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Abstract

This study examines the long-lived concentric eyewall structure of Typhoon Lekima
(2019) from an axisymmetric perspective. Possible maintenance mechanisms for the
concentric eyewalls are investigated using a high-resolution WRF simulation (nested
down to 1-km horizontal grid size). The secondary-circulation responses to the latent
heating in the inner eyewall, moat and outer eyewall are diagnosed by solving the Sawyer-
Eliassen equation individually to examine the corresponding contribution to the moat
downdraft. By calculating the dynamic efficiency factor (DEF), the conversion of latent
heating to kinetic energy is evaluated in the moisture-restricted inner eyewall.

The Sawyer-Eliassen diagnoses show that the moat downdraft was contributed
mainly by latent heating in the inner and outer eyewall, with a secondary contribution
from latent cooling in the moat after concentric eyewall formation. DEF diagnoses show
that the conversion of latent heating to kinetic energy in the inner eyewall was more
efficient than in the outer eyewall. Although tangential wind within the boundary layer
was weakened by friction, the compensative tangential wind in the inner eyewall was
larger than in the outer eyewall. The compensative tangential wind indirectly accumulated
moisture from the sea surface in the moat, aiding the moisture supply to the inner eyewall
and enhancing the amount of kinetic energy converted from latent heating. Although the
inner eyewall of Typhoon Lekima eventually weakens due to the moisture cut off from
the outer eyewall, the inner eyewall can still be maintained for tens of hours by the high

DEF from latent heating.

Keywords: Tropical cyclone; concentric eyewall; axis symmetry; Sawyer-Eliassen

equation; dynamic efficiency factor
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Chapter 1. Introduction

The eyewall replacement cycle (ERC) is a crucial phenomenon causing tropical
cyclone (TC) intensity oscillation in hours or tens of hours. In the conceptual model of
Willoughby et al. (1982), the outer eyewall first constructs outside the inner eyewall to
form concentric eyewalls. Then, the inner eyewall dissipates when the outer eyewall
contracts inward, and the TC intensity weakens. Finally, the outer eyewall replaces the
inner eyewall after the inner eyewall dissipates completely; the TC intensifies again, and
the tangential wind field also widens. The ERC is a common feature in a strong TC with
a large maximum wind speed. Kossin and Sitkowski (2009) indicated that about 30 (15)
% of category 4 (maximum wind speed > 58 ms-1) and 60 (50) % of category 5
(maximum wind speed > 70 m s-1) TCs in the North Atlantic (central and eastern North
Pacific) had concentric eyewalls between 1997 to 2006. Kuo et al. (2009) also indicated
that about 59% of category 4 and 72% of category 5 TCs in the western North Pacific had
concentric eyewalls.

The processes of forming outer eyewall from rainbands have been studied
extensively by observation analyses and numerical simulations. For example, Guimond
et al. (2020) examined the rainbands associated with the outward-propagated vortex
Rossby waves (VRWs) in the aircraft observations of Hurricane Matthew (2016). The

VRWs propagated outward, stopped at 3 times the radius of maximum wind (RMW), and
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then prolonged the rainband azimuthally to form the secondary eyewall through multi-
scale interactions. Wang and Tan (2020) found that the outer-rainband convection was
more active if the relative humidity outside the inner core increased, forming a secondary
eyewall. Yu et al. (2021) indicated that the mesoscale descending inflow at the rainband
can trigger new convective updrafts downwind, which could axisymmetrize the rainband
and cause secondary eyewall formation.

When the outer eyewall becomes stronger and more organized, the cutoff effect (i.e.,
moisture being intercepted by the outer eyewall instead of going to the inner eyewall) will
be more evident. It can dissipate the inner eyewall in just a few hours due to insufficient
moisture supply. Additionally, inside the outer eyewall is a downdraft, weak reflectivity,
and low relative humidity region in the moat with similar dynamics as the eye (Houze et
al., 2007; see their Fig. 2); the downdraft is not favorable to the inner-eyewall convection.
However, many observations showed that the inner eyewall could survive for tens of
hours after the outer eyewall formed in some TCs. Yang et al. (2013) indicated that 23%
of TCs in the western North Pacific from 1997 to 2011 had concentric eyewalls, which
sustained over 20 hours with a mean duration of 31 hours. This duration is far longer than
the mean concentric eyewall duration (16 hours; Yang et al., 2021). These TCs are the
most destructive in TCs with concentric eyewalls. The maximum wind speed in long-

lived concentric eyewall TCs is 5 m s™!, larger than in other TCs with concentric eyewalls.

2
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The strong intensity can also be sustained longer (Yang et al., 2013). Despite the extensive

studies on ERCs, the key roles determining the duration of the ERC are still not well

understood.

Concentric eyewall maintenance mechanisms focusing on moat have been much

discussed in the literature. Filamentation time measures how strong the horizontal wind

shear and deformation to the convection. The filamentation time is short in the moat,

highlighting the large deformation and entrainment (Rozoff et al., 2006; Qin et al., 2021).

Kuo et al. (2012) examine the convection and rapid filamentation in Typhoon Sinlaku

(2008) using the Naval Research Laboratory (NRL) P-3 aircraft data collected during the

Tropical Cyclone Structure 2008 (TCS-08) and The Observing System Research and

Predictability Experiment (THORPEX) Pacific Asian Regional Campaign (T-PARC)

field experiments. Their results indicate that the filamentation process suppresses deep

convection in that the ratio of the deep convective region occurrence over the stratiform

region varies from around 50% (200%) for filamentation time shorter (longer) than 24

min. The convection-unfavorable moat region isolates the inner eyewall convection from

the outer eyewall convection and may affect the concentric eyewall duration. In the long-

lived concentric eyewall TCs (i.e., concentric eyewalls maintained for over 20 hours), the

moat and outer eyewall widths were 50% larger on average than those in short-lived

concentric eyewall TCs (Yang et al., 2013). One possible reason is that the outer eyewall

3
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needs more time to contract due to the broader moat region in the long-lived concentric

eyewall TCs (Yang et al., 2013). Kuo et al. (2022) define dimensionless moat as the moat

size divided by the Rossby radius of deformation of first internal mode. The

dimensionless moat combines the effect of the moat size and the vortex pressure gradient

force to accelerate the unbalanced radial inflow and enlarge the inner boundary layer

eyewall pumping for inner eyewall convection maintenance. Because the outer eyewall

may have some asymmetry, the boundary layer inflow may penetrate the outer eyewall at

large azimuthal angles over the region where the convection is weak, and hence sustaining

the inner eyewall (Tsujino et al., 2017).

Regardless of an incomplete cutoff effect of the outer eyewall or the reacceleration

of the moat inflow, the moisture supply to the inner eyewall in a TC with concentric

eyewalls is certainly less than that without the existence of the outer eyewall. The

efficiency of converting latent heating to tangential wind speed is vital to maintaining the

inner eyewall convection and tangential wind under a moisture-restricted condition. The

dynamic efficiency factor (DEF) is a ratio of converting latent heating or momentum

forcing to kinetic energy. Kuo et al. (2019) used the diagnoses of DEF of latent heating

to investigate the rapid intensification (RI) of TC Haiyan (2013). They found that the DEF

of latent heating increased by 33% after the RI onset. Suppose the inner eyewall wind

speed can be maintained in insufficient moisture conditions for the long-lived concentric

4
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eyewall TC. In that case, the DEF of latent heating may be larger in the inner eyewall

than outside the inner eyewall. The DEF of momentum may also play certain roles in

inner eyewall maintenance. It is worth investigating the concentric eyewall maintenance

from the DEF perspective.

Long-lived concentric eyewall TCs also have long-lived moats. The moat downdraft

keeps the moat in a convection-unfavorable condition to isolate the inner eyewall from

the outer eyewall. Finding the formation mechanisms of the moat downdraft is also

important to understand concentric eyewall maintenance. Qin et al. (2021) indicated that

the downdraft had developed at the location of the future moat before the outer eyewall

formed. They argued that the following mechanisms established the original downdraft

during the secondary eyewall formation stage. First, the upper-level downdraft was

mainly contributed by the compensative downdraft induced by the inner eyewall updraft.

That flow brought the low equivalent potential temperature from the environment into the

future moat. Then, the latent cooling effect, including evaporation, melting, and

sublimation drove the low- and mid-level downdrafts. After the outer eyewall forms, the

composition of the moat downdraft likely has been changed. However, the composition

of the moat downdraft during the concentric eyewall maintenance has yet to be examined.

The Sawyer-Eliassen equation (Eliassen, 1959, 1962; Sawyer, 1956) can diagnose the

secondary circulation with a given diabatic heating and/or momentum forcing in a

5
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balanced axisymmetric framework. We can individually decompose the latent heating

and/or momentum forcing in the inner eyewall, moat, and outer eyewall and then diagnose

the corresponding secondary circulation in each region by the given forcing.

Typhoon Lekima (2019) was a TC with long-lived concentric eyewalls. It was

observed by the radars on Mt. Wufen (RCWF) and Ishigaki Island and presented

concentric eyewalls for almost the entire period within the radar detection range. Before

TC Lekima made landfall in China, the concentric eyewalls were maintained for

approximately 34 hours, which is far longer than the mean concentric eyewall duration

(Yang et al., 2021). This study tries to answer the following scientific questions: 1) While

the concentric eyewalls were maintained, what was the contribution from the latent

heating in the inner eyewall, moat, and outer eyewall to maintain the moat downdraft? 2)

When the inner eyewall was sustained, was the DEF of latent heating in the inner eyewall

larger than outside the inner eyewall? 3) Does the DEF of latent heating and momentum

forcing play certain roles in maintaining concentric eyewalls? We use a three-dimensional

full-physics WRF model to simulate TC Lekima. The Sawyer-Eliassen equation is used

to diagnose the moat downdraft driven by each region’s latent heating and momentum

forcing. We then perform the DEF diagnoses to calculate the dynamic efficiency of latent

heating and momentum forcing for inner and outer eyewalls. The remainder of this paper

is organized as follows. Section 2 gives the WRF configuration, the Sawyer-Eliassen

6
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equation framework, and the DEF diagnosis. The TC case overview, WRF model results,

are given in section 3. The Sawyer-Eliassen and DEF diagnoses are given in section 4.

The conclusions are given in section 5.

doi:10.6342/NTU202400049



Chapter 2. Methodology
2.1 WREF configuration

The Advanced Research version of the Weather Research and Forecasting Model
(WRF-ARW version 3.9; Skamarock et al., 2008) was used to simulate TC Lekima (2019).
The WRF simulation was run for 108 hours from 0000 UTC 5 August to 1200 UTC 9
August 2019. Four nested grids were used, with a horizontal grid spacing of 27, 9, 3, and
1 km, and with grid points 0f 450 x 300, 631x 481, 541 x 541, and 511 x 511, respectively.
The innermost 1-km grid started at 0000 UTC on 7 August, one day before TC Lekima
was observed by radar at Ishigaki Island. The 3-km and 1-km grids moved with the TC
center (see Fig. 1). The 1-km grid was assumed to be able to resolve the convective-scale
features and to better represent the inner-core structure. Two-way interaction between
inner and outer grids was considered. Fifty-five eta (1) levels were used, and the model
top was at 30 hPa. The time step for the outermost domain is 30 seconds.

The physical parameterization schemes used for the WRF simulation of TC Lekima
include the Betts-Miller-Janji¢ cumulus parameterization (Janji¢, 1994), the WRF double-
moment 6 class (WDM®6) microphysics parameterization (Lim & Hong, 2010), the Rapid
Radiative Transfer Model (RRTM) longwave parameterization (Mlawer et al., 1997), the
Dudhia shortwave parameterization (Dudhia, 1989), and Yonsei University (YSU)

planetary boundary layer (PBL) parameterization (Hong et al., 2006). The cumulus

8
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parameterization scheme was only used on the outermost 27-km grid, assuming that the
9-km, 3-km, and 1-km grids were fine enough to resolve convection explicitly. The initial
and boundary conditions were from the ERAS dataset, with a longitude-latitude resolution
of 0.25° updated every hour. The sea surfaces temperature was fixed throughout the model
simulation period. The output of the 1-km and 3-km grids was at a time interval of 5

minutes.

2.2 Sawyer-Eliassen diagnoses

The Sawyer-Eliassen equation was used to diagnose the secondary circulation of TC
Lekima in the axisymmetric framework. Under the assumptions of the axisymmetric
vortex, gradient-wind balance, and hydrostatic balance, we can list the gradient balance
equation, tangential momentum equation, hydrostatic balance equation, continuity

equation, and thermodynamic equation in the cylindrical coordinate as

Yot b
dr fu ro (1b)
¢ _g
E—e—oe, (1C)
6ru+6pw_0 1d
ror poz (1d)

do _90 00 06 _ .
k-t Tvey T2 (9

_ w _ (P K . . . . . .
where z —( . )(1 (po) ) is the pseudoheight vertical coordinate; Q is the

9
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diabatic heating; F is the tangential momentum forcing; u, v, w are the radial,

1

tangential, vertical velocity; p = po (pﬂ)" is the pseudodensity; ¢ is the geopotential;
0
0 is the potential temperature; f is the Coriolis parameter.

Because u = dr/dt, we multiply the left-hand side of (1b) with r to obtain

dv+ dr+ dr d( L1 ) dm )
Uit i e UL f @

where m = rv + % fr?. Using (2), the left-hand side of (1a) can be written as

2
1
v+—== + fr?
vt rZv(rv fre)

e e A

Using Eq. (3) and (2), Eq. (1a) and (1b) can be rewritten as

b 1 1
e TR D

dm_6m+ 6m+ am_ F 4b

at ot U W T TE (4b)

We can obtain the thermal-wind equation by combining d/ dz of Eq. (4a) and d/ dr of

Eq. (1c)

g oo 10m? c
0,0r 13 dz’ ®)

and its time derivative can be written as

a(gae) d (1 0m? ‘
ot\0,ar/ odt\r3 a9z ) (6)

We multiply Eq. (4b) by Zr—m and multiply Eq. (1e) by g/0,, we can express equations as

3

1 0m? 2mF

NCRER + puC — pwB = o (7a)
g 00 g
e—oa—pUB +pWA :H—OQ, (7b)

10
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where

A g 06 8a)
N peo aZ’ a
—_. 8090 _ _10om?
B= p0odr  pr3 oz’ (8b) and
1 dm?
C= F 5 (8¢c)

Based on the continuity equation (1d), the stream function y can be defined as

oy 6(1‘1]1)). 9)

(ww) = <_E’W

We take the derivatives of Eq. (7a) with respect to z and Eq. (7b) with respect to r, then

subtract Eq. (7b) with Eq. (7a), and then use Eq. (9). We can obtain the Sawyer-Eliassen

equation
0 a(ry) oY 0 a(ry) gP\ g oQ 10(2mF)
a(“ vor Pa) e \P e %) Te e e - (0

Diabatic heating includes latent heating only, and the tangential momentum forcing

includes friction and turbulence mixing by the PBL scheme.

We used the 3-km domain outputs from the WRF simulation to diagnose the

secondary circulation. We interpolated the WRF results into the cylindrical coordinate

with an interval of 1 km (from 1 to 800 km) in the radial, with an interval of 400 meters

(from 200-meter to 23-km height) in the vertical, and with an interval of 1 degree in the

azimuthal. Then, we took the azimuthal average to obtain the axisymmetric structure.

Under the pseudoheight structure, the vertical is the pressure coordinate. The minimum

sea-level pressure was up to 920 hPa in the simulated Lekima (Fig. 2b). About the grid
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points under 920 hPa, the grid point will be close to the sea level or even under the sea
level as the radial position approaching the TC center. To avoid this problem, we directly
interpolate the height coordinate to the pseudoheight coordinate from the WRF output to
the diagnosis domain. Some inaccuracies may exist due to the difference in height
locations between the pseudoheight and physical height coordinate. However, these
inaccuracies only exists in the region close to the eye, which is a small region.
Nonetheless, using this approach, the secondary circulations solved by the Sawyer-
Eliassen equation are close to the azimuthal-averaged secondary circulations from the
WREF simulation (Fig. 9). The stream function {y was set to zero at the inner, outer, top,
and bottom boundaries. The outer boundary condition setting to Z—lf = 0 is the better
approach (for example, Wang et al., 2016); however, the outer boundary condition setting
to Y = 0 is needed in the DEF diagnoses due to the math feature. To keep the boundary
conditions consistent, we set the outer boundary condition to { = 0 in both Sawyer-
Eliassen and DEF diagnoses. The disadvantage is that the diagnosis domain is a closed
space. The subsidence caused by the eyewall updraft (the continuity equation) must exist
in the region between the eyewall and outer boundary. Because of the limited space, the
Sawyer-Eliassen diagnosed upper-level updraft outside the eyewall will be

underestimated by the unreal subsidence. To mitigate this problem, we extend the outer

boundary location to r = 800 km. We considered AC — B2 > 0 for every point in the grid
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so that Eq. (10) is an elliptic equation, and the stream function can be solved by the
successive over-relaxation method (SOR) with parameter 1.942. If the SOR parameter 1s
appropriate, SOR can reduce iterations hundreds of times. The interpolated data were
smoothed by a 1-2-1 smoother 15 times to reduce the numerical instability at the grid
point where AC — B? > 0 was not satisfied. If thereis A < 0 (static instability) or C <
0 (inertial instability) in some grid points after smoothing, we set A or C to 0 at those
grid points. The second-order central difference scheme evaluated all of the differential
terms in Eq. (10). No staggered grids are used. The convergent condition is that the
maximum stream function difference between the adjacent two iterations is smaller than
1 kg m' s!. Based on the above grid point settings, solving the Sawyer-Eliassen equation

per time only took about 30 seconds.

2.3 Dynamic efficiency factor diagnoses
Following Kuo et al. (2019), we consider the following two energy equations that

satisfy the Sawyer-Eliassen equation:

dK—C +M 11b
dt — “PK ) ( )

where P is the total potential energy, K is the total kinetic energy, H is the total latent
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heating, M is the total kinetic energy generation rate by momentum forcing, and C is
the conversion rate from P to K. These quantities can be express as
P = ﬂ. cpyTprdrdz, (12a)

2
K= ff7prdrdz, (12b)

T
H = f f “ er rdrdz,  (12€)

M = ff Fvprdrdz, (12d)

and

wo
CPK:f ge prdrdz. (12e)
0

After some substitutions, C can be also expressed as

Cpx = ﬂ@rdrdz+ ﬂ nuFvprdrdz.  (13)
where ny is the dynamic efficiency factor (DEF) of latent heating, and my; is the DEF
of momentum. ny represents the efficiency of converting latent heating into kinetic
energy, and my represents the ratio of the amount of kinetic energy converted from
potential energy to the amount of kinetic energy dissipated by friction. 1y and ny can

be expressed as

g (po)"arx
= — , 14
MH pcpbo\p/ ror (14)
and
_ 2m dy 14b
v = pvr2 iz’ (14b)

We can obtain x by solving the Sawyer-Eliassen equation and replacing the right-hand
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side (RHS) with baroclinicity and the variable to x:

0 a(ry) ox 0 a(ry) oy g 06

ror 0z &)

Then, x, Ny, and 1y at each grid point can be solved. The first term and the second
term of RHS of Eq. (13) are the conversion rate by latent heating (Cy) and by momentum
(Cg), respectively. They represent the total amount of kinetic energy converted from latent
heating and momentum forcing in a specific vertical and radial range. We also define the

system DEF of latent heating () and momentum (7)) to measure the average DEF of

latent heating or momentum in a specific vertical and radial range:

T
Ty ff%rdrdz
Nu =ﬁ= C TQ,D ) (163)
fprrdrdz
and
Cu Fvprdrd
n—M=_M_ﬂ77M praraz (16b)

M ([ Fvprdrdz

The complete derivation can be found by Kuo et al. (2019). The boundary, grid, and data
setting for DEF diagnoses are the same as those in the Sawyer-Eliassen diagnoses for

consistency.
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Chapter 3. Case Overview
3.1 Observations

According to the JMA best-track data, Typhoon Lekima formed in the western North
Pacific (16.9°N, 130.6°E) at 0000 UTC 5 August 2019, then moved west-northward stably
from 5 to 10 August with a maximum wind speed of 105 kt before making landfall in
China at 1800 UTC on 9 August 2019 (Fig. 2). After landfall, Lekima weakened to a
tropical depression, moved northward, and dissipated on 12 August. At 1200 UTC on 8
August, when Lekima was ~400 km east of Taiwan and 150 km southeast of Ishigaki
Island, the maximum 10-m wind speed was 105 kt (about 54 ms™), and the minimum sea-
level pressure was 925 hPa (Figs. 2b and 2c¢).

Both radars observed TC Lekima on Mt. Wufen (RCWF) and Ishigaki Island. Figure
3 shows the reflectivity from radars on Mt. Wufen (with an elevation angle of 0.5°) and
on Ishigaki Island (with an elevation angle of 0.2°). At 0605 UTC on 8 August, Lekima
showed clear concentric eyewalls. The inner eyewall had a maximum reflectivity of 45
dBZ west of the center, and the outer eyewall had a maximum reflectivity of 40 dBZ (Fig.
3a). The region between the inner eyewall and outer eyewall (i.e. the moat) was composed
of a large area of empty reflectivity with some sparse areas of 35-dBZ reflectivity. After
12 hours, Lekima still showed a clear concentric eyewall structure with stronger outer

eyewall reflectivity south of the center (Fig. 3b).
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Figure 4 shows Ishigaki Island radar’s Hovmdller diagram of azimuthally-averaged

reflectivity at z = 2 km. At 0600 UTC on 8 August, the inner eyewall was located at a

radius of 10 to 20 km from the TC center, and the outer eyewall was located at a radius

of 70 to 110 km from the TC center. The outer eyewall contracted for about 20 km from

0600 UTC to 1800 UTC on 8 August. Despite some uneven magnitudes of reflectivity,

the position and width of the inner eyewall, moat, and outer eyewall were approximately

the same at every azimuthal angle, indicating a high degree of axisymmetricity (Figs. 3a

and 3b). At 0302 UTC on 9 August, TC Lekima showed a more axisymmetric concentric

eyewall structure with uniform reflectivity at each azimuthal angle. The moat was also

clear (Fig. 3c). The concentric eyewalls were maintained until one hour before Lekima

made landfall in China (Fig. 3d). Overall, the concentric eyewalls of TC Lekima were

sustained for about 34 hours during the radar observation period.

3.2 Model results

The TC Lekima’s track was well simulated by the WRF model, as shown in Fig. 2a.

Throughout the whole simulation time, the simulated track was similar to the observed

track. The simulated Lekima moved northeastward slowly on 9 August. The evolution of

the simulated maximum wind speed and minimum sea-level pressure was similar to those

in the observations (Figs. 2b and 2c), but the simulated Lekima had stronger intensity
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than that in the observation. the maximum TC intensity was higher than those in the JMA

best-track data after 0600 UTC on 8 August. To be specific, the minimum sea-level

pressure is 115 kt and 915 hPa in the simulation, but it is 925 hPa in the JMA best-track

data. One potential reason for the larger simulated intensity was the fixed sea surface

temperature in the simulation.

Figure 5 shows the horizontal reflectivity structure of the simulated Lekima at z =2

km from 0600 UTC 8 August to 0600 UTC on 9 August. Because 3-km and 1-km domains

moved with the TC center in the simulation, we used the domain center as the TC center.

At 0600 UTC on 8 August, the simulated Lekima showed a concentric eyewall structure

with the inner eyewall located at r = 30 to 40 km and the outer eyewall located at r = 80

to 140 km. The outer eyewall comprised vigorous convective cells in the downshear-left

quadrant and upshear-left quadrants but fewer convective cells south of the center. From

0600 UTC on 8 August to 0600 UTC on 9 August, the outer eyewall was wrapping

counter-clockwise, and the comprised convection reflectivity was strengthening,

indicating the outer eyewall was enhancing continuously. During the same period, the

inner eyewall was contracting slightly. The inner eyewall was located at r = 20 to 30 km

at 0600 UTC on 8 August. The moat was located at r =40 to 70 km between two eyewalls.

The moat had a low echo in the direction with more vigorous convection in the outer

eyewall and had an empty echo in the direction with weaker convection in the outer
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eyewall.

Figure 6 shows the Hovmodller diagram of azimuthally-averaged reflectivity,
tangential wind, and vertical velocity, respectively, at z = 2 km. Before 0600 UTC on 8
August, the primary eyewall shows a high reflectivity (> 40 dBZ) and tangential wind (>
50 m st) at r = 30 to 40 km (Figs. 6a and 6b). At 0600 UTC, the secondary reflectivity
peak was located at r = 70 to 130 km with a magnitude of ~ 30 dBZ (Fig. 6a). During
0600 UTC to 1800 UTC on 8 August, the reflectivity, tangential wind, and vertical
velocity in the primary eyewall increased, and the primary eyewall contracted to r = 20
to 30 km (Fig 6). The secondary reflectivity peak, tangential wind, and vertical velocity
further strengthened after 1800 UTC on 8 August, while the reflectivity, tangential wind,
and vertical velocity of the primary eyewall weakened (Fig 6). From 0600 UTC on 8
August to 0600 UTC on 9 August, the moat with empty reflectivity, weaker updraft
(compared to eyewalls), and slight downdraft was apparent (Fig 6a and 6¢). Because the
concentric eyewall structure, including two reflectivity and vertical wind peak of two
eyewalls and downdraft and empty reflectivity of the moat, was apparent at 0600 UTC
on 8 August, we define this time is the secondary eyewall formation time. These features
were apparent until 0600 UTC on 9 August, so the lifetime of the concentric eyewall
structure of the simulated Lekima was about 24 hours.

Compared to the observation, the inner eyewall of the simulated Lekima was wider
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by ~ 10 km. Thus, the simulated Lekima exhibited a thinner moat. From Fig. 6a, the
simulated double reflectivity peak structure was sustained for about 24 hours (from 0600
UTC on 8 August to 0600 UTC on 9 August), which is shorter than that in the observation
(34 hours). Despite these differences, both observation and simulation showed long-lived
concentric eyewall duration. According to the threshold defined by Yang et al. (2013), the
concentric eyewalls sustained for over 20 hours were classified as concentric eyewall
maintenance (CEM) group, which had long-lived concentric eyewall structures. Both
observation and simulation were classified as this group. Despite the simulated Lekima
exhibiting shorter concentric eyewall duration (24 hours), the duration was still far longer
than the mean concentric eyewall duration (16 hours) of TCs in the western North Pacific

(Yang et al., 2021).

3.3 Axisymmetricity
Following Miyamoto and Takemi (2013) and Kuo et al. (2019), the axisymmetricity

of the simulation was examined by:

_ ¢ (r,z,t)?
y(r,z,t) = RO T (et aAr e (17)

where ¢ is arbitrary variable, with the overbar denoting the azimuthal-averaged variable,

the prime denoting the perturbation variable, and the A represents the azimuthal angle.

The axisymmetricity of the system can be represented as:
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VO = 5555 2, Sheov(nz D). (18)
Zo, Z and R are set to 1.5, 12, and 150 km to focus on the range of free atmosphere and
the concentric eyewalls. Figure 7 shows the evolution of axisymmetricity of tangential
wind, reflectivity, and potential vorticity in the simulation. The axisymmetricity of
tangential wind was over 0.9 after 0000 UTC on 8 August. The axisymmetricity of
potential vorticity increased from 0.5 to 0.6 during the concentric eyewall period. The
high axisymmetricity of potential vorticity was mainly distributed in the inner core (not
shown). The high axisymmetricity of potential vorticity inside the outer eyewall (r < 70
km) was up to 0.77. The high axisymmetricity allows us to perform the Sawyer-Eliassen
diagnoses and the DEF computations under axisymmetric vortex assumption. Despite the
concentric-eyewall duration difference between the observation and simulation, the
concentric eyewalls were maintained in both the observation and simulation between

0600 UTC on 8 August to 0600 UTC on 9 August. This 24-h period was chosen to perform

the Sawyer-Eliassen diagnoses and DEF calculations.
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Chapter 4. Diagnosis Results
4.1 Results of Sawyer-Eliassen diagnoses

We distinguished the inner core of TC Lekima into the inner eyewall, moat, and outer
eyewall regions to investigate their latent heating and momentum forcing contributions
to the moat downdraft. Then, the moat downdraft driven by forcing terms in each region
can be obtained by solving the Sawyer-Eliassen equation separately. Nine forcing
conditions were used to diagnose the corresponding secondary circulation responses.
Table 1 shows the latent heating (Q) and momentum forcing (F) for each diagnosis
experiment. Diagl used the latent heating and momentum forcing in the entire diagnosed
domain. Diag2 (Diag3) used only the latent heating (momentum forcing) inside the
concentric eyewalls. The experiment from Diag4 to Diag6 (Diag7 to Diag9) used the
latent heating (momentum forcing) only in the inner eyewall, moat, and outer eyewall,
respectively. Except for Diagl, the forcing term outside the outer eyewall was not used.

The ranges of the inner eyewall, moat, and outer eyewall regions were defined by
the spatial distribution of latent heating. The region where the latent heating was closest
to the eye and with a magnitude larger than zero was defined as the inner eyewall. The
region where the latent heating was outside the inner eyewall and with a magnitude larger
than 4 X 107* Ks™! was the outer eyewall. The remainder region between these two

eyewalls was the moat. The whole range of the vertical was used in each diagnosis (from
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200 m to 23 km, with an interval of 400 m). Although the axisymmetricity of tangential

wind and potential vorticity reached 0.9 and 0.7, respectively, a certain degree of

asymmetry still existed in TC Lekima. Distinguishing latent heating between the outer

eyewall and outer rainband was ambiguous after taking the azimuthal average. Subjective

analysis was used to find the boundary separating the outer eyewall from the outer

rainband at every diagnosis time. The azimuthally-averaged vertical velocity, tangential

wind, and horizontal distributions of reflectivity at multiple altitudes were used in the

subjective analyses. Because of the assumptions of balance dynamics for the Sawyer-

Eliassen equation, a slowly evolving TC vortex must be assumed. The small-scale and

high-frequency signals in the azimuthally-averaged stabilities and forcing terms were

filtered out by the 1-h temporal running mean (from —30 minutes to +30 minutes for the

diagnosis time).

Figure 8 shows the azimuthally-averaged latent heating and momentum forcing in

different diagnoses (panel b to panel i for Diag2 to Diag9) and vertical velocity from the

WRF simulation (panel a) at 1300 UTC 8 August 2019. At this time, simulated inner

eyewall and outer eyewall updrafts existed between r = 20 and 40 km and r = 70 and 140

km, respectively. At the same time, a moat downdraft was present below z = 13 km (Fig.

8a). Inside the concentric eyewalls, the locations of the updraft (downdraft) and latent

heating (cooling) highly overlapped (Fig. 8b). Thus, strong latent heating was identified
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in the inner and outer eyewall regions (Figs. 8d and 8f). The the moat had latent cooling

(Fig. 8e), but the moat may still have weak latent heating at other times. The convective

cells in the moat were weaker than those in the two eyewalls because of the short

filamentation time in the moat (Kuo et al. 2012; Qin et al., 2021). Short filamentation

time is a typical feature of the moat and can strain convective cells to enhance the

entrainment effect and weaken convection. Thus, we still kept these convective cells in

the moat region. The momentum forcing was concentrated within the boundary layer and

was distinguished into the inner eyewall, moat, and outer eyewall (Figs. 8c, g, h, and i).

Figure 9 shows the two secondary circulations from the Sawyer-Eliassen diagnoses,

the azimuthally-averaged WRF simulation, the difference at 1300 UTC on 8 August 2019,

and the corresponding correlation coefficients computed along the time dimension (289

diagnosed times). The overall patterns and magnitudes of the two secondary circulations,

including the inner- and outer-eyewall updrafts, and the low-level inflow, had high

similarities. However, a discernible difference existed at the upper levels. The diagnosed

upper-level outflow was smaller than the simulated outflow (Fig. 9f). The diagnosed

outflow had two peaks produced by inner-eyewall and outer-eyewall updraft, but there

was only a peak outside the outer-eyewall in the simulated outflow (Fig. 9b and 9d).

Because the outward pressure gradient force existed in the WRF simulation (not shown),

the gradient-wind balance was not satisfied. The Sawyer-Eliassen equation obtained weak
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outflow under the gradient-wind balance, and this reason may cause the different outflow
structures. The diagnosed inner-eyewall and outer-eyewall updrafts was also weaker than
the simulated updrafts, but the diagnosed downdraft was stronger than the simulated
downdraft (Fig. 9e). The large positive correlation coefficients (larger than 0.8) of
secondary circulation were distributed widely in the concentric eyewall structure (r > 20
km and r < 160 km). At the upper levels (z > 14 km and r > 130 km) where the gradient-
wind balance was not satisfied, the correlation coefficients associated with vertical
velocity were smaller than 0.8. In the eye (r < 20 km), the correlation coefficients
associated with secondary circulations were nearly zero or negative. It may be caused by
some uncertainty of defining the simulated TC center. This uncertainty may introduce
some asymmetry to the eye region.

Figure 10 shows the vertical velocity of each diagnosis at 1300 UTC on 8 August
2019. To quantify the contributions to the moat downdraft by the latent heating in each
region, the mass fluxes of the moat downdrafts (inside the black contour in Fig. 10) are
computed by:

w=2mnff powrdrdz. (19)
Then, the ratios of the moat downdraft mass fluxes in diagnoses considering latent heating
(i.e., Diagl, Diag2, and Diag3 to 5) to the moat downdraft mass flux in Diag2

(considering latent heating in the concentric eyewalls only) are computed. The vertical
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velocity in Diagl was similar to that in Diag2 (Figs. 10a and 10b), indicating that the

latent heating in the concentric eyewalls mainly contributes to the vertical velocity. The

moat and eye downdrafts were stronger in Diag2 than those in Diagl. The moat downdraft

mass flux in Diagl was about 95% times the mass flux in Diag2. The excessive moat

downdraft was offset by the updraft that responded to the momentum forcing in Diag3.

The momentum forcing, mainly distributed in the boundary layer, induced low-level

inflow that converged and converted to an updraft in the inner core to offset the excessive

moat downdraft.

Downdrafts existed in the moat regions in Diag4, Diag5, and Diag6. The moat

downdrafts concentrated at low levels in Diag4 and Diag5, while the moat downdraft

concentrated at the upper level in Diag6. After the outer eyewall formed, lots of moist air

was lifted into the outer eyewall, and some air was forced downward inside the outer

eyewall. This is similar to the flow ejected into the eye from the eyewall (Houze et al.,

2007), and it can cause adiabatic warming and a decrease in relative humidity. Therefore,

the latent cooling processes, including evaporation, melting, and sublimation could

induce the moat downdraft at the lower to middle levels (Figs. 8e and 10e). The moat

downdraft in Diag4 was the compensative downdraft of the eyewall updraft produced by

the inner eyewall latent heating. For the relative contributions to the moat downdraft, the

mass flux ratios in Diag4, Diag5, and Diag6 were about 32%, 21%, and 47%, respectively.
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This indicates that the latent heating in two eyewalls contributed to the moat downdraft

more than the local latent cooling. For the responses to the momentum forcing, the weak

downdraft in the moat only appeared in Diag7, but the updraft appeared in Diag9. This

reveals that the momentum forcing did not directly contribute to the moat's subsidence.

We further examine the relative contributions to the moat downdraft during the

period when the concentric eyewalls were maintained. Figure 11 shows the evolution of

the moat mass flux ratios of Diag4, Diag5, and Diag6 from 0600 UTC on 8 August 2019

to 0600 UTC on 9 August 2019. Shortly after concentric eyewalls forms (0600 UTC to

0800 UTC on 8 August), the moat downdraft was mainly driven by Diag6 and Diag5 (Fig.

11a). Between 0800 UTC and 1800 UTC on 8 August, the moat downdraft was mainly

driven Diag6, with a secondary contribution by the Diag4, and with the smallest

contribution by Diag5 (Fig. 11a). As time went on, the simulated moat downdraft mass

flux decreased, the latent heating in the inner eyewall decreased, the latent cooling in the

moat decreased, but the latent heating in the outer eyewall increased, indicating the

progression of the ERC (Fig. 11b). Between 1800 UTC on 8 August and 0600 UTC on 9

August, both the moat downdraft driven by Diag4 and Diag5 decreased to weak positive

or negative downdraft contribution (Fig. 11a). The moat downdraft driven by Diag6

strengthened and became to the main contributor.

The tangential wind speed in the inner eyewall decreased for only 7 kt during the
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concentric eyewall maintenance period (97 kt for 0600 UTC on 8 August and 90 kt for

0600 UTC on 9 August; Fig. 6¢), indicating that the strength of the inner eyewall was not

affected substantially by the outer eyewall formation in this simulation. These results

differ from the previous studies, which indicated that the maximum wind speed in the

inner eyewall started to decrease hours before the outer eyewall formation and decreased

more largely after the outer eyewall formation (e.g., Zhu and Zhu, 2014). After the outer

eyewall formation, some moisture was intercepted at the outer eyewall and caused the

inner eyewall to dissipate. To maintain the tangential wind speed at the inner eyewall

where the moisture was restricted, the efficiency of converting the latent heat release into

kinetic energy must be significant. Therefore, we use the DEF diagnoses to investigate

this dynamic efficiency in the inner eyewall.

4.2 Results of dynamic efficiency factor diagnoses

The latent heating and momentum forcing in the whole domain were used in the DEF

diagnoses. Figure 12 presents the DEF of latent heating and momentum, and baroclinicity

at 1300 UTC on 8 August 2019. Overall, the DEF of latent heating was larger at upper

levels than that at lower levels. The DEF of latent heating at the inner eyewall was also

higher than that outside the inner eyewall at the same altitude. For example, the DEF of

latent heating at z = 10 km in the inner eyewall was up to 12%. Still, at the same altitude
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and r = 120 km, it reached only 6% (Fig. 12a). The baroclinicity, which is the forcing

term of DEF, was distributed mainly inside the radius of maximum wind (RMW), where

the inertial stability was large. Due to the nature of the Sawyer-Eliassen equation, which

is an ellipse equation, the forcing term was restricted in the radial in a high inertial

stability condition. It caused the high DEF of latent heating in the inner eyewall. These

results agree with previous studies. If the convection occurs inside the RMW, the latent

heating can form the warm core and cause the TC to intensify effectively (Rogers et al.,

2013). Kuo et al. (2019) also indicated that the DEF of latent heating inside the RMW

was higher than that outside the RMW in TC Haiyan (2013). This configuration caused

the volume-integrated Kinetic energy to increase rapidly. The momentum forcing was

mainly distributed inside the boundary layer with z < 1.5 km. In the boundary layer, the

DEF of momentum was negative with a large magnitude, and the magnitude was larger

in the inner eyewall than that in the outer eyewall, indicating some kinetic energy was

generated to offset part of the dispersed tangential wind.

In Fig. 12a and Fig. 12b, the magnitudes of ny and my; are higher in the inner

eyewall than those outside the inner eyewall. However, ny or ny has no particular

patterns in the outer eyewall. In other words, there were fewer impacts on ny or ny in

the outer eyewall when the outer eyewall existed. One possible reason is that the forcing

term of Eq. (15) is baroclinicity rather than diabatic heating or friction. Even though latent
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heat release in the outer eyewall had magnitudes at the diagnostic time, it did not indicate
that outer eyewall convection had contributions on ny or ny at the outer eyewall. In
this simulation, the warm core (potential energy) caused by latent heat release in the outer
eyewall was much weaker than the warm core in the inner eyewall (Fig. 12c). The
baroclinicity was mainly distributed in the inner eyewall, but the baroclinicity in the outer
eyewall was very weak. In addition, the inertial stability was high in the inner eyewall, so
the spatial variation of x (i.e., nyg and ny) mainly distributed in the inner eyewall, but
could not extend to the outer eyewall. The x was smooth in the outer eyewall, so the ny
and my had little changes.

To evaluate the amount of converted energy and relative contribution to the inner-
eyewall tangential wind by latent heating or momentum forcing, we computed the
conversion rate by latent heating (Cy;) and momentum forcing (Cy,). Figure 13 shows the
conversion rate by latent heating and momentum forcing at each grid point (Cy and Cy;
variables inside the integrals of Cy and Cy), as well as the conversion rate by latent
heating and momentum forcing in the inner eyewall (Cy; and Cy;). The integration ranges
for the Cy and Cy are horizontally from r = 0 to 40 km and vertically from z =0 to 15
km to cover the entire inner eyewall. The Cy was distributed mainly from z = 1.5 to 15
km with a large magnitude in the inner eyewall, but Cy was distributed only below 2

km with a small magnitude in the inner eyewall and moat (Figs. 13a and 13b). Both Cy
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and Cy were positive, indicating that both latent heating and momentum forcing were
converting potential energy to kinetic energy.

Since the spatial distribution of warm core and tangential wind results from thermal
wind balance (Zhang et al., 2000), the energy conversion can be explained by the thermal
wind balance adjustment. For the Cy, the latent heating releases in the inner eyewall and
the warm core are effectively enhanced in a high inertial stability condition. The enhanced
warm core adjusts the potential energy to the tangential wind by secondary circulation to
maintain thermal wind balance. For example, 15% of latent heat release can be converted
into kinetic energy at the upper level of the inner eyewall. For the Cy;, the tangential wind
decreases because of friction in the boundary layer. The potential energy (warm core) is
converted into kinetic energy (tangential wind) and also by secondary circulation to
maintain the thermal wind balance. For example, about 30% of the lost kinetic energy is
compensated within the boundary layer of the inner eyewall. By the way, the NOAA’s
WP-3D aircraft observations showed that over 80 m s wind speed existed at 450-m flight
level in Hurricane Hugo (1989; Marks et al., 2008). The DEF of momentum may play a
role so that such a high wind speed can exist within the boundary layer.

Figure 13c shows that Cy was about an order larger than Cy, indicating that latent
heating was the primary source of the inner eyewall tangential wind. After 1800 UTC on

8 August, the Cy decreased because Lekima was slightly weakening (Fig. 6b) and the
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DEF of latent heating also decreased. Figure 14 shows the time series of system DEF of

latent heating (4o and Nyys0) and momentum (My4o and fNuyse) in the eye to the

inner eyewall and the moat to the outer eyewall from 0600 UTC on 8 August 2019 to

0600 UTC on 9 August 2019. For the system DEF from the eye to the inner eyewall (from

the moat to the outer eyewall) with the subscript 40 (150), the radial integration ranges

are from 0 to 40 km (40 to 150 km). For the system DEF of latent heating (momentum)

with subscript H (M), the vertical integration range is from 1.5 to 15 km (0.2 to 1.5 km).

Both the magnitude of N4 and Tyse decreased after 1800 UTC on 8 August. Since

the minimum sea-level pressure of simulated Lekima was weakening, the strength of the

warm core and the baroclinicity was also decreasing (Fig. 2b). The maximum wind speed

was decreasing after 2100 UTC on 8 August (Fig. 2c¢), so the inertial stability was

decreasing. The magnitude of DEF of latent heating and momentum also decreased.

The system DEF of latent heating at the inner eyewall (f40) Was much higher than

outside the inner eyewall (Ny150)- Albeit a slight weakening of the TC intensity after 1800

UTC on 8 August, N4 Was still higher than fy;50. During this period, the outer

eyewall developed because of sufficient moisture supply. Despite the cutoff effect by the

outer eyewall causing the inner eyewall wind speed to decrease slightly, the double wind

speed peak was still maintained by the high DEF of latent heating (Fig. 6b and Fig. 13c).

Before 0600 UTC on 8 August, the strength of the inner eyewall increased due to the high
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moisture supply (Fig. 2b). Nmao Was 50% greater than .50 during the diagnosis

period (Fig. 14b), implying that the inner eyewall tangential wind in the boundary layer

can be sustained relatively easier than the outer eyewall tangential wind because of the

more Kinetic energy compensated by the warm core. In the moisture-restricted condition,

this effect has the benefit that the compensative tangential wind can pick up moisture

from the sea surfaces just outside the inner eyewall or moat and supply moisture to the

inner eyewall convection. Then, the latent heat release can be converted into the inner

eyewall kinetic energy by the DEF of latent heating. Though the inner eyewall tangential

wind was not contributed primarily by the conversion rate by momentum forcing, the

DEF of momentum may still positively impact the inner eyewall convection by the above

mechanism.

Based on the above analyses of DEF, we can infer that the inner eyewall wind speed

can still be maintained in a strong TC. Because of the thermal wind balance, the faster

inner eyewall wind speed accompanies a stronger warm core and thus causes a larger

baroclinicity. The larger baroclinicity induces a larger DEF of latent heating in the inner

eyewall under a higher inertial stability condition. Therefore, the efficiency of converting

latent heating into tangential wind speed is larger, and the inner eyewall wind speed can

be maintained easier. This inference is consistent with the statistical analysis based on the

satellite microwave observations of TCs in the western North Pacific basin during 1997—
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2011 by Yang et al. (2013). They indicated that the TCs with long-lived concentric

eyewall structures (longer than 20 hours) had larger maximum wind speeds than other

TCs with concentric eyewalls. From the DEF perspective, a stronger TC with higher

inertial stability and a stronger warm core makes maintaining the inner eyewall wind

speed easier with a higher DEF of latent heating and momentum. The long-lived

concentric eyewalls are more likely to exist in more intense TCs.
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Chapter 5. Conclusions and future work
5.1 Conclusions

Although ERC is a common phenomenon in intense TCs, the time period to
complete an ERC varies. TCs in the WNP took about 16 hours on average to complete an
ERC, but one-fourth of these TCs took more than 20 hours and maintained long-lived
concentric eyewalls with a large moat. Typhoon Lekima (2019) had long-lived concentric
eyewalls for about 34 hours. This study investigates the maintenance mechanism of the
long-lived concentric eyewalls of TC Lekima from an axisymmetric perspective. First,
this study used a three-dimensional full-physics WRF model with the nested domain grid
size down to 1 km to simulate TC Lekima. Then, we used the Sawyer-Eliassen diagnoses
and dynamic-efficiency-factor diagnoses to investigate the possible maintenance
mechanisms.

In the Sawyer-Eliassen diagnoses, the moat downdraft in the upper levels was mainly
produced by the heating response in the outer eyewall. In contrast, the heating response
in the inner eyewall and moat mainly produced the moat downdraft in the lower to middle
levels. During the concentric eyewall maintenance, the moat downdraft was contributed
primarily by latent heating in the inner and outer eyewall but contributed secondarily by
latent cooling in the moat. When the outer eyewall strengthens, the relative contribution

of the moat downdraft by outer eyewall latent heating increases, and the contribution by
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moat latent cooling decreases. Although the concentric eyewalls had been maintained for

24 hours, the inner eyewall latent heating and tangential wind decreased slightly,

indicating that the inner eyewall convection can be maintained and was still vigorous

under the moisture-restricted condition.

In the DEF diagnoses, the DEF of latent heating and momentum in the inner eyewall

were larger than in the outer eyewall. High latent heating and momentum DEF under the

moisture-restricted condition can maintain the inner-eyewall wind speed. The kinetic

energy in the inner eyewall was mainly from the latent heat release. Although the

conversion rate by momentum forcing is an order of magnitude smaller than the

conversion rate by latent heating, the conversion rate by momentum forcing may play an

indirect role in concentric eyewall maintenance. Since the large negative conversion rate

by momentum forcing is concentrated within the boundary layer in the inner eyewall, the

tangential wind weakened by friction can be compensated. The compensative tangential

wind can pick up moisture from the sea surface in the wide moat and supply moisture to

the inner eyewall convection. In a more intense TC with a larger baroclinicity (i.e., warm

core) and inertial stability, the DEF of latent heating and momentum in the inner eyewall

will be larger, and the above maintenance mechanism will be more noticeable. This

inference supports the statistical results by Yang et al. (2013) that long-lived concentric

eyewall TCs are more intense than other TCs with concentric eyewalls. Although the
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inner eyewall must eventually weaken due to the outer eyewall's cutoff effect, the inner

eyewall wind speed can be maintained by the DEF of latent heating. The boundary-layer

tangential wind, which can pick up moisture, can be compensated by the DEF of

momentum. This study highlights that high DEF of latent heating benefits concentric

eyewall maintenance. In addition, the large amount of latent heating also has benefits

inherently. Kuo et al. (2022) indicated that the inner boundary layer eyewall pumping

strengthens if the dimensionless moat size is larger than 4. The dimensionless moat size

of simulated Lekima was up to 18 when the concentric eyewall formed. That the enlarged

inner eyewall pumping enhances the inner eyewall latent heating may prolong the

concentric eyewall duration.

Although the above discussion gives the mechanism of long-lived concentric

eyewall maintenance, there is still some uncertainty in the diagnoses. The diagnoses have

gradient-wind balance and hydrostatic balance assumptions, but the assumption may not

be satisfied in the boundary layer inflow and upper-level outflow regions. Some

adjustment of static stability (A) and inertial stability (C) was used in these two regions

so that the Sawyer-Eliassen equation and DEF equation can converge, so there are

difficulties in accurately estimating secondary circulations by the Sawyer-Eliassen

equation. Only latent heat release is involved in the diabatic heating rate in this study.

Although latent heat release is the main composition of the diabatic heating rate in a
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strong TC, there is still some contribution from the radiative heating rate to secondary

circulations. For example, the radiative cooling effect may play rules in the upper-level

outflow and updraft. The relative impacts of latent heating rate and radiative heating rate

have yet to be discussed in this study, so there is still some uncertainty on the

contributions of secondary circulations from the radiative heating rate. In addition, this

study used the WRF model, which is a complex and full-physics model, to simulate TC

Lekima. There are some differences between the simulation results and the reality

observations. The duration of concentric eyewall maintenance is 24 hours in the

simulation. That duration conforms to the CEM group (duration > 20 hours) in Yang et

al. (2013). However, the duration was up to 34 hours in the observations. In the tests of

this study, the duration of concentric eyewall maintenance was prolonged from 10 hours

to 24 hours when we modified the time step from 75 to 30 seconds. This difference shows

the high uncertainty in the model simulations. Changing the microphysics

parameterization can also affect the duration of concentric eyewall maintenance. WDM®6

was used in the Lekima simulation. Though WDMBG6 is a double-moment microphysics

parameterization scheme, it only considers the mixing ratio rather than the numbers in the

ice-phase particles. WDM6 may have varied performance along different simulations.

This problem shows uncertainties in microphysics parameterization.
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5.2 Future work

Although the Sawyer-Eliassen and DEF diagnoses support the above concentric
eyewall maintenance mechanisms, some limitations and revision must be considered. The
Sawyer-Eliassen equation can also investigate tangential wind tendency (%) and
temperature tendency (g). We can obtain the tangential wind tendency and temperature
tendency by substituting the solved secondary circulations into the tangential momentum
equation and thermodynamic equation, respectively. The completeness of this study can
increase. This study used the outer boundary condition ¢ = 0 in the Sawyer-Eliassen
diagnoses. This boundary condition may lead to underestimating the updraft outside the
eyewall. This problem can be avoided by changing the outer boundary condition to Z—‘Ir’ =
0. In addition, Eq. (9) can change the vertical velocity to the stream function. We can
change the bottom boundary condition by this stream function. This method can avoid
the error caused by the discrepancy in thermal-wind balance at the boundary layer. Since
the balanced flow is considered in the diagnoses, the physical processes with the
unbalanced flow in the boundary layer are not involved in the above mechanisms. We
can follow the method posted by JI and Qiao (2023), solving the extended Sawyer-
Eliassen equations. These equations involved balanced and unbalanced parts based on

different forcing terms. The latter equation considers the unbalanced effect. Estimating

boundary layer inflow would be better if we solve the latter equation. Any processes that
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help maintain inner eyewall convection and tangential wind can become inner eyewall

maintenance mechanisms. Kuo et al. (2022) highlight the importance of dimensionless

moat size, which combines the effect of the moat size and the vortex pressure gradient

force to accelerate the unbalanced radial inflow and enlarge the inner boundary layer

eyewall pumping for inner eyewall convection maintenance.

Because of the axisymmetric vortex assumption in the diagnoses, the above

mechanisms are only for the axisymmetric perspective. We can follow the method posted

by Hirano et al. (2022). They consider the asymmetric forcing terms, composed of

asymmetric wind speed and potential temperature, to better estimate the TC secondary

circulation. The axisymmetric vortex assumption is the limitation of the Sawyer-Eliassen

equation. Asymmetric processes also play certain roles in concentric eyewall

maintenance, such as barotropic instability and partial cutoff effect (Tsujino et al., 2017;

Lai et al., 2021). The maintenance of the inner eyewall is vital to the maintenance of

concentric eyewalls. We can also abandon the Sawyer-Eliassen equation and do budget

analyses of the WRF simulation results directly. For example, we can use the absolute

angular momentum budget analysis to investigate which mechanism can help maintain

the tangential wind in the inner eyewall, and we can also use the vertical momentum

budget analysis to inspect which mechanism can help maintain the convective updrafts in

the inner eyewall. All in all, future research will investigate the physical processes related
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to unbalanced flow or asymmetric eddies to understand the concentric-eyewall

maintenance mechanism better.
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Tables

Table 1. Ranges of Forcing Terms for the Sawyer-Eliassen Equation in Each Diagnosis.

Q is the diabatic heating rate including latent heating, and F is the momentum forcing

term from PBL Scheme.

Diagnosis experiment Range of Q Range of F
Diagl entire diagnosed domain entire diagnosed domain
Diag?2 inside the concentric eyewalls  no
Diag3 no inside the concentric eyewalls
Diag4 inner eyewall no
Diag5 moat no
Diagb6 outer eyewall no
Diag7 no inner eyewall
Diag8 no moat
Diag9 no outer eyewall
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Figure 1: The nested domain of the WRF model and the track of TC Lekima from 0000
UTC 5 August to 11 August 2019. Note that both the 3-km and 1-km domains are moving

with the TC, with the center of the 1-km domain located at the eye of TC Lekima.
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Figure 2: The (a) tracks, (b) sea-level pressure (hPa), and (c) 10-m height wind speed (kt)

of TC Lekima from the JMA best-track data (in orange) and the WRF simulation (in blue).

The dots are marked every 6 hours. The black dots marked with numbers along the track

in (a) indicate the p ositions of TC Lekima at 0000 UTC that day.
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Figure 3: The 0.2° elevation angle PPI reflectivity (colored; dBZ) from the radar on

Ishigaki Island at (a) 0605 UTC and (b) 1805 UTC 8 August 2019, and the 0.5° elevation

angle PPI reflectivity (dBZ) from the radar on Wufen Mountain at (¢) 0302 UTC and (d)

1602 UTC on 9 August 2019.
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Figure 4: Hovmoller diagram of 2-km azimuthally-averaged reflectivity (colored: dBZ)

observed by Ishigaki Island radar.
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Figure 5: Simulated reflectivity (colored; dBZ) at the height of 2 km from 06 UTC on 8

August 2019 to 06 UTC on 9 August 2019 with an interval of 3 hours. The black circles

indicate the distances from the TC center with an interval of 40 km. The arrow indicated

the vertical wind shear direction between 200 and 850 hPa averaged from r = 200 km to

r = 800 km. Numbers on the upper left of each panel indicate the date and hour (UTC).
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Figure 6: Hovmoller diagram of the simulated azimuthally-averaged (a) reflectivity

(colored; dBZ), (b) tangential wind (colored; m s™!), and (c) vertical velocity (colored; m

sy at z =2 km. Note that the color scale for negative vertical velocity in (c) is smaller to

clarify the moat downdraft.
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Figure 7: Axisymmetricity parameter of tangential wind (blue), reflectivity (red), and
potential vorticity (black) from 7 to 9 August 2019. The orange shading indicates the

diagnosed period. The red line indicates the secondary eyewall formation time.
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Figure 8: (a) Azimuthally-averaged simulated vertical velocity (colored; m s™!); (b), (d),
(e), and (f) the corresponding latent heating (colored; K s') in Diag2, Diag4, Diag5,
Diag6, respectively; and (c), (g), (h), (i) the corresponding momentum forcing (colored;
m s?) term in Diag3, Diag7, Diag8, and Diag9, respectively, at 1300 UTC on 8 August
2019. The black lines indicate the outer boundary of the inner eyewall, inner boundary of
the outer eyewall, and outer boundary of the outer eyewall. Note that the color scale for
negative values is smaller to clarify the moat downdraft and latent cooling rate. Text at

the upper-left corner in (b) to (i) indicates the diagnosis experiment.
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Figure 9: Diagnosed (a) vertical velocity (colored; m s') and (b) radial wind (colored; m

s') by the Sawyer-Eliassen equation. Azimuthally-averaged (c) vertical velocity and (d)

radial wind by the WRF simulation. Difference between diagnosed and simulated (e)

vertical velocity and (f) radial wind (diagnoses — simulated). Correlation coefficients of

(g) vertical velocity and (h) radial wind between the diagnosis and the simulation. Results

are at 1300 UTC on 8 August 2019.
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Figure 10: Diagnosed vertical velocity (colored; m s') by considering (a) the latent
heating and momentum forcing in the entire domain at 1300 UTC on 8 August 2019. (b-
1) Diagnosed vertical velocity by considering the corresponding forcing terms in Figs. 8b
to 8i. The black lines in each panel indicate the range of moat downdraft in (b). Text at
the upper side of the panel (a), (b), and (d)-(f) indicates the mass flux of the moat
downdraft and the mass flux ratio to that in (b). The color scale for negative values is

smaller to clarify the moat downdraft and latent cooling rate.
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Figure 11: (a) Time series of mass flux of the diagnosed moat downdraft in Diag4 (blue
line; kg m s™), Diag5 (orange line; kg m s™!), and Diag6 (green line; kg m s™!) from 0600
UTC 8 August 2019 to 0600 UTC 9 August 2019 with the 5-min interval. (b) Time series
of latent heating in the inner eyewall (solid black line; J s™!), 10 times of latent cooling in
the moat (dashed black line; J s), 0.1 times of latent heating in the outer eyewall (dotted

black line; J s™), and the simulated moat downdraft mass flux (blue line; kg m s™).
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Figure 12: (a) Diagnosed DEF of latent heating (colored; %), (b) diagnosed DEF of
momentum (colored; %), (c) simulated azimuthal-averaged baroclinicity ~ (colored; s)
at 1300 UTC 8 August 2019. The black lines indicate the locations of the radius of
maximum wind (RMW) at each altitude, and the cyan lines in (a) and (b) indicate the
azimuthally-averaged vertical velocity of 0.05 ms™.
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Figure 13: (a) Conversion rate by latent heating at each grid point (colored; kg m™! s%)

and (b) conversion rate by momentum forcing at each point (colored; kg m™' s®) at 1300

UTC on 8 August 2019. (c) conversion rate by latent heating (Cp; blue line; kg m? s2)

and 10 times conversion rate by momentum forcing (Cyy; blue line; kg m? s2) from 1100

UTC to 1700 UTC on 8 August 2019 inside r = 40 km. Cyan and black lines in (a) and

b) indicate the azimuthally-averaged vertical velocity of 0.05 m s and the radius of
( y g y

maximum wind (RMW), respectively.
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Figure 14: (a) Time series of system DEF of latent heating for 7y40 (orange line; %)
and My150 (blue line; %) as well as (b) time series of system DEF of momentum for

Nmao and M50 from 1100 UTC to 1700 UTC on 8 August 2019.
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