters of sensitivity experiments are described below.
2.1 The OM3L model

A detailed description of the OM3L model including the governing equations, constants,
parameters and parametrization schemes is provided in Schecter and Dunkerton (2009). In brief,
the OM3L model is comprised of a slab boundary layer (denoted by subscript b), a lower free
atmospheric layer (denoted by subscript 1), and an upper free atmospheric layer (denoted by
subscript 2). Momentum and mass fluxes are allowed between any adjacent layers, while keeping
the density of each layer constant with the boundary layer of a rigid height of 1 km and the lower
and upper free atmospheric layers of changeable depths. Enthalpy and momentum exchanges take
place at the interface between the sea surface and the boundary layer. The Ooyama-type cumulus
parameterization is deployed, in which the activity of convection is defined by the entrainment
parameter 7. In contrast to the uncoupled Ooyama-type model used in Kuo et al. (2022), the OM3L
model allows for the interaction between the boundary layer and the free atmosphere aloft. The
domain covers 3000 kmx3000 km area with a grid spacing of 2.5 km. Numerical experiments are
performed on an f-plane with the Coriolis parameter of 5x10” s7! and a constant sea surface
temperature of 29°C. The model is initialized with a prescribed vertical relative vorticity (§) profile

featuring a CE structure

¢ r<rm,

= & - exp <— (r ; ri>2> + &, - exp <— (r l_ To>8> , r>n. 1)

In the control run, & =4.0x10" s and &,=5.0x10"*s"! are the maximum vertical

vorticities of the inner core and the outer eyewall, respectively; r; =25 km and r,= 100 km are
the radii of the inner core and the central radius of the outer eyewall , respectively; [; =7.5 km is
the length of the transition region from the high inner-core vorticity ¢&; to zero vorticity, and
l, =20 km is the width of the outer eyewall. Those parameters are chosen in reference to the
average intensities and sizes of inner and outer eyewalls when the CE structure forms in

observations (Sitkowski et al., 2011). Both the boundary layer and the lower free atmosphere in the
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OM3L model are driven by the same TC structure, but ¢; is reduced to the one third of the
magnitude and &, is set to zero in the upper free atmosphere. Observational studies have
suggested the significant correlation between the ERC timescale and the moat width (Yang et al.,
2013; Yang et al., 2021), thus it is natural to examine different CE evolutions with various moat
widths. The tangential wind and vorticity distributions at the time of 0 h in the control run and
sensitivity experiments are shown in Figure 1. Structural parameters of sensitivity experiments
except for 71, are kept same as those in the control run. Because the vertical velocity is zero
everywhere before the model spins up, the moat width can be estimated as the radial extent of the
area where the radial gradient of relative vorticity is non-negative, according to linear Ekman
theory (Kepert, 2013). Five sensitivity experiments with different moat widths are carried out to
elucidate the essential dynamics facilitating eyewall replacement based on the OM3L model. In the
five sensitivity experiments, 1, is set as 80, 90, 100, 110, and 120 km, respectively. The
corresponding experiments are termed as R80, R90, R100, R110, and R120 and discussed in
section 3.1. Besides, to clarify and quantify the relationship between the inner eyewall weakening
rate and moat width, additional five hundred experiments are conducted by varying structural

parameters of CEs. The structural parameters include inner eyewall vorticity (;=3.4, 3.7, 4.0, 4.3,

4.6 x 10'35'1), outer eyewall vorticity (£,=3.0, 4.0, 5.0, 6.0, 7.0 x 103 s, outer eyewall radius
(1,=80, 90, 100, 110, 120 km), and outer eyewall width ([,=10, 20, 30, 40 km). Here, we do not
modify the RMW of the inner eyewall (which is termed as 7;) because the impact of RMW is
accomplished by influencing the inertial stability, whose change can be realized by varying ¢&;. The
quantified relationship will be presented in section 3.2.
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Figure 1. Radial profiles of (a) tangential wind (m s~*) and (b) relative vertical vorticity (x 10™ s=1) of the initial
vortex in the boundary layer and lower free atmospheric layer used in experiments R80 (red), R90 (yellow),

R100 (black), R110 (light blue), and R120 (deep blue).
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2.2 The CM1 model

The nonhydrostatic and fully compressible full-physics cloud model CM1 of version 21.0 is
used to test the robustness of the results from the simple OM3L model. Since this study focuses on
the axisymmetric processes that lead to the demise of the inner eyewall, the axisymmetric version
of CM1 is applied. The model horizontal resolution is 1 km within the radius of 300 km then
linearly stretches to 15 km at the radius of 3500 km (stretch x=2, dx inner=1000.0,
dx_outer=15000.0, nos _x_len=300000.0, tot x len=3500000.0). There are 60 levels in the
vertical, with a grid spacing from 50 m at the lowest level to 500 m at and above 5.5 km
(stretch_z=1, str_bot=0.0, str _top=5500.0, dz _bot=50.0, dz top=500.0, ztop=25500.0). We
deploy the Thompson microphysics scheme (ptype=3, Thompson et al., 2008), the Louis-type
planetary boundary layer scheme (iph/=2, Bryan & Rotunno, 2009), and simple surface flux
calculations with specific surface exchange coefficients (sfcmodel=1, Bryan & Rotunno, 2009).
No cumulus convection scheme is used, and a Newtonian relaxation term is included in the
thermodynamic equation to mimic longwave radiative cooling (rterm=1, Rotunno & Emanuel,

1987). The sea surface temperature is maintained at 31°C. An f-plane with the Coriolis parameter

of 5x107 s is assumed, and the moist tropical sounding of Dunion (2011) is adopted. An
axisymmetric vortex shaped by the tangential wind profile as in Rotunno and Emanuel (1987) is
used to initialize the model. The initial TC vortex size is 1000 km in radius and extends from the
surface to a height of 20 km. The maximum wind speed is 15 ms™'. To find out the dominant
mechanism that results in the variation of the ERC timescale, two vortices with distinct CE duration
are simulated. The one (RMW110) whose CE structure lasts for 7 h has an initial radius of
maximum wind (RMW) of 110 km, while the other (RMW180) that produces a 17-hour long ERC
event is given an initial RMW of 180 km.

3. Results from OM3L simulation
3.1 Boundary layer dynamics

Figure 2 shows the plane view of total wind speeds for experiments R80, R100 and R120 with
the smallest, median and the largest moat width, respectively. There are two radially separated

extrema of total wind speeds indicative of the inner and outer eyewall, respectively, until the ERC
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completes in each experiment. While the inner eyewalls are of the same strength by experimental
design, the discrepancy in moat width results in different intensities of the outer eyewalls (Figures
1 and 2), which hardly affects the inner eyewall decay in terms of the boundary layer dynamics and
will be discussed shortly. Generally, the evolution of concentric eyewalls in OM3L experiments is
axisymmetric throughout most time of simulations, except for the later stage in experiments R100
(Figure 2h), R110 (not shown) and R120 (Figure 21) in which barotropic instability emerges at the
time around 42 h. The instability causes inward mixing of low potential vorticity (not shown) and
is reflected by the rapid decrease of wind speed near the inner eyewall (Figures 3a and 3d).
Although the excitation of the instability is assumed to be an effective pathway to terminate an
ERC (Kossin et al., 2000; Lai et al., 2019; Lai, Hendricks, & Yau, 2021; Lai, Hendricks, Yau, &
Menelaou, 2021), its occurrence is somewhat random. The vortex Rossby waves can not explain
the decreasing trend in tangential winds in the inner eyewalls in R100, R110 and R120 before the
instabilities show up and in R80 and R90 in which no instability occurs. For this reason, this study
will not discuss the role of wave instability and will instead focus on the axisymmetric dynamics.
Note that this does not imply that wave instability or other asymmetric dynamics are insignificant.
For example, Tsujino et al. (2017) found that the generation of negative potential vorticity due to
the asymmetric eyewall structure could prevent eyewall contraction and elongate the concentric
eyewall duration. Though asymmetric structure is a common feature of real TCs, we believe that
an examination from the axisymmetric perspective is the first step towards a more comprehensive
understanding of ERC.

In the OM3L model, we define the eyewall intensity as the maximum tangential wind speed
in the boundary layer because a wind extremum in the lower free atmosphere does not always show
up near the outer eyewall even with a strong boundary layer updraft. The moat width is defined as
the radial extent of the downdraft region between the inner and outer eyewalls (the radial distance
between the circular and square points in Figure 4). The CE duration or the ERC timescale is
measured by how long the boundary layer wind extrema of both the inner and outer eyewalls

coexist. It is evident that the inner eyewall in the TC with a narrower moat tends to fade away more

quickly (Figure 3a). Note that although R80 is designed to have the same inner eyewall intensity

10



282  with other experiments initially, the maximum wind speed near the inner eyewall in R80 becomes
283  the weakest during the ERC. As a result, R80 has the shortest CE duration of 27 hours while the

284  CE structure in R120 maintains for more than 42 hours (Figure 3a).
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286  Figure 2. Plane view of total wind speeds (shading, units: m s~1) in the boundary layer for experiments R80 (the
287 first row), R100 (the second row) and R120 (the third row) at times of 0 h (the first column), 14 h (the second
288 column), 28 h (the third column) and 42 h (the fourth column). Dashed circles in each panel show the radii of
289 30, 60, 90 and 120 km from the storm center, respectively.
290 The moat width decreases along with the inward contraction of both eyewalls except for the

291  period of 6-12 h during which the model spin-up interferes with the inner eyewall. TCs initially
292  with larger outer eyewalls show wider moats throughout the simulations (Figures 3b and 3c).
293  Considering the fact that the ERC timescale is closely tied to the decay rate of the inner eyewall,
294  we concentrate on its intensity tendency. Figure 3d shows the hourly maximum wind tendency of
295  the inner eyewall in all experiments. The TC in R80 exhibits the most rapid weakening among the

296  five experiments, except for the initial 6-12 h adjustment period.

297 The tangential wind budget is conducted to understand the mechanism that makes the collapse

298  of the inner eyewall. The budget equation is written as (Xu & Wang, 2010a)
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where w,, v,, wy, are the radial, tangential, and vertical velocity in the boundary layer,

_ 5 = _ 0y
= —Up (’fb + ﬁ:)-l'Fr,b — Wp E + eddy, (2)

respectively, &, is the boundary layer relative vorticity, f. is the Coriolis parameter, Fyy, is the
diffusion and friction term in the boundary layer, and variables with an overbar represent the
azimuthally average. Because the OM3L model employs a slab boundary layer without vertical
mixing and the lower free atmosphere momentum cannot be advected into the boundary layer in
the eyewall dominated by updraft, therefore, the contribution of vertical advection to the boundary
layer tangential wind tendency at the inner eyewall is neglected. The eddy term is one order of
magnitude smaller than the other terms in this case (not shown), and thus we focus on the first two

terms on the left-hand side of Eq. (2).
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Figure 3. Temporal evolutions of (a) boundary layer maximum tangential wind speeds near the inner and outer
eyewalls (units: m s™1), (b) radius of boundary layer maximum tangential winds (RMW) near the inner and
outer eyewalls (units: km), (c) moat width (units: km), and (d) hourly tendency of maximum boundary layer
tangential wind near the inner eyewall (units: m s~ h™1) in experiments R80 (red), R90 (yellow), R100
(black), R110 (light blue), and R120 (deep blue). The areal mean within 5-km radius of the RMW of the inner
eyewall of () boundary layer radial velocity (units: m s™1), (f) the first term, (g) the second term and (h)
the sum of the first two terms  on the right-hand side of Eq. (2) (units: m s~2), with respect to the maximum

boundary layer tangential wind speed near the inner eyewall (¥, 1,).
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Figure 3e shows the radial wind speed averaged within the 5-km radius of the inner eyewall
in each experiment against the maximum azimuthally averaged wind speed of the inner eyewall
(Vm,p)- Because the RMWs of the inner eyewalls are identical in all sensitivity experiments (Figure
3b), the maximum wind speeds can reasonably represent the relative intensities of eyewalls in the
five TCs. TCs with larger moat widths (such as R110, R120) are likely to have stronger boundary
layer inflow under the same inner eyewall intensity. According to Eq. (2), greater inflow will
transport more angular momentum into the inner core and can largely compensate the negative
effect of total diffusion on the boundary layer tangential wind (Figures 3f-h). Thus, the difference
in the inner eyewall decay rate among all experiments is primarily resulted from the different radial
velocity of air near the inner eyewall.
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Figure 4. Radial profiles of azimuthally averaged tangential velocity (units: m s™1; the first column), radial
velocity (units: m s™1; the second column) in the boundary layer, and vertical velocity (units: m s™?; the
third column) at the top of the boundary layer at the time of 14 h (the first row), 28 h (the second row), and
42 h (the third row) for experiments R80 (red), R90 (yellow), R100 (black), R110 (light blue), and R120 (deep

blue). Circles and squares denote the outermost and innermost radius of the moat, respectively.
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Tsujino et al. (2017) found that air masses reaching the outer edge of the inner eyewall in the
boundary layer mainly come from three pathways (excluding high-frequency wandering) and air
parcels travelling a long distance radially inward (the first path) account for the largest number
based on the backward trajectory analysis. This result implies that the radial velocity of air parcels
at the inner eyewall is determined by the velocity change along the way of the first path. Radial
profiles of boundary layer inflows at the time of 14, 28, 42 h in the five experiments are depicted
in the second column of Figure 4. Note that the radial profiles at early model spin-up periods are
not shown for clarity. Generally, the inflow is accelerated inward in the far field at first then is
significantly reduced nearly to zero by the outer eyewall. Although the degree of reduction is
proportional to the outer eyewall intensity, the radial velocity of air just inside the outer eyewall
seems to be identical in the five TCs. After passing through the outer eyewall air parcels are pushed
inward by the pressure gradient force in the moat region, and the velocity increment should be
determined by both the amplitude of the centripetal force and the acceleration distance. Considering
the intrinsic limitations of the OM3L model in reproducing surface and boundary layer processes
and nonlinear dynamics (Fei & Wang, 2021; Kepert, 2010a,b), we will give a more detailed analysis
of the inflow budget across the moat in the full-physics model CM1 simulations in section 4.

Striking differences in the maximum boundary layer radial velocity among experiments can
occur even when all TCs are of similar strengths (Figures 4a and 4b). Because the moat is much
narrower in R80 than R120, air parcels in the boundary layer have less time to accelerate across
the moat in the former than in the latter, consistent with Kuo et al. (2022). Therefore, R80 has the
weakest inflow at the inner edge of the moat and the fastest weakening by surface friction and
diffusion (Figures 3f and 3h). From then on, the disparity of weakening tendencies among the five
TCs becomes increasingly distinct (Figure 3d), partly due to different moat widths and partly due
to the growing discrepancy of inner eyewall intensity (Figures 4a, 4d and 4g). Besides, the stronger
friction-induced boundary layer updrafts resulting from the steeper radial gradient of inflow
(Figures 4c, 4f and 4i) can help maintain the wind strength in the lower free atmosphere by
transporting relatively larger diabatic mass into the upper free atmosphere (Schecter & Dunkerton,
2009), which results in a stronger upper divergence so that the lower free atmosphere air pressure
is kept low. Therefore, the wind fields in the boundary layer and the lower free atmosphere could
evolve in a synergistic way. The importance of the friction-induced updraft and its positive

feedback with the eyewall convection has also been argued in previous studies (Kepert, 2013, 2017,
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Kuo et al., 2022).
3.2 Quantification of the relationship between inner eyewall weakening rate and moat width

A dataset of five hundreds idealized TCs is constructed by varying structural parameters of
CEs (see section 2.1) to testify and quantify the relationship between the inner eyewall decay rate
and moat width. Definitions of moat width and inner eyewall decay rate are the same as in Figure
3. The model output between the period 16-30 h of the simulation is used in the correlation
calculation because the period 0—16 h is impacted by the early vortex spin-up and convective
adjustment processes. The simulation after 30 hours is ignored owing to the likely excitation of

barotropic instability.
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Figure 5. Scatter diagrams (color dots) of averaged (a) —#iy, (units: ms™') and (b) —y, (ggb + fc)+Fr_b (units:
m s2) within 5-km radius of the RMW of the inner eyewall, with respect to Ump and moat width (d). Dot
color varies from blue to red when the value increases. Black dots in (a) and (b) denote the average 7, at

each moat width when —1, reaches 2 + 0.1 ms™' and (—ﬁb(fb +fc)+ﬁr,b) reaches -1.5e-4 + 0.1e-4

m s2, respectively. And (c) scatter diagram of the inner eyewall decay rate (—dvp,  /dt) versus moat width.
The blue, yellow and red line represents the 50%, 75% and 90% percentile, respectively. The correlation

coefficient is -0.64, which is statistically significant over 99% confidence level.
It is shown in Figure 5a that both the eyewall intensity and the moat width can modify the

radial velocity at the inner eyewall. Specifically, black dots in the figure denote the averaged vy,

when inflow reaches 2 + 0.1 ms™!

at each moat width. The decreasing trend of these dots with

I with a weaker

the moat width indicates that the inflow at the inner eyewall can reach 2 ms”
eyewall and wider moat, implying the moat width is positively correlated with the inflow intensity.

Similarly, the increasing trend of black dots in Figure 5b, which represent the averaged 7,1, when

the sum of the first two terms on the right-hand side of Eq. (2) (—ab(éb + fc)+}7r,b) reaches
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(—1.5+0.1) x 107* ms? at each moat width. This means that the radial flux of absolute
vorticity is larger with a wider moat and inner eyewalls are more likely to persist against surface
friction. In general, these statistics deduced from the idealized TC dataset consolidate the analysis
of the five sensitivity experiments discussed in the previous section.

Correspondingly, the inner eyewall decay rate shows a remarkable decreasing trend as the
moat width increases. The correlation coefficient between the two parameters reaches -0.64, which
is statistically significant at 99% confidence level (Figure 5c). This corroborates the observational
fact that the CE duration is positively correlated to the moat width, as the inner eyewall decay rate
is directly related to the maintenance of CE structure. According to the results from the OM3L
model, which employs simplified thermodynamic processes, there are little differences in
thermodynamic fields among the five experiments (not shown). We suggest that the boundary layer
dynamics are essential to the ERC and its timescale, which will be further clarified based on results

from the full-physics model CM1 in the next section.

4. Results from CM1 simulations
4.1 Boundary layer dynamics

Although the OM3L model provides some insights into the ERC dynamics, it has some
limitations in simulating authentic TC structures and the associated thermodynamics. Therefore,
the full-physics cloud model, CM1 (Bryan & Rotunno, 2009), is used to further examine the key
processes leading to the inner eyewall decay by contrasting two experiments (RMW110 and
RMW180) in which TCs behave quite differently in terms of the timing and evolution during the
ERCs. Figures 6 and 7 show the azimuthally averaged 10-m-height tangential wind speeds and
composite radar reflectivity in RMW110 and RMW180, respectively. Both TCs experience ERC
more than once (not shown), have similar inner eyewall strengths but with the distinct moat width
when the last ERC begins. Thus, the last ERC event during the simulation period in each TC is
chosen for a detailed analysis. The outer eyewall forms at 153 h of the simulation and the inner
eyewall vanishes at 160 h in RMW110, while the last ERC event starts at 183 h and ends at 200 h
in RMW180. The duration of the CE structure is 10 hours longer in RMW180 than in RMW110
(Figures 6a and 7a). When the secondary eyewalls form (one hour before the inner eyewalls
disappear), the inner eyewalls in the two TCs exhibit similar intensities with maximum tangential

winds of about 57 (44.5) ms' and RMWs of about 30 (36) km, respectively. These two
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experiments portray the impact of outer eyewall radius on ERC evolution with different outer
eyewall structures. The RMW of the outer eyewall in RMW110 at the time of the SEF is 90 km
and contracts inward by 25 km in 7 hours, while in RMW 180 the outer eyewall shifts from 128 km
to 101 km in 17 hours, whichis 2 km h™! slower than that in RMW110. The larger radial location
of the SEF and smaller contraction rate in RMW180 lead to a weaker eyewall when the ERC
completes. In terms of the inner eyewall intensity change, RMW110 has a larger decay rate after
the SEF, with a maximum exceeding 15 ms~1h™! (Figure 6b), while the inner eyewall in
RMW180 decays at a much slower rate especially during the early stage of the ERC (Figure 7b).
Moreover, the moat, which is defined as the low-echo or echo-free region between the inner and
eyewall eyewalls is much clearer and wider in RMW180 owing to its distant outer eyewall. In
general, the initial structures of concentric eyewalls in OM3L and CM1 models are similar,
indicating that the prescribed TC structures in OM3L experiments are reasonable. Although the
inner eyewalls weaken at slower rates and persist longer due to the minimal parameterizations of
cumulus convection and the slab boundary layer in OM3L simulations, the overall structures and
evolutions of concentric eyewalls are comparable in the two model experiments.
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Figure 6. Time-radius Hovmoller diagrams of the azimuthally averaged (a) 10-m-height tangential wind (units:
ms~1), (b) temporal profile of hourly tendency of maximum 10-m-height tangential wind near the inner
eyewall (units: ms! h! ), and (c) composite radar reflectivity (units: dBZ) for experiment RMW110. Black
solid contours in (a) and (c) denote the RMWs of the inner and outer eyewall, respectively. The black

horizontal dashed lines indicate the starting and ending of the ERC, respectively.
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Figure 7. The same as Figure 6 but for experiment RMW180.

Although both an uncoupled slab boundary model (Kuo et al., 2022) and a coupled Ooyama-
type model are utilized to analyze how the inflow is invigorated within the moat and how it
influences the evolution of the inner eyewall, it is still unclear whether the mechanism takes effect
and is important in the full-physics model simulations. Therefore, the radial wind budget is
conducted to elucidate the boundary layer dynamics. Under the assumption of a quasi-steady state
approximation (i.e. the local derivative of the radial wind du/dt is negligible), Wang et al. (2013)
gave the depth-averaged form of the inflow diagnostic equation as (neglecting the eddy terms)

10riag H1o0p

d j dz + +1fHFd Wﬁ|
rar_HOp(')rZ ZvabHOTZszH’

PGF FRF UWT

(3)

where u, v, ¢ are radial, tangential wind speeds and geopotential height, respectively; r is the

radius; f. is the Coriolis parameter; H is the boundary layer height; terms with subscript b are

the depth averages from the surface to the top of the boundary layer (i = % ) OH uldz, vy =

% f OH v dz); PGF, CNF, CF, FRF represent pressure gradient, centrifugal, Coriolis and friction forces,

respectively, and UWT is related to the momentum flux at the top of the boundary layer. The sum
of the first three terms on the right hand of Eq. (3) is often called the agradient force (AGF) and
the sum of all forces is the net radial force (NRF). By integrating Eq. (3) along the radial direction,
one can obtain
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rig — RUE = f r' X NRF dr’. (4)

R

where R, U, is the radius and radial wind speed in the distant. From the Lagrangian point of view,
Eq. (4) can be rendered that the radial kinematic energy gained by air molecules equals to the work
imposed by the net radial force.

Figure 8 shows the diagnosed and actual hourly averaged u, distributions in RMW110 and
RMWI180 during the ERC, using the model output at every 6 minutes with the boundary layer
height of 571 m. The height of 571 m is chosen so that the layer below which is dominated by
inflow throughout the ERC period when the boundary layer height near the inner eyewall is
decreasing. Besides, the result is not sensitive to the choice of the boundary layer height (not
shown). Since we focus on the re-acceleration process within the moat, only radial winds in the
moat region are reproduced based on Eq. (4) for simplicity. In this case, R is the outermost radius
of the moat, Uy, is the depth-integrated, azimuthally averaged radial wind speed at the radius R.
It is shown that the diagnosed radial wind is almost identical to that in the simulation, implying
that the assumption of pseudo-stationary boundary layer is reasonable. As indicated by Wang et al.
(2013), the pressure gradient and centrifugal forces are the greatest and largely compensate each
other. Together with the Coriolis force, they constitute the AGF that can accelerate the boundary
layer flow toward the inner eyewall. The FRF term always encumbers air motion, and the UWT
term has a nonnegligible contribution in the eyewalls but is negligible in the moat region. Positive
NRF is mainly confined to the ascending region and its magnitude can reflect the eyewall intensity.
Negative NRF is most prominent in the moat region, suggesting a re-intensification of the inflow.

According to Eq. (4), the radial velocity of the air parcels reaching the inner eyewall is
determined by the velocity before the acceleration (i.e., Up), the moat width (R — r) and the NRF.
Shortly after the SEF, both TCs have comparable radial velocities after passing through the outer
eyewall and similar maximum NRF within the moats, but there is greater inflow at the inner
eyewall in RMW 180 (Figures 8a and 8e). This is because the wider moat in RMW180 provides air
to travel longer distance to accelerate, leading to a larger speed increment as indicated by the black
arrows in the Figure 8. Specifically, the increase of radial velocity within the moat in RMW180 is

1

5 ms™* greater than that in RMW110, just the same as the excessive amount of the inflow at the

inner eyewall.
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488  Figure 8. (a) Radial profiles of hourly (using 6-min-intervel model output) and vertically (from the lowest model
489 level to the height of 571 m) averaged pressure gradient force (PGF), centrifugal force (CNF), Coriolis force
490 (CF), friction force (FRF), the agradient force (AGF=PGF+CNF+CF), vertical flux of radial momentum at
491 the boundary layer top (UWT), and the sum of all of these terms (NRF), corresponding to the left y-axis. The
492 unit of force is 1073 N kg™2. Solid and dashed red lines are hourly and vertically averaged radial velocity
493 (units: m s~1) from the model output and reconstructed based on Eq. (4), respectively, corresponding to the
494 right y-axis. The gray shadings indicate the moat region. Black arrows and numbers alongside point out the
495 velocity increments across the moat region. Results for both RMW110 (left column) and RMW180 (right
496 column) are shown at different times.
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Consistent with the results discussed in the section 3, the radial velocity on the inner side of
the outer eyewall does not change obviously with the outer eyewall strength, though the increased
amount of radial velocity is reduced due to the developing outer eyewall (Figure 8). However, due
to the larger weakening tendency of the inner eyewall since the SEF and then the faster contraction
of the outer eyewall in RMW 110, both the NRF and the moat width are relatively small compared
to those in RMW 180 during the later stage of the ERC (Figures 8b-d and 8f-h). Thus, based on Eq.
(4) the radial velocity at the inner eyewall is smaller throughout the ERC in RMW110. Besides,
the intensification of the outer convection resulted from the eyewall contraction will lower the
surface pressure, which can reduce the horizontal pressure gradient across the inner eyewall
through the hydrostatic adjustment (Wang, 2009). This further reduces the kinematic energy gained
by the air parcels when they are pushed inward by weaker AGF.

According to the tangential wind tendency equation Eq. (2), an inner eyewall of the same
intensity but supported by greater inflow is more capable of offsetting the decreasing tendency
induced by the surface friction, diffusion, and vertical advection. Since the RMWs of the inner
eyewalls in both TCs are very similar (Figures 6a and 7a), the maximum wind speeds can be
rendered proportional to the eyewall intensity. Figure 9a shows the boundary layer radial velocities
in RMW110 and RMW180, each of which is vertically averaged from the surface to the boundary
layer top (571 m) and is horizontally averaged within 5-km radius of the RMW of the inner eyewall,
with respect to the maximum wind speed at 10-m height near the inner eyewall (¥, ). Consistent
with the result of OM3L experiments, the radial velocity decreases along with the dropping
intensity of the inner eyewall, which gradually loses the ability to accelerate inflow. Stronger inflow
can be achieved under the same inner eyewall intensity in a TC with a wider moat especially during
the early stage of the ERC, since the moat width would be remarkably reduced because of the
eyewall contraction afterwards. Therefore, there is greater radial inward flux of absolute vorticity
in the inner-core region in RMW180 (Figure 9b). With respect to ¥y, y,, values of Fr'b in both
experiments are similar, but there is larger negative contribution from the vertical advection to
boundary layer tangential winds in RMW180, due to the stronger eyewall updraft (Figure 9c).
However, as indicated in Figure 9d, the positive contribution from the radial flux of absolute
vorticity can nearly balance the negative tendency due to vertical advection and Fy;, when the
moat width is sufficiently large, like during the first few hours of the ERC in RMW180. On the

contrary, the radial flux of absolute vorticity term hardly overcomes other negative terms in
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RMW110, resulting in a rapid inner eyewall weakening. Thereby, it has been justified in both

simple and full-physics models that the moat width can significantly modulate the inner eyewall

decay rate.
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Figure 9. Box plots for the depth-averaged (from the lowest model level to the height of 571 m) and areal mean
(within the 5-km radius of the RMW of the inner eyewall) (a) radial velocity (units: m s™1), (b) radial flux
of absolute vorticity (units: m s~2), (c) friction and diffusion (at the lower part of the panel, units: m s~2) as
well as vertical advection of tangential wind (at the upper part of the panel, units: m s~2), and (d) local
tangential wind tendency (units: m s~2), grouped by the maximum 10-m-height wind speed near the inner
eyewall. The box indicates the range from the 25th to 75th percentiles of the distributions, with a black line
at the median as well as a yellow dot showing the mean, and the whiskers indicate the range of the distributions.

Results of RMW110 and RMW 180 are denoted by gray and cyan box, respectively.

4.2 Boundary layer thermodynamics

Although the boundary layer dynamics are emphasized above, previous studies suggested that
thermodynamic processes can influence the concentric eyewall duration as well. Zhou and Wang
(2011) argued that sharp gradient of 8, and enhanced cold advection near the inner eyewall would

expedite the demise of the eyewall when the moat was narrow, which may imply that the moat

22



545

546

547

548

549

550

551

552

553
554

555
556
557

558
559
560
561

562

563

564

width can modulate the ERC timescale with the help of boundary layer thermodynamics in addition
to the dynamical mechanism. Nevertheless, Tsujino et al. (2017) found the net 8, flux into the
inner eyewall remained positive (though getting less after the SEF) during the two ERC events of
Typhoon Bolaven (2012). We also notice that 8, in the boundary layer and the lower troposphere
has been increasing during the ERC period in RMW110 & RM 180 (Figure 10). The magnitude of
the 6, change solely caused by the decrease in pressure is one order smaller than the total change
(not shown). Thus, there should be significant contribution from the temperature and water vapor
to the increasing tendency of 6,.

(a) t=154-155h (b) t=156-157h

T e T

(d) t=160-161h

RMW110
height (km)

RMW180
height (km)

Figure 10. The hourly averaged equivalent potential temperature (6,, shading, units: K) anomaly at different
times (a-d) in RMW110 with respect to the mean 6, between the time of 153 to 154 h, and (e-h) in RMW 180
with respect to the mean 6, between the time of 183 to 184 h. Black contours represent vertical motions with

contours of -0.5,0.5,1,1.5,2.0 ms™1.

The equivalent potential temperature budget analysis is carried out to examine processes that
have contributed to the positive 8, tendency. Results of the two experiments are qualitatively the
same, thus only the diagnosis for RMW110 is shown here. 8, is defined as a function of potential
temperature 6 and mixing ratio of water vapor q,

Ly,qy
Cym ’

6, = 6 + (5)

where L,, C,, and m are latent heat, specific heat at constant pressure and Exner function,

D>
respectively. Here, we have L, = 2.5 x 10°]-kg™ and C, = 1004.0] - kg~! - K™*, which are
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used in the CM1 model. By taking the time derivative of each term on the right-hand side of the

Eq. (5), the 8, tendency equation is written as (see the appendix in Zhou & Wang, 2011)

a0, duf owé
= - - + Fiurbe + Fairto + Fab,e

at or 0z
L Jduq owq
- Cpl;'[( arv + azv> + Frurb,q, T Faitt,q, + Fab,q,- (6)

Both 6 and g, tendencies consist of horizontal advection (HADV), vertical advection (VADV),
turbulence (TURB), diffusion (DIFF), and contribution from diabatic processes (DB) such as cloud
microphysics and radiation. In the moist adiabatic process 6, is conserved (Fgp g + Fap,q, = 0).
Although moist processes are not strictly reversible in real TCs, Fgqpg and Fgp g, still largely
offset each other. Figure 11 shows the contribution from each component averaged between 158—
161 h when the inner eyewall undergoes pronounced weakening. Consistent with the work of Zhou
and Wang (2011), there is significant horizontal advection of low 8, from the moat to the inner-
core region in the boundary layer (Figures 11a and 11f). However, vertical turbulent mixing of high
potential temperature from the sea surface significantly increases the 6 in the boundary layer
(Figure 11d), and the moisture is greatly enriched by both vertical advection and vertical turbulence
mixing (Figures 11g and 111). Although the sea surface temperature remained constant throughout
the simulation, it is suggested that enthalpy reduction induced by low-6, air in the boundary layer
can be greatly recovered as long as there is enough local supply of heat and moisture (Figures 11k-
0). As a result, the moist entropy increases and the thermodynamic condition in the boundary layer
is favorable for the inner eyewall to sustain during the ERC. Based on the 6, budget, we suspect
that the boundary layer thermodynamics is not essential to the inner eyewall decay, which has been
reported before by Tsujino et al. (2017), indicating that the result may not be an exceptional

phenomenon.
4.3 The outer eyewall contraction

It has been clarified that the moat width is an important ingredient that can influence the inner
eyewall decay rate, hence a more comprehensive understanding on the eyewall contraction is
beneficial to predicting the ERC timescale. The eyewall contraction in a single-eyewall TC has
been extensively studied (Li et al., 2019; Li et al., 2021; Shapiro & Willoughby, 1982; Wang, 2008,
2009; Xu & Wang, 2010a, 2010b). Generally, it is believed that diabatic heating in the eyewall

induces greater wind tendency inside the RMW than the tendency at and outside of the current
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594  RMW, which lead to the RMW and thus the eyewall to contract inward.
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601 Wang (2009) proposed that active outer spiral rainbands can enlarge the TC inner-core size

602  and limit the intensity by producing a more vertically tilted eyewall in a single-eyewall TC. Such
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a phenomenon also happens to the outer eyewall in a double-eyewall TC as shown in the
experiments of RMW110 and RMW 180. This is similar to what was recently found in a numerical
study by Yang (2024), who also showed the active outer spiral rainbands may slow down the outer
eyewall contraction and affect the intensity change during the eyewall replacement cycle of TCs.
Since RMW180 has stronger winds in the outer-core region, there is more energy input from
the ocean to support the development of outer spiral rainbands in the TC (Xu & Wang, 2010a). As
depicted in Figure 7c, the rainband activity outside the outer eyewall becomes more active from
178 h of the simulation in RMW 180, which is likely to have affected the formation of the secondary
eyewall. One and a half hours after the SEF, outer spiral rainbands organize into a lively convective
system but without a third wind maximum (Figure 7a). Until the ultimate merging of the rainbands
into the outer eyewall at the time of 196 h, the development of outer spiral rainbands impedes and
even suspends the contraction of the outer eyewall by generating local positive wind tendency and
strengthening inertial stability in the outer-core region and thus preventing inflow near the outer
eyewall. Besides, consistent with the finding of Wang (2009), the outer eyewall in RMW180
exhibits a more outwardly tilted vertical structure than that in RMW110 (Figure 10), which has
much less active outer rainbands. The outwardly tilted eyewall convection would result in a larger
wind tendency outside rather inside the RMW (Wang, 2008). We can see from Figure 12 that there
1s pronounced positive tangential wind tendency and large inflow inside the RMW of the outer
eyewall in RMW110, while there is a substantially reduced tangential wind tendency and inflow at the
inner edge of the outer eyewall and weak negative tendency outwardly adjacent to the eyewall in
RMW180, especially during 185-196 h. Consequently, this results in greater negative radial

gradient of tangential wind tendency and contraction rate (2.7 km h'l) in the former (Stern et al.,

2015). In contrast, the contraction rate of the outer eyewall is only 1.6 km h'' in the latter. After
196 h when the outer rainbands are merged into the outer eyewall, the eyewall contraction rate
becomes larger due to the enhancement of inflow and tangential wind near the inner edge of the
outer eyewall in RMW 180 (Figure 12b). Given the generally slow outer eyewall contraction, the
moat width in RMW 180 remains relatively large, hence there is more momentum supply for the
inner eyewall to survive. On the other hand, there is no significant difference in outer eyewall
contraction rate among OM3L experiments (Figure 3b), due to the absence of outer rainband
activity.

Several sensitivity experiments are conducted to confirm the impacts of outer spiral rainbands
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on the contraction rate of the outer eyewall. By artificially multiplying a coefficient o to the
diabatic heating/cooling rate in the region outside a radius of 120 km after 120 h of the simulations
from the microphysics scheme (as done in Wang, 2009), we can alter the activity of outer rainbands.
The particular time is chosen when both TCs maintain at a relatively steady intensity, and the time
is long enough for the outer core adapting to the new diabatic heating rate prior to the SEF. The
particular radius is selected beyond which there are clusters of convective cells in both experiments
prior to the SEF (Figures 6¢ and 7c). For RMW110, in which the TC has relatively small ERC
timescale, we explore whether active outer rainbands could elongate the concentric eyewall
duration or not by reducing the diabatic cooling rate by 20% (a=0.8, RMW110-Co0l080) where
the diabatic heating rate is negative or by increasing the diabatic heating rate by 10% (a=I1.1,
RMW110-Heat110) where the diabatic heating rate is positive. On the contrary, for RMW180, we
attempt to shorten its ERC timescale by increasing the diabatic cooling rate by 20% (o = 1.2,
RMW180-Cool120) or by reducing the diabatic heating rate by 10% (a = 0.9, RMW180-Heat090)
to suppress outer rainband activity. Because increasing (decreasing) diabatic cooling rate is less
effective in terms of suppressing (strengthening) convection, the absolute value of the coefficient

is set to be greater.
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Figure 12. Time-radius Hovmoller diagrams of height-averaged tangential wind below 3 km (shading, units:
m s~1), its hourly tendency (black contours, units: m s~ h™1) at levels from -10 to 16 ms™* h™! (except
for zero level) with an interval of 2 m s~ h™1, and height-averaged radial velocity below 3 km (white

contours, units: ms~1) at levels of -15,-10 and -5 m s™! for (a) RMW110 and (b) RMW180.
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Figure 13. Time-radius Hovméller diagrams of azimuthally averaged 10-m-height tangential wind (units: m s~1)
and hourly tendency of maximum 10-m-height tangential wind near the inner eyewall (units: ms~*h™! )in
(a) RMW110-Co01080, (b) RMW110-Heat110, (c) RMW180-Cool120, and (d) RMW180-Heat090. Black
solid contours denote the RMWs of the inner and outer eyewall. Black dashed lines indicate the start and the
end of the ERC event in each sensitivity experiment, and gray dashed lines in panel (a) & (b) and (¢) & (d)
indicate the start and the end of the ERC event in RMW110 and RMW 180, respectively.

Figure 13 shows the concentric eyewall evolutions in the four sensitivity experiments. In
RMW110-Co0l080, decreasing the cooling rate makes the secondary eyewall form earlier but does
not modify the ERC timescale much (Figure 13a), which may because reducing diabatic cooling
only is less effective in enhancing rainband activity. While in RMW110-Heat110, the inner eyewall
decay rate is significantly diminished, and the concentric eyewall duration is extended to 24 h in

contrast to 7 h in RMW110 (Figure 13b). Although TCs in the RMW110 group have secondary
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eyewalls forming all near the radius of 90 km, they present distinct temporal evolutions of the
RMW of the outer eyewall. This can be seen from Figure 14a, which illustrates that the secondary
eyewall in the TC with artificially enhanced convective activity in outer rainbands contracts inward
at a smaller rate, especially evident in RMW110-Heat110. In the RMW180 group, the secondary
eyewall shows up earlier at a smaller radius and the concentric eyewall duration is sharply curtailed
by either enhancing diabatic cooling or reducing diabatic heating rate (Figures 13¢ and 13d). In
addition, the contraction rates of the outer eyewall in both experiments are significantly accelerated
compared to that in RMW180 (Figure 14b).
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Figure 14. Temporal evolutions of radii of maximum azimuthally averaged 10-m-height tangential wind speeds

near the outer eyewalls of TCs in (a) the RMW110 group, and (b) the RMW 180 group.

In brief, we find that a TC with active outer rainbands is more likely to have a longer ERC
timescale. Interestingly, spiral rainbands are also considered to be important for triggering the SEF
(Didlake & Houze, 2013; Wang & Tan, 2020; Yu & Didlake, 2019; Yu et al., 2022; Yu et al., 2021).
Based on the results in this study, we suggest that active rainbands can not only facilitate the
generation of the secondary eyewall but also extend the maintenance of concentric eyewall
structures by producing a vertically tilted and slowly contracting outer eyewall. This implies that
the role of spiral rainbands is not only limited to the early phase of the ERC but also involved in
the subsequent evolution of the concentric eyewall structure. Another interesting finding is that
active rainbands are likely to induce a larger and wider outer convective ring (Figure 10), which
was previously documented in single-eyewall TCs by Wang (2009). It seems that the significant
relationship between the moat width and the outer eyewall width, reported in the observation-based
study by Yang et al. (2021), is largely controlled by the activity of outer spiral rainbands. This could

be a good topic for a future study.
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5. Conclusions and discussion

Observational studies have shown that the concentric eyewall duration is significantly
correlated with the moat width, which is rendered as a key ingredient that can regulate the
interaction between inner and outer eyewalls. In this study, we have emphasized the important role
of boundary layer dynamics in leading to the demise of the inner eyewall and the relationship
between moat width and weakening rate. We used the three-layer Ooyama-type model (OM3L)
and the nonhydrostatic, full-physics cloud model CM1 to address this issue. According to the
backward trajectory analysis of Tsujino et al. (2017), the largest amount of air parcels arriving at
the outer edge of the inner eyewall in the boundary layer have followed a path that is oriented
radially inward, which can be perfectly manifested by the inflow diagnostic equations derived by
Wang et al. (2013) (Eq. 3 and Eq. 4). Based on the equations, the inflow intensity near the inner
eyewall is determined by the radial velocity at the outermost edge of the moat and the velocity
increment within the moat.

Results show that the radial speed at the inner edge of the outer eyewall remains relatively
identical during the development of the secondary eyewall and among experiments, although the
reduction of the inflow intensity is proportional to the outer eyewall strength. Therefore, the
acceleration process within the moat plays a more critical role in determining inflow strength in
the inner-core region. The inflow budget shows that the net radial force (NRF) within the moat is
primarily governed by the agradient force, friction and diffusion terms, which are mainly affected
by the intensity of the inner eyewall. With respect to the same maximum wind speed near the inner
eyewall, results from both simple and sophisticated full-physics models indicate that there would
be stronger inflow reaching the inner eyewall with a larger moat due to a longer travelling distance
for air parcels to accelerate. Thus, there is greater amount of radial flux of absolute vorticity, which
can largely compensate the negative tangential wind tendency induced by the friction, diffusion,
and vertical advection, based on the tangential wind budget in the boundary layer.

Previous studies suggested the interception of moist entropy by the outer eyewall has a salient
contribution to the collapse of the inner eyewall. However, we have shown that the weakening of
the inner eyewall is not always accompanied by the decrease in equivalent potential temperature
(6,) in the inner-core region in the boundary layer. Results from the 6, budget indicate that
surface enthalpy flux and upward advection of moisture in the inner eyewall are sufficient to

overcome local unfavorable condition resulting from the radial advection of low-6, air and lower
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atmospheric warming. This implies that the boundary layer thermodynamic processes are not
required in the demise of the inner eyewall in our simulations, with a notion in mind that we are
not denying the influences of thermodynamic processes but arguing they are not indispensable to
the inner eyewall decay. Overall, our findings support the theoretical hypothesis of Kuo et al.
(2022), who proposed that the steady-state inner eyewall updraft scaled with the RMW is
determined by the dimensionless moat width that is scaled with the Rossby deformation radius,
using a slab boundary layer model. The direct connection between the weakening rate of the inner
eyewall and the moat width is also consistent with observations (Yang et al., 2013; Yang et al.,
2021).

Since the moat width can determine the amount of angular momentum transported into the
inner eyewall, it is of special interest to figure out what processes can impact the change of the
moat width or the contraction of the outer eyewall. We have revealed that active outer rainbands
can promote the outer eyewall to form at a larger radius and result in a slower contraction rate of
the outer eyewall. As suggested by Wang (2009) for a single-eyewall TC that active convective
activity in outer rainbands tends to generate a large eye and an outwardly tilted eyewall, we find
that the radial location and structure of the outer eyewall are subject to similar modulation by outer
rainbands in a double-eyewall TC as well. In the experiments with artificially increased diabatic
heating or reduced diabatic cooling rate in the outer region, outwardly tilted vertical structure of
the outer eyewall and active outer rainbands induce relatively smaller (larger) tangential wind
tendency on the inner (outer) side of the outer eyewall. As a result, the outer eyewall contracts
inward at a smaller rate, and inner eyewall can survive longer. This implies that TCs with active
outer rainbands are likely to have long-lasting concentric eyewall structure after the SEF. In
addition, we notice that TCs with enhanced outer convection tend to have a tilted, large and wide
outer eyewall. The connection between the moat width and the outer eyewall width has been
reported in a statistical study by Yang et al. (2021).

In this study, we have interpreted the ERC timescale from the axisymmetric viewpoint.
However, asymmetric characteristics exist in the outer eyewall since the time when outer spiral
rainbands give birth to it. The eddy transport of angular momentum or thermodynamic scalars can
have a nonnegligible contribution to the eyewall replacement. Therefore, a comprehensive study

to elaborate both the axisymmetric and asymmetric aspects will be a topic in our future work.
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