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The role of the upper-level vertical wind shear (VWS) on the rapid intensification (RI) of super
typhoon Lekima (2019) is investigated with a high-resolution numerical simulation. Our
simulation shows that under moderate upper-level easterly VWS, the tilting-induced
convective asymmetry is transported from the initially downshear quadrant to the
upshear quadrant and wrapped around the storm center by the cyclonic flow of the
storm while moving inward. This process enhances upward motions at the upshear flank
and creates upper-level divergent flow. As such, the establishment of outflow acts against
the environmental flow to reduce the VWS, allowing vertical alignment of the storm. The
organized outflow plays an important role in sustaining the inner-core deep convection by
modulating the environmental upper-level thermal structure. Accompanying deep
convective bursts (CBs), cold anomalies are generated in the tropopause layer due to
the adiabatic cooling by the upward motion and radiative process associated with the
cloud anvil. Physically, cold anomalies at the tropopause locally destabilize the atmosphere
and enhance the convections and the secondary circulation. The CBs continue to develop
episodically through this process as they wrap around the storm center to form a
symmetric eyewall. The results suggest that deep convections are capable of reducing
the upper-level VWS, promoting the development of upper-level outflow. Lekima
overcame the less favorable environment and eventually intensified to become a super
typhoon.
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INTRODUCTION

Although the track forecasts of tropical cyclones (TCs) have been improved progressively, intensity
prediction remains as a big challenge for the TC community (DeMaria et al., 2014), particularly
during the rapid intensification (RI) with winds increased by at least 30 knots in a 24-hour period.
The operational prediction of RI is particularly difficult (Titley and Elsberry, 2000; Elsberry et al.,
2007). It has been well realized that the RI is ascribed to the multi-scale interactions, involving
environmental, oceanic, and inner-core processes (Kaplan and DeMaria, 2003; Emanuel et al., 2004;
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Kaplan et al., 2015). Statistical studies reveal that there are
significant differences in both oceanic conditions (Wang and
Wu, 2004; Zeng et al., 2010; Zhang et al., 2017) and atmospheric
conditions for developing versus non-developing TCs (Ge et al.,
2013; Zhang and Tao, 2013; Gu et al., 2015). Among them, the
environmental vertical wind shear (VWS) has long been
considered as one of the key factors controlling the intensity
of TCs (Emanuel et al., 2004; Zeng et al., 2007; Zeng et al., 2008;
Wang et al., 2015; Chen et al., 2017). Several negative effects of
VWS on the intensification have been proposed, including: 1)
upper-level dilution of the TC warm core (Frank and Ritchie,
2001); 2) dry intrusion of mid-level air into the TC eyewall (Tang
and Emanuel, 2010; Ge et al., 2013; Kanada andWada, 2015); and
3) the so-called mid-level “ventilation” effect (Riemer et al., 2010;
Tang and Emanuel, 2010; Tang and Emanuel, 2012; Riemer and
Laliberté, 2015). In short, these studies suggest that due to the
evaporation of precipitation or ambient intrusion from outside
the storm’s inner region, the air with low equivalent potential
temperature (θe) reduces eyewall moist entropy located
downshear-left and suppresses convection within the eyewall.

In general, the VWS acts to tilt the TC vortex, creating
pronounced asymmetries in TC structure and rainfall pattern
and thus is not favorable for TC development. Statistically, there
exists a wavenumber one convective asymmetry with strong
updrafts in the downshear-left flank during the intensifying
period under the vertical wind shear (Rogers 2016). The
linkage between convective updrafts around the storm center
and the RI process has been widely examined. From both
observation and numerical simulations, TCs experiencing RI
episodes usually have a relatively large amount of deep and
vigorous convective bursts (CBs) inside the radius of
maximum wind (RMW) (Braun, 2013; Chen and Zhang, 2013;
Rogers et al., 2013; Sanger et al., 2014; Chen and Gopalakrishnan,
2015; Rogers et al., 2015; Smith and Montgomery, 2015; Rogers
et al., 2016). The axisymmetrization process associated with these
rotating convective updrafts in and around the developing
eyewall region also contributes to TC intensification. For
instance, Bhalachandran et al. (2020) found that certain
aspects of eddy energetics can potentially serve as early-
warning indicators of TC rapid intensity changes. However,
different types of downdrafts have different impacts on the TC
intensity (Wadler et al., 2018).

The complex interactions between VWS with different
structures and convective patterns likely will result in different
outcomes for TC intensification. Finocchio et al. (2016) found
that the development of a TC is highly sensitive to the shear
height and depth. The shear height appears to affect the response
of a TC to the tilt by modifying its thermodynamics, while the
shear depth controls the height of TC in responding to the tilt.
Generally, the shallower and lower the VWS, themore destructive
it is to TC’s intensification. TC vortices tilt the most under lower-
level VWS and are unable to process upshear and realign, thus fail
to intensify. Some recent observational and numerical studies
(Leighton et al., 2018; Ryglicki et al., 2018a; Ryglicki et al., 2018b;
Li et al., 2020) found that TCs can experience an RI under
moderate VWS (e.g., 5–10 m s−1). For this atypical class of
TCs underwent RI, it is hypothesized that they are closely

associated with the tilt-modulated convective asymmetries
(TCA). The TCAs, characterized as collections of updrafts,
move towards upshear flank to enhance upper-level outflow.
The enhanced outflow converges with the environmental
winds, creating a dynamic high pressure to decelerate the
environmental winds and thus reduced the VWS. Corbosiero
and Molinari (2002) suggested that the deep divergent
circulations in the active TC can reduce the VWS and act to
minimize the tilt of the TC.

Under various VWSs, TC intensity is largely determined by
the vertical alignment of TC circulations (Zhang and Tao, 2013)
with some conceptual models for the interpretations (Wong and
Chan, 2004; Zhang and Kieu, 2006). However, how the VWS
precisely influences the convection pattern, and thus the vertical
alignment remains unclear. For example, Molinari et al. (2006)
pointed out that TC intensification can be promoted under a
sheared environment when a TC undergoes a “downshear
reformation” to suppress the ventilation effect. This differs
from the “upshear realignment” process discussed above. We
attempt to explore this scientific question by investigating super
typhoon (STY) Lekima (2019) through numerical simulation. As
will be shown later, Lekima underwent an RI under moderate
upper-level VWS. Some recent studies (Dai et al., 2021; Shi and
Chen, 2021) have focused on the different aspects of these
particular TC structures (i.e., warm core and asymmetric
rainbands). Dai et al. (2021) investigated the quasi-periodic
intensification of convective asymmetries in the outer eyewall
during the mature stage. In this study, we focus on an early stage
(during the period of RI), and the main focus is on the possible
interaction between upper outflow and TCA.

The article is organized as follows. In Model Configurations
section, the numerical model used for the simulation and its
configuration are described. The simulated results are presented
in Environment of Lekima section. The physical understanding is
given in Simulated Results section. Finally, discussion and
summary are given in the last section.

MODEL CONFIGURATIONS

In this study, the Advanced Research Weather Research and
Forecasting model (WRF-ARW; version 3.9.1; Davis et al., 2008)
is used. Four-nested domains with the horizontal grid spacings of
27, 9, 3, and 1 km, respectively, are configured with two-way
interactions between each domain. The outermost domain covers
a region of (90°E–155°E, 0°–40°N) (not shown). The vortex-
following technique is used to allow the TC-vortex to be
always located near the center for the second and the
innermost moving-nested domain. There are 45 uneven σ
levels in the vertical using terrain-following extending from
the surface to the model top at 10 hPa. The model physics
includes a Lin microphysics scheme (Lin et al., 1983),
including six classes of hydrometeors about water vapor, cloud
water, rain, cloud ice, snow, and graupel. Kain–Fritsch convective
scheme (Kain and Fritsch, 1993) is applied for the outermost
domain only, and YSU turbulent mixing scheme for boundary
layer parameterization. For the radiation process, Dudhia
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shortwave radiation (Dudhia, 1989) and Rapid Radiation
Transfer Model (RRTM) longwave radiation parameterization
scheme (Mlawer et al., 1997) are used.

The initial and boundary conditions are obtained from 1° × 1°

National Centers for Environmental Prediction/Final Analysis
data (NCEP/FNL), which has 34 layers from 1,000 to 40 hPa at 6-
hour intervals. The RI period of TC is from 1200 UTC 06 to 1200
UTC 08 August. The initial time of the numerical simulation is at
0000 UTC 06 August 2019. The integration lasts for 3 days from
06 to 08 August, which covers the period of RI for Lekima.

ENVIRONMENT OF LEKIMA

Lekima (2019, 09W) was first monitored as a tropical disturbance
by the Joint Typhoon Warning center (JTWC) on 0600 UTC 04
August 2019. The storm strengthened and became a typhoon on
1200 UTC 06 August. At that time, the minimum central pressure
was estimated to be 985 hPa. The intensity of the typhoon
continued to develop. On 0600 UTC 08 August, it reached
STY category with a minimum central pressure of 912 hPa
and maximum wind speed of 75 m s−1. The typhoon weakened
slightly on 1800 UTC 08 August. Figure 1 presents the
circulations on 200 and 500 hPa at the initial time of our
simulation on 0000 UTC 6 August. TC is located to the
southern-east flank of the upper-level anticyclone on 200 hPa.
Figure 1B shows that TC is mainly embedded in the cyclonic
circulation on 500 hPa. And the typhoon was affected by the
straight east wind located to the north flank of the typhoon on

500 hPa. The vertical structure of the anticyclone is shallow and is
confined in the upper level.

The simulated track and intensity are compared against the
Japan Meteorological Administration (JMA) best-track data
(Figure 2). Generally, the simulation captures reasonably well
the storm’s northwestward movement. Furthermore, the
intensity forecast is very close to the best track estimate. The
averaged sea surface temperature from 0000 UTC 6 August to
0000 UTC 8 August is relatively high (above 29°C) which is
beneficial to the development of the typhoon (Figure 2A). During
the integration period from 0000 UTC 6 August to 0000 UTC 8
August, the central pressure of the storm fell 65 hPa within a 48-h
period, which satisfies the criteria for RI for western North Pacific
TCs (Wang and Zhou, 2008). With the good track and intensity
prediction, the RI processes can be analyzed with detailed
structure using the simulation as the proxy of the real
atmosphere.

Upper-Level VWS
There is an asymmetry of Rossby waves under the vertical shear
(Wang and Xie, 1996). That is, the amplitude of wave is enhanced
(weakened) at the lower troposphere under easterly (westerly)
shear. With this regard, the easterly shear favors a greater
amplitude of wave at the lower level and thus a stronger
air–sea interaction. We define the wind difference between 200
and 500 hPa as the upper-level shear. Figure 3 presents the time
evolution of the vertical profiles of the steering flows and the
evolution of VWS in the vicinity of Lekima averaged within a 500-
km radius centered on the storm and with the TC vortex

FIGURE 1 | Circulation on (A) 200 hPa and (B) 500 hPa (shown as streams with wind speeds shown as shaded; units: m s−1) on 0000 UTC 06 August. The
hurricane symbol represents the position of Lekima near the surface, and “H” represents the anticyclonic vortex center on 200 hPa.
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removed. The spatial filtering technique (Hendricks et al., 2011)
was used to separate the TC-scale circulation and the large-scale
circulation. Specifically, the component with wavenumber greater
than 500 km is used to present the environmental flows. The
initial magnitude of VWS from 850 to 200 hPa is 12 m/s, which is

in the range of moderate-to-strong shear (Molinari et al., 2004;
Molinari et al., 2006; Ryglicki et al., 2019). During the period of
interest, the magnitude of VWS progressively decreases, albeit
with some oscillations. The environmental winds change from
southwesterly to southerly below about 500 hPa to nearly
uniform easterly above. To further investigate the vertical
structure of the VWS (not shown), the vertical profiles of the
zonal components of the VWS show a prevailing easterly
(westerly) wind appears at the upper (lower) level with a
transition layer at about 500 hPa on 0000 UTC 06 August and
0000 UTC 07 August. The upper level VWS from 500–200 hPa is
about 6 m s−1 and the lower level VWS from 900–500 hPa is
about 4 m s−1. On 0000 UTC 08 August, the easterly wind became
very small at lower levels so that the VWS is mainly located in
upper levels. During the first 48 simulation hours, a southerly
wind appears below 350 hPa and a weak northerly wind appears
up to 350 hPa. The northerly wind changed to the weak southerly
wind on 0000 UTC 08 August. In short, the meridional
component of the VWS is about 6 m s−1 during the whole
integration.

What kind of synoptic weather pattern results in such upper-
level VWS? To answer this question, we go back to the 200 and
500 hPa circulation presented in Figure 1. The anticyclone is
confined in the upper level and disappears on 500 hPa. Hoskins
et al. (1985) shows that the lowest vertical extent of the upper-
level cyclonic potential vorticity (PV) anomaly is 800 hPa, while
the lowest vertical extent of the upper-level anticyclonic PV
anomaly is 300 hPa. Notice that the TC is located to the
southern flank of the upper-level anticyclone. This pattern
agrees well with the findings by Ryglicki et al. (2018a) and
Ryglicki et al. (2018b). The authors pointed out that, the
upper-level anticyclone generally creates moderate upper-level
VWS, and TCs embedded in such environment likely have a
potential to undergo RI. Compared with upper-level VWS, a

FIGURE 2 | (A)Observed and simulated track and the 2-day averaged sea surface temperature from 0000 UTC 6 to 0000 UTC 8 August (shaded; units: °C) and (B)
the intensity of Lekima from 0000 UTC 6 to 0000 UTC 8 August 2019.

FIGURE 3 | Time evolution of the vertical profiles of (A) the steering flows
(units: m s−1) and (B) the wind shear (200–850 hPa; units: m s−1) from 6 to 8
August. Black line is the total wind speed for the VWS, red line is the zonal
component and the blue line is the meridional component of the VWS.
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lower-level shear is more detrimental to TCs (Rhome et al., 2006;
Zeng et al., 2010; Wang et al., 2015; Finocchio et al., 2016). Since
Lekima undergoes a RI process under moderate upper-level
VWS, a question arises here is what processes account for the
RI of STY Lekima in the presence of the VWS? To address this, we
will focus on the realignment process and the tilt-modulated
convective asymmetries during the RI period.

SIMULATED RESULTS

Evolution of Convective Asymmetries
As shown in Figure 2, the intensity change of Lekima is fairly well
captured in our numerical simulation. In this section, we examine
the evolution of storm structure and convective activity during
the period of the RI. In the presence of VWS, the tilted vortex
generally induces asymmetric wavenumber one structure of
convection. That is, a prolific convection usually occurs at the
downshear-left quadrant in the Northern Hemisphere. To
illustrate such asymmetric feature, Figure 4 displays the
distribution of the convection represented by the simulated
vertical velocity from 0900 UTC 6 August to 1000 UTC 7
August every 20 min. The CBs are defined as the cells with

vertical velocity greater than 2 m s−1 from 0.5 to 10 km in each
level. Here the vertical velocity field at the height of 10 km is
selected to represent the CBs. The VWS is mainly the northeast
easterly vertical wind shear. The simulated convective
asymmetries are evident, with more extensive, more active
convection located to the southwest of the storm center, and
the convection moves inward and counterclockwise with time.
Figure 5 presents the simulated hourly rainfall and the satellite-
observed infrared brightness temperatures for comparison during
the simulated RI period. The asymmetry distribution of the
hourly rainfall is located in the downshear-left quadrant near
the storm center at the simulation of 12 h. The distribution of the
hourly rainfall becomes more symmetric with time. Initially, the
strong convective cloud band represented by the coldest
temperature occurs to the southwest section of TC center.
During the period of interest, the strongest convection is
expanded to the upshear side, and the eyewall cloud becomes
more symmetric. Meanwhile, the inner cloud band within 200 km
from the center of the TC extends southeastward, and it
corresponds with the outflow at the top; both move upshear
flank with time. In general, the simulated asymmetry agrees fairly
well with the satellite-observed infrared brightness temperatures
(Figures 5D–F).

FIGURE 4 | Time evolution of the 10-km vertical velocity (shaded; units: m s−1) from 0900 UTC 6 August to 1000 UTC 7 August every 20 min. Black circles are radii
at every 50 km. Black arrows are the shear direction.
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The deep convection represented by the CBs is akin to the so-
called vortical hot towers (VHTs) described in Hendricks et al.
(2004) and Montgomery et al. (2006). During the early
development stage of Lekima (i.e., 1200 UTC 06 August 2019),
the convective asymmetry originates over the southwest sector to
the storm center. With times, the most active convection moves
anticlockwise, and approaches to east flank of the storm
(Figure 5). This evolution feature bears many similarities as
previous studies (Ryglicki et al., 2018a; Ryglicki et al., 2018b;
Li et al., 2020), indicating that an inward-spiraling inner cloud
band moves to upshear flank to form the eyewall cloud. This
process agrees with Moon and Nolan (2010), in which they
proposed a hypothesis that inner rainbands are simply
convective clouds advected by the rapidly rotating TC wind,
and then likely deformed into spiral shapes. Through
axisymmetrization, the entity likely provides a source of
vorticity for the developing inner core.

In short, the simulation demonstrates that in the presence of
the VWS, strong CBs occur at the left-downshear section and

then are transported cyclonically into the upshear section to form
the eyewall. During this period, the magnitude of VWS is
gradually reduced (Figure 3). In response to the shear
reduction, the tilting of vortex is reduced and becomes almost
vertically realigned. To demonstrate this feature, Figure 6
displays the horizontal distribution of low and upper-level
circulations in the simulation. Initially, there is an obvious
displacement between the lower-level and upper-level
circulation centers (i.e., 00 UTC 06 August), with the upper-
level circulation center located about 80 km southwest of the
lower-level center. During the period from 6 to 7 August, along
with the reduction of VWS, the horizontal displacement between
mid- and upper-level centers becomes quite small (i.e., less than
10 km), indicating a vertical realignment process.

Ryglicki et al. (2018a) and Ryglicki et al. (2018b) pointed out
that, while the TCAmoves towards upshear flank, the cumulative
effect of the continuous convective events is to push the upper-
level upshear environmental winds away from the TC center. As a
result, this dynamical process reduces the local wind shear and

FIGURE 5 | Upper panels: Snapshot at 12, 18, and 24 h of the simulated hourly rainfall and the outflow (black vectors; units: m s−1) at 17 km starting on 0000 UTC
6 August. Lower panels: the time evolution of the satellite-observed infrared brightness temperatures from 0000 UTC 7 August to 0000 UTC 8 August on the NOAA
website. The white dashed box in the bottom panels is the 200 × 200 km area centered by the TC, covering the same area as in the top panels.
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helps vortex realignment. To illustrate the evolution features of
TCA, Figure 7A displays the time-azimuthal cross section of
vertical velocity averaged within the radius of 60–180 km. The
azimuthal angle 0° is defined here as due north, and 180°

represents southward since it rotates clockwise. It is apparent
that the strong vertical motion origins constantly around the
azimuthal angle of 270° (downshear flank) and then propagates
counterclockwise to about 90° (upshear flank). Figure 7B
presents the time-radius cross section of the vertical velocity
azimuthally averaged from 90° to 270°. It shows that strong
ascending motion moves radially inward from 1300 UTC 6
August to 1500 UTC 6 August and then stays close to the

RMW, reflecting that the CBs moves closer to the RMW
before and during RI.

In short, our simulation shows the evolution characteristics of
Lekima in which periodically generated asymmetric convective
cloud bands are wrapped cyclonically into the upshear flank of
the eyewall. To reveal their possible roles on the RI, Fourier
decomposition is used to extract the azimuthal wavenumber-1
component of vertical mass fluxes at 17 km from 0800 UTC 06
August to 1900 UTC 06 August (not shown). Clearly, the
asymmetry maximum is initially located in the downshear-left
quadrant, which is outside the RMW (about 60 km). With time,
the maximum shows a cyclonic movement and approaches the

FIGURE 6 | Horizontal distribution of low (0.25-km; black stream) and upper (10-km; red stream) level cyclonic circulations on 0000 UTC 06, 1800 UTC 06, and
1200 UTC 07 August. The (0,0) represents the center of the low-level cyclonic circulation.

FIGURE 7 | Time revolution of the vertical velocity (m s−1) at 10-km, (A) radially averaged from 60 to 180 km and (B) azimuthally averaged from 90° to 270°. Azimuth
angles aremath convention, such that the azimuthal angle 0° is defined as north (right of shear), 90° is defined as east (up shear), 180° represents southward (left of shear),
and 270° represents westward (down shear).
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RMW. This reflects the progressive cyclonic precession of the
convective complex and more active convection near or within
the inertially stable TC core for TC intensification, consistent

with previous studies (Nolan et al., 2007; Vigh and Schubert,
2009; Finocchio et al., 2016). By comparing the composites for the
relatively early onset of RI members and the late onset of RI

FIGURE 8 |Radial distribution of CBs, shown as which shows the percentage of the CBs at each radial distance (bar; w > 2 m s−1; units: %) and the tangential wind
(shaded; units: m s−1) with respect to the RMW on 0900 UTC 06 and 1000 UTC 07 August.

FIGURE 9 | Time evolution of radial eddy vorticity flux (−V’
rζ’ , shading; units: 1 × 10−3, m s−2) at 17-km from 0900 UTC to 1200 UTC 06 August.

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7395078

Huang et al. Asymmetric Convection During Rapid Intensification

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


members, Li et al. (2020) suggested the early RI members with
high environmental moisture and weak ventilation show the
asymmetric convection develops actively and moves from the
downshear side to the inner core to reduce the tilting of the TC.
However, the late RI members under the stronger VWS show
larger ventilation that is not conductive to TC intensity.

From a physical perspective, a larger vertical mass flux implies
more pronounced diabatic heating. Furthermore, the closer the
diabatic heating to the RMW where the inertial stability is the
largest, the larger the conversion rate of heating to the kinetic
energy. To understand this dynamic and thermodynamic aspect,
the radial distributions of CBs relative to the RMW are plotted at
two given times from our simulations (Figure 8). The radial
distribution of CBs shows the percentage of the CBs at each radial
distance normalized by the RMW at the height of 1.5 km. Since
the RMW evolves with time, the CBs distribution is displayed
with the x-axis normalized by the corresponding RMW at each
time snapshot. Notice that the radial distributions of CBs exhibit
a marked difference with respect to RMW between these two
times. At the early stage (i.e., 0900 UTC 06 August), the radial
distribution of strong convection mostly stays away the RMW.
With time, CBs near the RMW increase, and start to move inward
and closer to the RMW as shown on 1000 UTC 07 August. This
agrees with previous studies (Rogers et al., 2016; Hazelton et al.,
2017), namely, CBs need to occur inside, not outside the RMW, in
sufficient numbers for genesis and intensification (Braun, 2013).

The axisymmetrization processes associated with rotating
convective updrafts in and around the developing eyewall

region have been shown to contribute to an enhanced
secondary circulation (Montgomery et al., 2014;
Montgomery and Smith, 2014; Smith et al., 2017; Chen
et al., 2018). To further assess the dynamical influences of
these eddies on the TC intensification, we calculate the term
−V’

rζ’ at 17 km (Figure 9), where V’
r is radial inflow anomaly

and ζ’ is the vorticity anomaly. Dynamically, the positive value
implies that the eddies will enhance the mean circulation.
These eddies are defined as the positive cyclonical vorticity.
The positive vertical velocity is mainly located in the
downshear-left quadrant and moves to the upshear
quadrant (Figure 4). As expected, the spatial pattern clearly
shows the asymmetric structure with the positive value
dominated in the downshear-left section. Figure 10 displays
the time-radius cross section of eddy vorticity fluxes at the
height of 17 km. Once again, the positive value exhibits
consistent and periodic inward propagation, coinciding with
the inward propagation of asymmetric convective band.
Consequently, the positive value helps spin up the upper-
level inner-core circulation.

To summarize, under moderate upper-level easterly VWS, TC
exhibits a wavenumber-one TCA indicated by strong upward
motion to the downshear-left side of the storm. This tilting-
induced convective asymmetry, which resembles the inner
convective bands (ICBs), is then transported and/or wrapped
inwards to the upshear quadrant to form an eyewall. Along with
the continuous development of inward-penetrating ICBs, the
vortex starts to undergo vertical realignment. Since the deep

FIGURE 10 | Time-radius cross section of radial eddy vorticity flux (−Vr′ζ′ , shading units: 1 × 10−3, m s−2) at 17-km from 1200 UTC 06 to 0400 UTC 07 August.
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CBs are the nature source to drive TC outflow, we will examine
the evolution of TC outflow structure in the following section.

Evolution of Outflow Structure
For a TC with RI, one pronounced feature is a strong upper-level
outflow jet with an open circulation (Merrill, 1988). Generally, a
strong outflow channel will efficiently ventilate the mass from
storm center, resulting in a rapid falling of sea-level pressure.
Previous studies suggested that outflow serves to divert and to
block the environmental flow at upper levels (Elsberry and
Jeffries, 1996; Ryglicki et al., 2019). Under favorable
circumstances, the outflow could reduce VWS in the upper
levels near the storm, allowing it to intensify.

Following Finocchio et al. (2016), the upper-level horizontal
circulation is decomposed into the divergent and rotational
components, respectively. Figure 11 presents the time
evolution of divergent wind (top panels) and rotational wind
(bottom panels) at the height of 17 km. Initially, two divergent
flows occur at this level: one is close to the storm center and the
other is located to the downshear-left region, coinciding with the
TCA. With time, the latter appears to approach the vortex center
so that the strongest divergent winds are concentrated in the

upshear flank. The repeated generation of TCA moving
cyclonically and forming an eyewall is speculated that this
process greatly enhances the upper divergent flows. The
enhanced divergent flow acts as an important source of the
blocking to the environmental flow and thus the reduction of
VWS (Ryglicki et al., 2018a, Ryglicki et al., 2018b). Meanwhile,
the rotational wind is reinforced as part of an anticyclonic
circulation to the eastern flank of the storm center.
Accordingly, an open outflow channel is established.

In the presence of outflow channels in the vicinity of the TC, it
is reasonable to expect less energy expenditures since the outflow
channels can provide low inertial stability so that minimal work is
required to vent the outflow against the radial pressure gradient.
Furthermore, as the outflow channels extend outward to a wider
area, it may change the environmental conditions and thus their
effect on core convection and tropical cyclone intensity. We will
examine the relationship of the ambient upper-level outflow and
the organization of TC convective entities. Two possible
mechanisms may account for their interactions. On the one
hand, the organized outflow plays an important role in
sustaining the inner-core deep convection in developing TCs.
It stands to reason that, as a branch of the secondary circulation,

FIGURE 11 | Time evolution of the divergent winds (top panels; units: m s−1) and rotational winds (bottom panels; units: m s−1) at 17-km height from 0700 UTC 6
August to 0000 UTC 7 August. Red × is the low-level center of the storm.
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strong outflow would curtail subsidence adjacent to the updrafts in
the storm core. As such, this ventilation away from the core would
promote compensating subsidence farther away from TC center
(Pratt and Evans, 2009). On the other hand, this setup promotes a
prolific deep convection, which is the natural source to drive the
outflow. With these regards, it is important to understand how the
outflow channel influences the convective activity bymodulating the
environmental conditions. To address this question, we take a close
look at the storm’s structure at upper levels.

Figure 12 displays the radius-height cross sections of the
azimuthal mean temperature anomaly at four snapshots during
the RI period. The temperature anomaly is relative to the area
average between 300 and 500 km away from the storm center at each
level. In early stage, there is an intense cold anomaly at the upper
troposphere just above 17 km (Figures 12A,B). With time, this cold
anomaly extends outward and gradually weakens and is replaced by
the warm anomaly when the storm intensifies. Along with the rapid
intensification, both the magnitude and height of the warm core
increase. By 0000 UTC 8 August, the warm core is well established
throughout the troposphere (Figure 12D). This is consistent with
the finding by Rivoire et al. (2016).

Using temperature retrievals from the remote sensing platforms,
Rivoire et al. (2016) examined the evolution of the fine-scale
temperature structure within TCs. The authors found that the
convective structure evolves highly asymmetrically with respect to
the lifetime maximum intensity (LMI). More specifically, relative to
the far-field structure, tropopause-level cooling occurs before a
tropospheric TC warm core is established. In the present study,
we also identify similar evolution feature. That is, the tropopause-
level cooling precedes the warm core signal andmove away from the
storm during the RI period. Rogers et al. (2013) found that, the
complex relation between the tropopause level cooling and the
convective bursts is beneficial to intensifying TCs. We will
investigate the possible processes leading to such cold anomalies.

Physically, both the long wave radiation due to the cloud anvils
and the adiabatic cooling associated with deep CBs can contribute to
the upper-level cooling. It is likely that, when the upper-level outflow
jet channel is established and extends to a broader horizontal area, it
can carry the hydrometers away from the storm center and forms a
large cloud anvil. Gao et al. (2020) suggested that, compared with
lower-layer VWS, upper-layer VWS is apt to produce stronger
upper-level outflow in the downshear-left quadrant. This stronger

FIGURE 12 | Time evolution of the radius-height cross sections of the azimuthal mean temperature anomaly (units: K) from 1200 UTC 6 August to 0000 UTC 8
August.
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outflow transports more water vapor radially outward from the
inner core to the outer core in the downshear-left quadrant, resulting
an organized stratiform cloud in the outer rainbands. The cloud avail
will bring about a cooling due to the longwave radiation process. For
further understanding, the upper-level hydrometers and
temperature tendency due to radiation (Qr) at 18 km are
examined in Figure 13. As anticipated, there exists a large
portion of hydrometers (mostly are ice and snow) in the
downshear-left quadrant, since the outflow channel goes
southwestward. Furthermore, there is an asymmetric pattern in
Qr with the minimum located in the downshear-left quadrant.
These radiative patterns are consistent with the signatures of
thick anvils.

Using a cloud-resolving model, Kuang and Hartmann (2007)
demonstrated that convection has a cooling effect in the
tropopause layer that significantly affects the thermal structure
of the environment. In particular, the cold anomaly in the
tropopause layer is found to be strongly tied to the convective
cooling maximum. Here we calculate the dynamical cooling
effect, which is formulated as follows:

Qdyn � −w(zzT + g

Cp
), (1)

wherew is the vertical velocity, T is temperature,Cp is the specific
heat of dry air at constant pressure, g is the gravity constant, −zzT
represents the environmental lapse rate (γ), and g

Cp
is the dry

adiabatic lapse rate (cd).
Figure 14 presents the time evolution of the averaged 6 h radius-

height cross section of the azimuthally averaged dynamical cooling
effect (Qdyn), the temperature tendency due to the radiation (Qr), and
the diabatic heating due to the microphysics (Qht) and sum of the
three terms from the height of 15–20 km from 0700 UTC 06 to 1300
UTC 06, 1300 UTC 06 to 1900 UTC 06, and 1900 UTC 06 to 0100
UTC 07 August. There is a dynamical cooling corresponding to the
deep CBs. Conversely, the sinking motion may produce a dynamical
warming in associationwith awarm anomaly. In the tropopause layer,
there is indeed pronounced dynamical cooling at the storm center,
which is closely associated with the updrafts of the deep CBs. The
dynamical cooling by the inner updrafts is gradually increasing from
0700 UTC 06 to 0100 UTC 07 August, and the adiabatic cooling
extends outward from the inner core with time. However, the
microphysics heating remains basically stable. It is possible that,
due to the scarcity of upper-level moisture supplies, the diabatic
heating due to the microphysics cannot offset the adiabatic cooling
and thus partially accounts for the upper-level cooling anomalies.
Furthermore, the upper-level thermodynamical structure will modify

FIGURE 13 | Time evolution of the hydrometers (contour; units: g/kg) and temperature tendency due to radiation (Qr, shaded; units: K/h) at 18-km from 0700 UTC
06 to 0100 UTC on 07 August.
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the static stability, which is possibly the primary driver of the
invigoration of deep convection (Willoughby, 1998; Ruppert and
Hohenegger, 2018), namely, cold anomalies at the tropopause
locally destabilize the atmosphere, which enhances the deep
convection and thus promote the development of outflow channels.

In short, the cold anomalies precede the establishment of a
strong warm core, and this might reinforce the secondary
circulation and indirectly stiffen the vortex against VWS.
Recall that the strong deep CBs are mainly located to the
downshear-left section, collocated with the outflow channel.
To better understand the origin of convective updrafts, we
now calculate the vertical velocity tendency due to the local
buoyancy production, which is defined as follows:

dw

dt
� g

T′
T
, (2)

where the bar represents the azimuthal-mean, and the prime
indicates the asymmetric component deviated from the

azimuthally averaged. Figure 15 presents the snapshots of
spatial pattern of acceleration of vertical velocity due to the
buoyancy. The largest vertical accelerations are confined at the
southwestern flank of the storm center, where largely underneath
the strongest upper-level cooling anomalies (Figure 13). To
summarize, the upper-level thermal structure has shown a
modulating effect on the TC intensification. However, the
detailed underlying processes are less apparent. This
interesting topic awaits for further studies.

CONCLUSION AND DISCUSSION

Finocchio et al. (2016) showed that, as with many other
studies, the vertical wind shear (VWS) is in general not
favorable for the TC intensification. However, the upper-
level VWS has slightly less influence on the TC intensity
than the low-level VWS. Super typhoon Lekima (2019) in
the western North Pacific went through RI under an upper-

FIGURE 14 | Six-hour averaged radius-height cross section of the azimuthally averaged thermodynamical structure and the vertical velocity (contour; units:m s-1) in the
inner core between 15 and 20 km height from 0700 UTC to 1300 UTC 06 Aug (the first row), 1300 UTC to 1900 UTC 06 Aug (the second row), and 1900 UTC 06 to 0100
UTC 07August (the third row). The first column: sumof the three terms to the right (shaded; units: °K/h); The second column: dynamical cooling effect (Qdyn) (shaded; units: K/
h); the third column: temperature tendency due to radiation (Qr) (shaded; units: K/h); the fourth column: diabatic heating due to microphysics (Qht) (shaded; units: K/h).
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level VWS, defined between 500 and 200 hPa. In this study, a
comprehensive analysis of Lekima is conducted using a
numerical simulation. The focus is on the inner convection
process and its relation with the cold anomalies at the
tropopause under the upper level VWS during the RI
process of Lekima. The main findings are summarized as
the follows:

1) Under moderate upper-level easterly VWS, a wavenumber-
one convective asymmetry indicated by strong upward
motion and large reflectivity occur to the downshear-left
side of the storm center in the initial stage. This tilting-
induced convective asymmetry, constituted by ICBs, is then
transported cyclonically to the upshear quadrant and wraps
around the storm center and becomes as part of the eyewall.
The upward motion is further enhanced, particularly in the
upshear flank, to create upper-level divergent flow. As such,

the establishment of outflow divergent flow acts against the
environmental flow to reduce the VWS. The vortex starts to
undergo vertical realignment. Accompanied with the
synchronization between the mid- and low-level
circulations, there is the repeating development of inward-
penetrating ICBs that eventually forms the eyewall.

2) In turn, upper-level conditions exert a modulating effect on the
TC intensification, specifically the development of an outflow
channel that evacuates mass from the storm center. The
organized outflow plays an important role in sustaining the
inner core deep convection via modulating the upper-level
thermal structure. In the early stage, cold anomalies are
generated in the tropopause layer, mainly due to the
adiabatic cooling by the deep ICBs and radiative process
associated with the cloud anvil. Physically, cold anomalies at
the tropopause locally destabilize the atmosphere, enhance the
deep convection, and thus promote the development of outflow

FIGURE 15 | Evolution of the effective buoyancy acceleration (shaded; units: m s−2) and vertical velocity (contour; m s−1) at 10-km from 0700 UTC 6 August to
0100 UTC 7 August.
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channels. The eyewall cloud continues to develop episodically
through this process as it wrapped around the storm.

Our simulation reveals that the development of the eyewall
occurred as a convective band wrapped inward from the
downshear-left sector, which is closely related to the vertical
realignment of the sheared vortex, in particular the alignment
vertically over the upshear quadrants. This process suggests a
different pathway of TC RI from the one described by Molinari
et al. (2006), in which TC intensification under a sheared
environment can be promoted when a TC vortex undergoes a
“downshear reformation” to suppress the ventilation effect.
Specifically, a new vortex is generated by the downshear
convection, becomes the new storm center, and then intensifies
through the combination of surface enthalpy fluxes and the absence
of penetrative downshear-right downdrafts. It is argued that this
intensification process was set intomotion by the vertical wind shear
in the presence of an environment with upwardmotion forced by the
approaching upper tropospheric trough.

Finocchio et al. (2016) indicates the complexity of different
VWS patterns, and different convective asymmetric structures
likely result in different outcomes for the intensification of a TC.
To gain better understanding, simulations with different initial
vortex structures and environmental conditions will be
conducted in the future. For instance, the different structure of
initial vortices (i.e., sizes and vertical depths) may provide sources
of uncertainty for RI, since the vertical realignment will depend

on these size factors. Furthermore, the heterogeneous
environmental moisture conditions are also important for the
asymmetric convective structure. More future works will focus on
these topics.
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