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In this study, super typhoon Lekima (2019) with an atypical rapid intensification (RI) episode
is investigated by conducting a pair of experiments. In the control experiment, the model
reproduces reasonably well the evolution characteristics of convective activity and intensity
changes. That is, active downshear-left convection moved counterclockwise to the
upshear flank. In the sensitivity experiment without the cloud-radiation feedback (CRF),
the simulation fails to capture the observed upshear deep convection and the RI process.
Our analyses suggest that the cloud–radiation interaction acts as positive feedback
between the tilting-induced convective asymmetry (TCA) and outflow channel. On the
one hand, the radiative process will induce upper (lower) cooling (warming) above (within)
the cloud anvil of the outflow layer. This thermodynamical pattern locally destabilizes the
upper troposphere and is conducive to enhance the deep convection. On the other hand,
the enhanced deep convection provides the energy source to promote the upper divergent
flows. The stronger divergent flow acts efficiently to block the vertical wind shear (VWS) and
leads to a stronger outflow channel. This CRF assists in the development of a thicker and
more radially extensive outflow than that CRF-off simulation. This study further confirms the
outflow blocking effect, which gains insights on the evolution of upshear-left asymmetric
convection and its role in the atypical RI event.
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INTRODUCTION

The intensity prediction of tropical cyclone (TC) remains a big challenge for the operational centers
(DeMaria et al., 2014), particularly during the rapid intensification (RI) with winds increased by at
least 30 knots in a 24-h period. TC intensity change is affected by multiple-scale processes, including
internal dynamics and external forcing. Among the external forcing, the environmental vertical wind
shear (VWS) has been realized as one of the important factors in modulating TC intensification
(Zeng et al., 2007; Zeng et al., 2008; Gu et al., 2015; Wang et al., 2015; Chen et al., 2017). In response
to the VWS, the storm will exhibit significant structure change. For instance, the VWS can tilt the TC
vortex, creating pronounced asymmetries in TC structure and rainfall pattern (Reasor et al., 2009;
Molinari and Vollaro, 2010; Nguyen and Molinari,2012). Specifically, the deep convection is mainly
located at the downshear-left (DSL) quadrant, whereas it is greatly suppressed at the upshear (US)

Edited by:
Guanghua Chen,

Institute of Atmospheric Physics
(CAS), China

Reviewed by:
Nannan Qin,

Fudan University, China
Dajun Zhao,

State Key Laboratory of Severe
Weather, China

*Correspondence:
Xuyang Ge

xuyang@nuist.edu.cn

Specialty section:
This article was submitted to

Atmospheric Science,
a section of the journal

Frontiers in Earth Science

Received: 10 December 2021
Accepted: 27 December 2021
Published: 10 February 2022

Citation:
Huang Q, Ge X and Bi M (2022)

Simulation of Rapid Intensification of
Super Typhoon Lekima (2019). Part II:
The Critical Role of Cloud-Radiation

Interaction of Asymmetric Convection.
Front. Earth Sci. 9:832670.

doi: 10.3389/feart.2021.832670

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8326701

ORIGINAL RESEARCH
published: 10 February 2022

doi: 10.3389/feart.2021.832670

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.832670&domain=pdf&date_stamp=2022-02-10
https://www.frontiersin.org/articles/10.3389/feart.2021.832670/full
https://www.frontiersin.org/articles/10.3389/feart.2021.832670/full
https://www.frontiersin.org/articles/10.3389/feart.2021.832670/full
https://www.frontiersin.org/articles/10.3389/feart.2021.832670/full
http://creativecommons.org/licenses/by/4.0/
mailto:xuyang@nuist.edu.cn
https://doi.org/10.3389/feart.2021.832670
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.832670


quadrant under the VWS. Several paradigms are proposed to
interpret the possible processes leading to such a wavenumber
one asymmetry (Wong and Chan, 2004; Zhang and Kieu, 2006).
Due to the superposition of the environmental flow and TC
circulation, an asymmetric secondary circulation will be induced
by an enhanced ascending (descending) at the downshear (US)
flank (Wong and Chan, 2004), agreeing with the observed typical
wavenumber-1 rainfall asymmetry (Rogers et al., 2003; Braun
et al., 2006). By using the potential vorticity dynamics framework,
Zhang and Kieu (2006) identified the so-called shear-forced
secondary circulation (SFC), which acts to resist the influence
of the environmental VWS. In short, for a sheared storm, the
secondary circulation has a deep layer of low-level inflow on the
downshear side (Reasor et al., 2013; DeHart et al., 2014).

Nevertheless, recent observational and numerical studies
(Zhang and Tao, 2013; Tao and Jiang, 2015; Rogers et al.,
2016; Munsell et al., 2017; Wadler et al., 2018; Ryglicki et al.,
2019; Li et al., 2020; Huang et al., 2021) revealed that, under some
circumstances, deep convection occurs mainly on the US side. For
RI storms, Tao and Jiang (2015) observed that a cyclonic rotation
of frequency peaks from shallow (downshear right; DSR) to
moderately or/and very deep precipitation (upshear left; USL)
and suggested that this feature is a potential indicator of a rapidly
strengthening vortex. By conducting ensemble simulations of
Hurricane Edouard, Leighton et al. (2018) illustrated that
intensifying TC members have more actively convective bursts
(CBs) on the US side, while the CBs with members that do not
intensify remain on the downshear side. This result is supported
by the analysis of aircraft observations (Wadler et al., 2018). This
feature is different from the typical pattern with DSL deep
convection. As such, the group of TCs with deep convection
at the US flank is called atypical class (Ryglicki et al., 2019).

For a rapid development TC under ambient VWS, it must
experience a quicker vertical alignment. Numerous studies have
suggested a variety of mechanisms for the tilt realignment,
including the evolution of vortex Rossby waves in the inner
core (Smith and Montgomery, 2015), the SFC (Zhang and
Kieu, 2006), vortex re-formation (Molinari et al., 2006), and
an outflow in opposing and deflecting the environmental flow
(e.g., Elsberry and Jeffries, 1996; Dai et al., 2019; Ryglicki et al.,
2019; Dai et al., 2021). As an important branch of a TC, the
upper-level outflow layer pattern potentially influences the
storm’s intensity and structure evolution (Merill, 1988).
Elsberry and Jeffries (1996) suggested that the shallow outflow
layer of TC could deflect the upper-level environmental flow. For
this atypical class of TCs that underwent RI, the vertical
realignment is closely associated with the tilt-modulated
convective asymmetries (TCA) (Ryglicki et al., 2019). Once the
TCA moves toward the US flank, it will greatly enhance the
outflow layer and thus reduce the VWS. These results indicate the
possible important role of the convective asymmetries in
minimizing the TC tilting.

Previous studies suggested that TC intensification is strongly
related to their upper-level clouds and stratiform precipitation
(Tao et al., 2017; Fischer et al., 2018; Zhang and Xu, 2021). Recent
theoretical and modeling studies have suggested that the crucial
role of cloud-radiation feedback (CRF) in TC genesis and

development (Bu et al., 2014; Fovell et al., 2016; Wing et al.,
2016; Ruppert et al., 2020; Smith et al., 2020; Yang and Tan, 2020;
Yang et al., 2021). Ruppert et al. (2020) suggested that the
intensification of the secondary circulation forced by the
radiative warming anomaly might transport more moisture
and low-level angular momentum into the disturbance region,
which directly promotes TC development. Fovell et al. (2016)
pointed out that the CRF processes may affect TC inner-core
diabatic heating asymmetries, outer-core convective activity, and
the characteristics of the anvil cloud. Due to the absorption and
emission of longwave radiation in the cloud anvil, this encourages
more extensive convective activity and thus helps a radial
expansion of the TC wind field. Covered by a large area of
cloud anvils, the outflow channel is believed to exert a
significant CRF. In reality, the TC upper-level divergent flow
is largely driven by the deep convection; it stimulates us to
investigate the possible role of the TCA in the atypical RI
process. Hence, several scientific issues will be addressed here:
1) What are the possible roles of US deep convection in
modulating the TC outflow layer in the RI process? 2) What
are the possible roles of the CRF in modulating TC outflow and
asymmetric convection? To fulfill this goal, super typhoon
Lekima (2019) is selected to represent an atypical RI case
(Huang et al., 2021). The paper is organized as follows: in the
Experimental Designs section, we briefly describe the
experimental design and model setup. The results are
presented in the Simulation Results section, and the conclusion
and discussions are given in the Conclusion and Discussion
section.

EXPERIMENTAL DESIGNS

In this study, the Advanced Research Weather Research and
Forecasting model (WRF-AWR; version 3.9.1) is used. The model
domains are two-way interactive and four-nested domains with
the horizontal grid spacings of 27, 9, 3, and 1 km, respectively.
There are 45 uneven σ levels in the vertical using terrain-
following coordinates extending from the surface to the model
top at 10 hPa. The vortex-following technique is used in the third
and innermost moving-nested domains so that the TC vortex is
always located near the center of the domain. The other model
physics included the following: 1) the Lin microphysics scheme
(Lin et al., 1983), including six classes of hydrometeors about
water vapor, cloud water, rain, cloud ice, snow, and graupel; 2) the
Dudhia scheme (Dudhia, 1989) for shortwave radiation
calculations; 3) the rapid radiative transfer model (RRTM;
Mlawer et al., 1997) for longwave radiation calculations; and
4) the YSU turbulent mixing scheme for boundary layer
parameterization. The Kain–Fritsch convective scheme (Kain
and Fritsch, 1993) is used for the outermost domain only.

The control experiment (CTL) is the same as that of Huang
et al. (2021) for typhoon Lekima (2019), in which the evolution of
TCA at the US quadrant is investigated. The simulation initial
time is at 0000 UTC 6 August. Our previous work simulated well
the observed atypical RI process. That is, under moderate upper-
level easterly VWS, the TCA is transported from the initially
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downshear quadrant to the US quadrant. This process enhances
upward motions at the US flank and creates upper-level divergent
flow. In this study, in order to gain insight on the possible roles of
CRF in modulating the outflow, a sensitivity experiment (noR) is
designed by turning off the cloud–radiation interaction feedback.
The CRF functions as positive feedback, assisting in the
development of a thicker and more radially extensive anvil.
The details of the model strategy of the RRTMG scheme
without CRF follow the previous studies (Bu et al., 2014;
Ruppert et al., 2020). The CRF is the interaction of
hydrometeors with radiation. The CRF-off removes the
diurnal cycle in the radiative forcing and the period of the
anvil development. In WRF, the CRF in the RRTMG scheme
is controlled by the physics parameter “icloud” in the name list.
The other model settings are the same as that of CTL. Consistent
with CTL, noR was initialized at 0000 UTC 6 August, and the
model was integrated for 48 h.

SIMULATION RESULTS

Intensity Simulations From Control and noR
Lekima (2019) was formed as a tropical depression on 0600 UTC 04
August, 2019, and strengthened into a typhoon in the following
2 days. At the initial time (i.e., 0000 UTC 6 August), the central
minimum sea level pressure (CMSLP) was 985 hPa. Thereafter, an RI
period was evident from 0000 UTC 6 August to 0000 UTC 8 August.
Figure 1 gives the simulated and observed TC intensities represented
by the CMSLP and the maximum wind speed. The CTL simulation
captures well the RI. Specifically, during the 48-h integration period,
the CMSLP dropped by about 65 hPa to be 920 hPa and the
maximum wind speed increased by about 60 kts to be 112 kts,
which satisfy the criteria for RI for western North Pacific TCs (Wang
and Zhou, 2008). In contrast, the entity in noR intensified slowly.
Specifically, the CMSLP is about 952 hPa and the maximum wind
speed is about 95 kts, which are much weaker than those in CTL at
the end of integration.

Comparisons of the Tilting-Induced
Convective Asymmetry
The VWS in this case is the northeasterly wind, determined by the
difference between 2- and 16-km level wind fields. In general, a
tilted vortex induces an asymmetric wavenumber one structure of
convection under the VWS. To verify the simulated tilt-induced
convective activity, Figure 2 presents the simulated radar
reflectivity at 5-km height in CTL (left panels) and the
satellite-observed infrared brightness temperatures (right
panels) during the RI period. In both CTL and observation,
there exists a wavenumber one asymmetric convection
distribution. Initially, the maximum radar reflectivity was
located in the DSL quadrant and started to move
counterclockwise to the US side shortly after a 12-h
integration (Figures 2A–C). Initially, the strong convective
cloud band, represented by the coldest temperature, occurs to
the southwest section of the TC center. With time, the strongest
convection is expanded to the US side, and the eyewall cloud
becomes more symmetric. During the period of interest, the inner
cloud band within 200 km from the TC center extends
southeastward (US side). Overall, the simulated cloud
asymmetry in CTL agrees fairly well with the satellite-observed
infrared brightness temperatures (Figures 2D–F). Given the
reasonably good performance of CTL, we use these simulated
results as the proxy of the real atmosphere.

Figures 3, 4 compare the two snapshots of the distribution of
the vertical velocity at different layers (i.e., z = 1.5 km, z = 5 km,
and z = 15 km) in CTL and noR, respectively. In CTL
(Figure 3A), a strong convective activity with vertical velocity
greater than 2 m s−1 is initially located at the southwest quadrant
at 06 UTC 6 August. During the time of interest, the CBs move
counterclockwise to the US side at 00 UTC 7 August (Figure 4B),
which is consistent with the atypical RI event reported in previous
studies (Ryglicki et al., 2018a; Ryglicki et al., 2018b; Wadler et al.,
2018; Li et al., 2020). The strong upward motion in the USL is
mainly located at the upper level, which indicated that the
cyclonic rotation developed to the deep convection during the
RI period. Figure 4 shows the vertical velocity in noR at three
layers. Both experiments show similar patterns at the early stage,
6 h into the integration. That is, the convections were mainly
located at the southwest flank of the storm (Figures 3A, 4A). It is
likely that the model takes times to achieve CRF of comparable
spatial extent and magnitude. With time, there are distinct
differences in terms of the magnitude of the convection in two
simulations. During the time of interest, the upward motion
around RMW in noR is weaker than that in the CTL. The
intensity of deep convection slightly weakened and did not
show cyclonically inward propagation (Figure 4B).

To further demonstrate such differences, the contoured
frequency by altitude diagrams (CFADs; Yuter and Houze,
1995) of vertical velocity for different quadrants within the
180-km radii is compared. The CFADs clearly illustrate the
frequency distribution of vertical velocity of indicated values at
different altitudes. In CTL, at 06 UTC 6 August, updrafts stronger
than 2 m s−1 occur more frequently at the upper level in the DSL
and DSR quadrants (Figures 5A,D). Initially, the strongest

FIGURE 1 | Observed and simulated intensities of Lekima from 00 UTC
06 to 00 UTC 08 August 2019. The solid lines indicate the CMSLP (units: hPa),
and the dotted lines are the maximum wind speed (units: kts).
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convection is located around the DSL, indicating a convection
initialization therein. In the US quadrants, there are no significant
asymmetries, reflecting both weak ascending and descending
motions. At 00 UTC 7 August, the modal distribution tilts
toward stronger vertical velocity with height, implying that the
strong upward motion is mainly located at the upper level. Notice
that there are more substantial structural changes in the US side
than in the downshear side (Figures 5E–H). Namely, the USL
quadrant has more intense upper-level updrafts than the USR
quadrant (Figures 5F,G).

Figure 6 displays the snapshots of CFAD of vertical velocity in
noR. At the early stage, the vertical velocity is weaker in the US
quadrants. Meanwhile, the strong updrafts are primarily located at
the upper level in the DSL, which is similar to CTL. At 00 UTC 7
August, the portion of stronger vertical motion increases in both DSL
and USL, but the stronger vertical velocity for the updrafts is mainly
in the DSL. In USL, the peak occurs around the height of 15 km
(Figure 6F), indicating an enhanced deep convection as well.

Nevertheless, the value of this peak is smaller than that in CTL
(Figure 5F). To clearly illustrate the differences, Figure 7 presents the
differences in CFADs of vertical velocity at four quadrants between
CTL and noR. In this study, the values are obtained by CTL minus
noR. Compared between CTL and noR, at 06 UTC 6 August, the
vertical velocity for the updrafts was stronger in the former, except
those larger than 3m s−1 at the height between 8 and 16 km in DSL
(Figure 7A). The ascending motion in DSR and USL is stronger in
CTL than in noR (Figures 7B,D). The difference is more evident in
the downshear quadrants. At 00 UTC 7 August, the most striking
differences appear in the DSL and USL quadrants. As shown in
Figure 7E, the value of the portion of weak ascending motion (i.e., w
<2m s−1) is negative, indicating a weakening deep convection.
Meanwhile, the difference of the strong updrafts (i.e., w >2m s−1)
is insignificant in DSL. However, the value of such convection
becomes positive in USL, especially above the height of 8 km,
suggesting an enhanced upper-level deep convection therein.
Recall that in CTL, the active activity initially appears in DSL and

FIGURE 2 | Left panels: snapshot at 12, 18, and 24 h of the radar reflectivity at 5-km height (shaded; units: dBZ) and the VWS between 15 and 2 km (black vectors;
units: m s−1) at 17 km starting on 0000 UTC 6 August. Right panels: the time evolution of the satellite-observed infrared brightness temperatures from 0000 UTC 7
August to 0000 UTC 8 August on the NOAAwebsite. The white dashed box in the right panels is the 200 × 200 km area centered by the TC, covering the same area as in
the left panels.
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thenmoves cyclonically towardUSL. Accompanied by this transition,
the upper-level upward motion becomes pronounced. Provided that
a higher frequency of upper-level convection in USL as the storm
development, the TC intensity in CTL is much stronger than that in
noR, which agrees with Wadler et al. (2018). This result also agrees
with Tao and Jiang (2015), who found that the intensifying TC has a
large portion of CBs in the USL compared with the steady one.

To summarize, the results demonstrate that, in CTL, the
asymmetric convection induced by VWS is transported from
the initially downshear quadrant to the US quadrant, which is
different from the general feature of the downshear convection
under VWS. However, the active convection in noR is weaker

than that in CTL and mainly remained in DSL. In the next
section, we will investigate the possible roles of different TCA in
affecting the TC outflow layer.

Upper Outflow Layer
TC outflow is the dominant upper component of the TC secondary
circulation. Generally, it has low inertial stability and thus expands
radially thousands of kilometers and can interact with the
environmental flow. The pattern of the outflow channel largely
depends on the relative location of the TC and its environmental
flow. Ryglicki et al. (2019) found that the divergent outflow forced by
deep convection localized by the tilt of the vortex serves to divert the

FIGURE 3 | The two snapshots of the composed layers of vertical velocity field (units: m s−1) at the height of 1.5, 5, and 15 km in CTL on 06 UTC 06 and 00 UTC 07
August, respectively. Black circles are radii at every 50 km.

FIGURE 4 | As in Figure 3, but in noR.
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background environmental flow around the TC, thus reducing the
ambient VWS. Given the different convective activities between CTL
and noR, it is inspiring to examine the upper outflow circulations.

To isolate the divergent flow induced by the diabatic heating, a
PV-ω equation (Wang and Zhang, 2003) is applied. This
dynamical framework is based on an equation system in
three-dimensional pseudo-height coordinates, which considers
the diabatic heating, the friction, and the dynamic forcing factors.
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function; and η, Φ, and Ψ are the total absolute vorticity,
stream function, and geopotential height, respectively. ω is the
vertical velocity in the vertical pseudo-height coordinate. fx and
fy are the latitudinal and meridional friction, respectively. θ0 is
the reference potential temperature, β is the beta parameter, p0 is
the surface pressure, and _qp is the diabatic heating. The vertical
motion of the quasi-balanced model can be determined by Eq. 1,
which, from left to right, shows the differential vorticity advection
and the Laplacians of thermal advection by both non-divergent
and divergent winds, the differential deformation or Jacobian
term, the β effect, latent heating, and the effects of friction,
respectively. In Eq. 1, the first four terms are the dynamic
forcing factors. The last three terms are the thermodynamical
forcing factors. The dynamic and thermodynamical forcing
factors determine the magnitude of divergent winds and
secondary circulations in TCs.

Figure 8 presents the simulated upper-level circulation at the
height of 15 km and the diabatic heating in CTL. The simulated
storm in CTL with CRF active has a large amount of convection
and diabatic heating outside the radius of maximum wind (about

FIGURE 5 | Snapshots of 06 UTC 06 and 00 UTC 07 August of the contoured frequency by altitude diagrams (CFADs) of vertical velocity separated according to
shear quadrant (units: %). With the shear vector pointing left, the quadrants are (A, E) DSL, (B, F) USL, (C, G) USR, (D, H) DSR in CTL.
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60 km). There is a prevailing easterly flow, indicating an upper
easterly VWS (Huang et al., 2021). Due to the model spin-up, it
will take some time initially to trigger convection. As such, a weak
divergent flow is forced by the weak diabatic heating in the
beginning. Over time, the enhanced deep convection moves
toward the US flank, and a pronounced divergent flow is
evident. For instance, at 18 UTC 06 August, the strongest
divergent winds are focused on the US flank, which meets
with the environmental flow to generate a boundary referred
to as the “outflow front” that exists about 200 km radially outward
US of the storm center (Ryglicki et al., 2019). This front typically
exists between 200 and 300 km radially outward US of the low-
level center. Accordingly, the upper divergent flow is the
dominated source of the blocking, whereas the rotational
winds are largely deformed (not shown).

In noR (Figure 9), the early upper-level circulation is similar
to that in CTL. Compared with that in CTL, the induced
divergent flow is much weaker and occupies a relatively
smaller area. It is likely due to the different magnitude of
diabatic heating source that correlated with the convection.
The smaller active convections and diabatic heating with CRF
turned off compared to those with CTL. The comparison clearly
demonstrates that the upper-level divergent flow is naturally
driven by the diabatic heating. To emphasize the importance
of deep convection, we further subdivide the diabatic heating
source into upper- and lower-level components. Specifically, the
heating rate above (below) the height of 8 km is taken as the upper

(lower)-level part. By applying these two separated forcings, the
PV-ω method shows that the divergent outflow is primarily
induced by the upper-level diabatic heating, whereas the
lower-level diabatic heating plays a neglectable role (not
shown). This result further suggests that the divergent wind in
the outflow layer is mainly determined by the upper-level deep
convection particularly in the USL quadrant in this case.

The PV-ω method clearly shows that the strengthening
outflow forced by the diabatic heating plays an important role
in blocking the environmental flow, reducing the upper-level
environmental flow and thus the magnitude of VWS. To
demonstrate this possibility, Figure 10 presents the time
evolution of the vertical profiles of the steering flows in CTL
and noR, respectively. Initially, the vertical profiles of the steering
flows are nearly identical in both experiments. The
environmental winds are southwesterly (northeasterly) below
(above) about 8 km, indicating a moderate upper easterly
shear. Compared with the large wind at the upper levels, the
wind is relatively small at the lower levels, indicating an upper-
level VWS. The difference is mainly located at the upper level
during the time of interest. The easterly wind at the upper level
decreases more largely with time in CTL than in noR resulting
from the strong divergent wind at the outflow layer in the former.
The initial VWS is a strong shear with the magnitude in 15 m s−1

(Figure 10B). Thereafter, albeit with some oscillations, the
magnitude of VWS generally decreases with time, which is in
the range of moderate-to-strong shear (Molinari et al., 2004;

FIGURE 6 | As in Figure 5, but in noR.
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Molinari et al., 2006; Ryglicki et al., 2019). More specifically, in
CTL, the magnitude of VWS reached the minimum value
(i.e., 7 m s−1) about 12 UTC 06 August, which is smaller than
its counterpart. That is, in noR, the VWS reduced much more
slowly and the minimum value is about 10 m s−1. A closer
examination shows that the reduction of VWS is mainly
ascribed to the weakening of environmental easterly at the
upper level. The weakening of the easterly wind at the upper
level is closely determined by the blocking effect of divergent flow.
In short, a strong divergent flow exerts a greater blocking effect to
resist the VWS and is favorable for TC intensification.

Physical Interpretations
The results above show marked differences in the evolution of
deep convection between CTL and noR, especially in the USL
region. Since the only difference is that the CRF is excluded in
noR, it may help explain why the CRF-active storms possessed
stronger convectionmaintained at the upper level. To this end, we
will focus on its possible mechanisms in this section.

Previous studies (Bu et al., 2014; Fovell et al., 2016) pointed out
that, in response to CRF that can influence the TC structure, TC is
characterized by enhanced upper-tropospheric outflow. It is
hypothesized that the TC outflow channel transports the
hydrometeors outward, leading to a progressively wider cloud
anvil, at least in the upper troposphere (Huang et al., 2021). The
wider cloud anvil will have a greater potential to interact with the
radiative processes. To demonstrate the radiative effect on the

outflow of TC, the Sawyer–Eliassen (SE) diagnosis is used to
derive the transverse circulation forced by the radiation. The SE
equation in the radius-pseudo-height coordinates (Hendricks
et al., 2004) can be written as:
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where z is the pseudo height, r is the radius, and �Ψ represents the
transverse stream function. The overbar denotes the azimuthal
mean. Here, A � (g/θ0)(z�θ/zz) is the static stability, B �
−�ξ(zVt/zz) is the baroclinity, and C � �ξ�η is the inertial
stability, where �θ, Vt, �ξ, and �η are the mean potential
temperature, tangential wind, modified Coriolis parameter,
and absolute vertical vorticity, respectively. The �Q and �F on
the right-hand side of Eq. 3 represent the heating andmomentum
forcing, respectively. The diabatic heating associated with the ice
phase is largely offset by the dynamical cooling process. In this
study, since we focus on the impact of CRF, the temperature
tendency due to the net radiative process (i.e., the sum of long-
wave and short-wave radiation) is only taken as the heating
forcing.

Figure 11 displays the forced transverse stream function and
the associated secondary circulation by the temperature tendency
due to radiation averaged from 07 UTC 6 to 18 UTC 6 August.
Not surprisingly, there is a salient difference of the net radiative
field in the two experiments. In CTL, the profile represents a

FIGURE 7 | The differences of CFADs of vertical velocity (units: %) for each shear quadrant between CTL and noR at 06 UTC 6 and 00 UTC 7 August.
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dipole with a cooling (warming) tendency above (below) the
height of 16 km, where the top of the cloud anvil is located. This is
a typical radiative heating structure of stratiform cloud cover (Tao
et al., 1996; Yang and Tan, 2020). Huang et al. (2021) found that a
large concentration of ice-phased particles is collocated with the
cloud anvil of the outflow layer. Meanwhile, they suggested that
this thermal pattern leads to a reduction of static stability in a
larger area, favoring the development of deep convection. The
large cooling (0.3 K/h) at the cloud top is likely due to the
longwave (LW) radiative, the warming rate up to 0.3 K/h is
situated between the height of 8 and 15 km, and a negative value is
farther below. In contrast, there is generally an opposite tendency
in noR with a cooling (warming) tendency below (above) the
outflow layer. Furthermore, the magnitudes of both cooling and
warming rates are weaker than those in CTL. Accordingly, the
distinctly different distributions of the net radiative forcing will
induce different secondary circulations.

In CTL, a transverse circulation is evident between the height
of 8 and 16 km (Figure 11A). In general, a radial inflow occurs at
around 12 km, and a radial outflow emanates at a higher altitude
(i.e., the height of 16 km). In response to this circulation, the upper
radial outflow will enhance the outflow channel. Furthermore, the
radial inflow around the height of 12 km helps the development of
the vortex and thus favors a deeper vertical structure of storm.
Furthermore, an upward motion is induced in the inner core

region, bringing more upward water vapor flux and then resulting
in more latent heating at upper levels. On the contrary, there is a
weaker transverse circulation in noR with a weaker net radiative
forcing. Yang and Tan (2020) found that the large concentration of
ice-phased particles at high levels is critical to spinning up the
midlevel vortex. The radiative interaction with upper-level
hydrometers leads to an increase in the vertical diabatic heating
gradient and then the intensification of the midlevel vortex. Previous
studies (Ruppert and Hohenegger, 2018; Huang et al., 2021) also
found that the temperature tendency change due to CRF will modify
the static stability, which is possibly the primary driver of the
invigoration of deep convection.

In short, the SE balanced dynamic framework illustrates that
the CRF will impact the secondary circulation (i.e., outflow layer),
which is consistent with Fovell et al. (2016). They also suggested
that the upper-level thermal structure forced by the CRF likely
has a certain effect on the TC intensification through modulating
the outflow channel. Specifically, the CRF effect promotes the
development of outflow channels and the TC secondary
circulation. This CRF acts as positive feedback, assisting in the
development of the outflow channel with a thicker and more
radially extended anvil (see Huang et al., 2021 Figure 13). In turn,
the wider cloud anvil has a greater potential to interact with the
radiative process to modulate the upper thermal structure.
Moreover, this impact can be simply understood in terms of

FIGURE 8 | Upper panels: the time evolution of the wind circulation (vector, units: m s−1) and the diabatic heating (black contour, units: K/h) at 15-km height in CTL.
Lower panels: the time evolution of the divergent wind (vector, units: m s−1) and the diabatic heating (black contour, units: K/h) at 15-km height in CTL.
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the maximum potential intensity (MPI) theory (Emanuel, 1986),
in which a lower outflow temperature implies a higher thermal
efficiency and thus a stronger TC intensity. The CRF-on CTL
experiment shows that the net radiative cooling is generated at the
top of the cloud anvil associated with the outflow layer. Next, we
will investigate the thermal efficiency in terms of energy budget.

For a steady-state TC, the work done by the TC to spin up and
expand the outflow anticyclone may have an impact on
intensification rates or affect its ability to achieve MPI. The
balance between total heating and dissipation in the inflow and
outflow may be written symbolically:

ΔQ � Win +Wout (4)
whereWin andWout are the work done in the inflow layer and the
outflow layer of TC, respectively. Rappin et al. (2009) suggested
that the weak inertial stability in the outflow layer minimizes an
energy sink of TC secondary circulation and leads to more RI to
MPI. The work done in the outflow is the energy needed to restore
the angular momentum of the outflow back to its ambient value:

Wout � 1
2
ΔV2 � 1

2
[(M

r1
− 1
2
fr1)2

− (Ma

r1
− 1
2
fr1)2]

� 1
2
[M2 −M2

a

r21
+ f(Ma −M)] (5)

where the definition of the absolute angular momentum is M �
rV + 1

2fr
2 and r1 is the radius at which the angular momentum

Ma along the tropopause becomes equal to the ambient value
M. In this study, the azimuthal work done in the outflow layer of
TCs is calculated. Figure 12 shows the evolution of the energy
sinks and the radial wind speed at each azimuth in the outflow
layer during the period of interest. The azimuthal angle 0° is
defined here as due north, and 180° represents southward since
it rotates counterclockwise. In CTL, the maximum radial wind
greater than 30 m s−1 is located between the azimuthal angle of
120° and 180° which is the stronger outflow channel.
Corresponding to the outflow channel, the outflow work
down is relatively small (less than 130 J kg−1). The small
work down in the outflow origins constantly around the
azimuthal angle of about 180° (left-of-shear side) and then
propagates counterclockwise to about the region from 240° to
300° (US flank). The work done in the US left became smaller,
which indicates the less energy expenditure in the outflow layer,
corresponding well with the rapid establishment of the outflow
jet therein. In noR, it bears many similarities as that in CTL,
except that the work done at each azimuth is larger. This is likely
ascribed to the different strength of outflow jets in both
experiments. Given that the work done for its expansion is
smaller, the earlier establishment of a stronger outflow jet in
CTL than that in noR.

FIGURE 9 | As in Figure 8, but in noR.
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To further illustrate the evolution characteristics of the
energy efficiency, Figure 13 shows the ratio of the work
done in the outflow layer to the net heat energy (Wout/ΔQ).
The smaller the ratio, the higher the efficiency of the TC
strengthening is (Rappin et al., 2009). Namely, a smaller
work (i.e., consumption kinetic energy) is needed to establish
the outflow, and then more energy is input for TC

intensification. During the time of interest, the ratio steadily
decreases with time in both experiments, reflecting a relatively
weaker resistance to expand the outflow layer. Nevertheless, the
ratio is consistently lower in CTL than that in noR, implying
that more energy was transported to the outer region at the
upper level in noR. Accordingly, the small amount of energy
expended to expand the anticyclone in the outflow layer yields a
RI in CTL. In short, the cloud–radiation interaction is conducive
to expand the anticyclone in the outflow layer expending the
small amount of energy so that only smaller work is required in
the outflow layer; thus, the TC is able to achieve more energy to
develop.

CONCLUSION AND DISCUSSION

Super typhoon Lekima (2019) in the western North Pacific went
through an atypical RI under an upper-level VWS. During the
period of RI, the initially DSL active convection moved
counterclockwise to the US flank. In this study, a
comprehensive analysis on the possible processes leading to
the evolution of tilt-induced convective asymmetry is
conducted by using a pair of numerical simulation. In the
control experiment, the model reproduces reasonably well the
evolution characteristics of convective activity. In the sensitivity
experiment, the cloud–radiation interaction is artificially turned
off. Accordingly, themodel fails to capture the observed USL deep
convection. The focus is on the possible role of cloud–radiation
interaction forcing on the development of TCA and its
relationship with upper outflow jet during the RI period. The
main findings are summarized as the follows:

1) Under the VWS, a close relationship exists between the
outflow layer and the deep convection in the US side. The
enhanced upward motion on the US side favors the
establishment of the outflow divergent flow. The strong

FIGURE 10 | The time evolution of the vertical profiles of the steering
flows (units: m s−1) in (A) CTL, (B) noR, and (C) the total wind speed for the
vertical wind shear (16–2 km height; units: m s−1) from 6 to 7 August.

FIGURE 11 | The radius-height cross section of the averaged upper-level radiation (shaded; units: K/h), the forced transverse stream function (contour; units:
m s−1), and the associated secondary circulation (vector; units: m s−1) from 07 UTC 6 to 18 UTC 6 August in (A) CTL and (B) noR, respectively.
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upper-level divergent flow acts against the environmental flow
to reduce the VWS and thus helps in the sequential vertical
realignment. This result supports previous studies that
emphasized the important role of USL convection in RI.

2) The cloud–radiation interaction acts as positive feedback in
the upper-level outflow layer. On the one hand, the radiative
process associated with the cloud anvil will induce upper
(lower) cooling (warming) above (within) the cloud anvil of
the outflow layer. This thermodynamical pattern locally
destabilizes the upper troposphere and is conducive to
enhance the deep convection. On the other hand, the
enhanced deep convection provides the energy source to
promote the upper divergent flows. The stronger divergent
flow acts efficiently to block the VWS and leads to a wider
outflow channel. The larger outflow layer has a great influence
due to the CRF.

Our simulations suggest that the cloud–radiation interaction
feedback has a potential effect on the evolution of TCA that
moves to the US side, which is an important driver for the
divergent flow. The enhanced convective activity in the USL
quadrant effectively leads to a stronger secondary circulation, a
broader outflow layer circulation. With this regard, this CRF
assists in the development of a thicker and more radially
extensive anvil than that CRF-off simulation. This is
consistent with Fovell et al. (2016). In addition to the

influence of the cloud–radiation interaction on the outflow
layer to accelerate the TC development, our study reveals
that CRF has effect on the evolution of asymmetric
convection (i.e., magnitude and movement). The results help
gain the insights on the prevailing USL convection and its role in
the atypical RI event.

Different from the pathway of CRF which accelerates the
TC development by accelerating the mid-level vortex (Ruppert
et al., 2020; Yang et al., 2021), this study confirms the outflow
blocking effect against the VWS. Physically, the CRF impact is
closely associated with the distribution of cloud. With this
regard, the CRF likely plays varied roles in the different regions
or development stages. In the current study, the pronounced
CRF effect is closely associated with TCA during the RI onset
period. For the latter stage, along with the development of the
inner-core convection, the CRF impact will be dominated in
the inner region accordingly. Meanwhile, the different cloud
types (i.e., convective and stratiform clouds) may induce
different radiative impacts. These important issues need
further investigation. Moreover, the formation of atypical
TCA that moves to the US side is a complicated process,
including both internal and external interactions. For
instance, the southwesterly monsoon flow in the
southeastern flank of TC provides abundant moisture and
thus favors prolific convection. Moreover, the superposition
monsoon flow and TC circulation is likely a potential factor in
affecting TCA by changing the surface heat fluxes. As such, the
enhanced surface heat fluxes will help the recovery of
equivalent potential temperature from the DSL side,
supporting the downstream development of deep convection
in the USL side. Therefore, more future works will focus on
these topics.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

FIGURE 12 | The time revolution of the energy sinks to the idealized
Carnot cycle at each azimuth in the outflow layer from 06 UTC 6 August to 06
UTC 7 August in (A) CTL and (B) noR. Azimuth angles are math convention,
such that the azimuthal angle 0° is defined as north (right of shear), 90° is
defined as east (down shear), 180° represents southward (left of shear), and
270° represents westward (up shear).

FIGURE 13 | The time evolution of the ratio of the work done in the
outflow layer to the total net heat energy in CTL and noR.
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