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Based on ground-based Doppler radar data with high spatial and temporal resolution, our
study focuses on rapid intensification (RI) of a sheared tropical cyclone (TC). The
asymmetric inner-core structure and its impact on RI are presented using the
Advanced Regional Prediction System-3DVAR. The time evolution of the TC inner-core
characteristics shows that Meranti experiences two stages of RI: the asymmetric dominant
period and the axisymmetric dominant period. The comparison between the two RI stages
shows that the vortex intensified more in the asymmetric stage than the axisymmetric
stage. The wavenumber-1 component introduced by the vertical wind shear dominates
the asymmetric structure. In the moderate-to-strong shear environment, deep convection
occurs mainly in the downshear-left quadrant, generating substantial diabatic heating in
the downshear region. Under a suitable inner-core structure configuration, the downshear
vortices are entrained cyclonically inward, resulting in RI. It is the interaction between the
axisymmetric inner-core structure of the TC and the mesoscale vortex that controls the
intensification process, which can be replicated by the nondivergent barotropic model with
a similar initial field. This infrequent case provided observation of RI during a strong shear
period, which suggests that the inner core structure is vital for TC RI.
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INTRODUCTION

Rapid intensification (RI) is defined as a maximum sustained surface wind speed increase of 15 m s−1

(30 kt) over a 24-h period (Kaplan and DeMaria 2003). Forecasting tropical cyclone (TC) intensity is
one of the most difficult problems in atmospheric science. Although the intensity guidance of TCs
has achieved statistically significant improvements in the past few decades, forecasting RI of TCs
remains problematic (Brown 2017). The RI of typhoons often causes significant economic losses,
which also makes research on RI a popular and challenging topic at present. Houze (2010) noted that
the evolution of small-scale structures in typhoon cores is closely related to RI. From the perspective
of the influence of the typhoon core structure on strength, previous studies can be divided into those
focused on axisymmetric and asymmetric TC structures.

In axisymmetric structures, eyewall contraction and diabatic heating near the radius of maximum
wind (RMW) are important manifestations of RI of TCs. According to the literature, depending on
the model, Li et al. (2021) indicated that diabatic heating inside the RMW and radial inflow near the
RMW increase, leading to a substantial increase in radial absolute vorticity flux near the RMW and
thus rapid TC intensification. Nolan and Grasso (2003) and Nolan et al. (2007) found that even if
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diabatic heating shows a significant asymmetric distribution, its
projection in the axisymmetric direction can still determine the
strengthening intensity of TC. It is not simply the presence or
even the amount of diabatic heating, but the radial location and
the symmetry of precipitation that are more important to RI
onset (Chen et al., 2018). In recent years, with the continuous
improvement and enrichment of radar, satellite, drop sounding,
and other observation technologies, the understanding of the TC
inner core structure and its influence on intensity change has
been constantly improving. In particular, ground-based radar is
the only high spatial-temporal resolution remote sensing
platform that can continuously observe the three-dimensional
structure of offshore TCs. Since the establishment of the WSR-
88D radar network in the United States and the CINRAD WSR-
98D ground-based radar network in China, many radar
observation data of offshore RI of TCs have been collected.
Statistical analysis of the best-track data for the North Atlantic
between 2000 and 2017 indicates that convective heating
associated with deep convective clouds appearing toward the
storm center is important for RMW contraction, and sufficient
amounts of convective heating are important for intensification
(Wu and Ruan 2021). Case studies of hurricanes (e.g., Blackwell
2000; Lee and Bell 2007; Zhao et al., 2008) also revealed the
process and relatedmechanism of axisymmetric RI. In addition to
ground-based radar, studies using satellite observations (Lin and
Qian 2019) and airborne radar (Black et al., 1996; Rogers et al.,
2013) have discussed the structural characteristics of RI of TCs.

The asymmetric structure also has an important influence
on the TC strength. Generally, the main factors causing the
asymmetric structure include environmental vertical wind
shear (VWS), movement, sea and land impact, and vortex
Rossby waves. Under a strong VWS, the large value area of
wavenumber-1 energy mainly appears in the downshear-left
quadrant (Corbosiero and Molinari 2002; 2003). Further
studies indicate that the lightning active area in the TC core
narrowed if VWS increased (Abarca et al., 2011). When the
VWS is small, the effect of the TC movement on the energy
distribution of wavenumber-1 becomes significant
(Corbosiero and Molinari 2003; Lonfat et al., 2004; Chen
et al., 2006). Generally, VWS is the main factor that
determines the convection asymmetry in the eyewall, and
factors such as movement velocity only adjust the
convection distribution (Hence and Houze 2011; 2012).
Some studies have shown that moderate to strong shear can
contribute to intensification through the occurrence of
vigorous deep convection, called convective bursts, inside
the RMW on the downshear side (Reasor et al., 2009;
Molinari and Vollaro 2010; Nguyen and Molinari 2012;
Shimada and Horinouchi 2018). Sitkowski and Barnes
(2009) further found that when RI occurred, convection to
the left of the downwind quadrant was repeatedly entrained
into the vortex center. Such asymmetric junctions have been
observed in many rapidly intensifying TC observations (e.g.,
Corbosiero and Molinari 2003; Chen et al., 2006; Ryglicki et al.,
2021) and model literature (e.g., Frank and Ritchie 2001; Xu
and Wu 2005; Riemer et al., 2010). The contribution of these
strong convective bursts to RI is mainly reflected in two

aspects: 1) The adiabatic warming of the upper descending
branch is conducive to the formation of the upper warm
center. According to the static equation, the upper warm
center will more effectively reduce the pressure in the
typhoon center, and the gradient force of the lower pressure
increases, forcing the inflow strength, facilitating angular
momentum convergence to the typhoon center, and
accelerating the main circulation (Guimond et al., 2010). 2)
The vertical stretching of the vortex tube caused by diabatic
heating of the convective position and the subsequent axial
symmetry of the horizontal vorticity accelerate the main
circulation.

Although previous studies have discussed several asymmetric
mechanisms that may lead to RI, such as vortical hot towers
(Hendricks et al., 2004; Montgomery et al., 2006; Reasor et al.,
2009) and the transition from asymmetric structure to
axisymmetric structure (Schubert et al., 1999; Kossin and
Schubert 2001; Persing and Montgomery 2003; Cram et al.,
2007), these enhancement mechanisms are mainly based on
model simulation results or airborne radar data analysis. In
the past, due to the lack of observational data, a numerical
simulation method was used to discuss the case study of RI of
TCs in the coastal areas of China, which lacked high spatial and
temporal structure observations and quantitative analysis of RI
typhoon inner cores. With the recent deployment of the Chinese
next generation Weather Surveillance Radar 1998 Doppler
(CINRAD WSR-98D) network and the Taiwan operational
radar network, effective assimilation of high-resolution data
from these radar systems into numerical weather prediction
models for improving landfall of TC structure analysis
provides foundational support for the study of mesoscale
structural characteristics of the rapidly intensifying TC inner
cores in the northwest Pacific Ocean. Meanwhile, the continuous
development of Doppler radar wind field inversion technology
and numerical models also provides a reliable analysis method for
quantitative study of the inner core structure and evolution
characteristics of offshore rapidly intensifying TCs. For
example, Zhao et al. (2012) used Advanced Regional
Prediction System (ARPS)-3DVAR to assimilate multiple radar
data, significantly improved the analysis and forecast field of TC
Meranti (2010) through cyclic assimilation analysis, and
accurately reproduced the RI process of Meranti. The
establishment of an observation network and the improvement
in model analysis methods are helpful in studying the time
evolution of inner core characteristics and the RI mechanism
of offshore RI typhoons, and compensates for the shortcomings
of research on offshore RI typhoons in China. TC Meranti was
mainly located in the Taiwan Strait, and the Ken-Ting radar
(RCKT), Chi-Gu radar (RCCG), and Xiamen radar (XMRD)
were able to observe its internal structure at a relatively close
distance. Observation data with high spatial and temporal
resolution can provide 3D wind field inversion by dual
Doppler radar in the early RI period, providing vital support
for the ARPS-3DVAR cycle assimilation.

In this study, we show the asymmetric inner-core structure
and evolution of TC Meranti (2010) during its RI stage based on
observational analysis. A nondivergent barotropic model and
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sensitivity test are used to discuss the effect of the asymmetric
structure on the TC RI. The data and analysis methods used are
described in the Data and Methods section. The TC Meranti
section provides a brief overview of the path and intensity
evolution of Meranti (2010). The characteristics of the
asymmetric inner-core structure evolution section identifies
the inner-core structure of TC Meranti and reasonable
underlying mechanism. A possible mechanism of RI
introduced by the asymmetric inner-core structure is discussed
in the nondivergent barotropic model and sensitivity test section,
followed by a summary.

DATA AND METHODS

Data
In this study, radar data from three S-band coastal Doppler radars
were used, including one CINRAD WSR-98D radar (XMRD)
along the southeast coast of mainland China and two Gematronik
1500S Doppler radars (RCCG & RCKT) on Taiwan Island
(Figure 1A). All operated with the same volume coverage
pattern 21 (VCP21) scanning mode of the WSR-88D in the
United States, which can perform a 6-min volume scan and
provide radar reflectivity and radial velocity data with observation
ranges of 230 km, and radial resolutions of 1 and 0.25 km,
respectively. The data were examined and edited manually
using the National Center for Atmospheric Research software
“SOLOII” (Oye et al., 1995). Subsequently, radar data were
interpolated from polar coordinates to Cartesian coordinates
using the bilinear interpolation method.

Typhoon center data come from the Typhoon Best Track
dataset compiled by the Shanghai Typhoon Research Institute of
the China Meteorological Administration (CMA), which can
provide historical data such as longitude and latitude of the

typhoon center every 6 h. The environmental VWS is based
on the National Centers for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR) data (Saha et al.,
2010), which are available at 37 vertical levels from 1,000 hPa to
one hPa with a grid spacing of 0.5° latitude × 0.5° longitude at 6-h
intervals. The 200–850 hPa VWS is calculated using the averaged
azimuthal mean Cartesian wind components between 300 and
800 km radii from TC center. The choice of the area average for
environmental VWS is optimal for TCs over South China Sea
(Chen et al., 2015). The formula for the environmental average
wind after considering the area weight is as follows:

〈U〉 � 1
A
∑8
i�3
(Ui−1 + Ui

2
)Ai

〈V〉 � 1
A
∑8
i�3
(Vi−1 + Vi

2
)Ai

where U and V are the wind field grid data in a large-scale
environmental field, A represents the total area, i is the distance
coefficient, the bandwidth of each distance ring is 100 km, Ai is
the area of the ith distance ring, and n is the value range of the
large-scale environment (e.g., when calculating 500 km, i is 5). 〈〉
represents the average area. Then, the strong echo moves
counterclockwise in the tangential direction and approaches
the TC radially and can be calculated by subtracting the
average wind at the upper level (200 hPa) from the average
wind at the lower level (850 hPa). In subsequent analysis,
VWS was linearly interpolated into 1 h resolution when required.

Methods
The nonhydrostatic ARPS with full physics was used for the
analysis of “real” wind fields with radar data assimilation. A
domain of 1830 × 1830 × 25 km was used, consisting of 611 ×

FIGURE 1 | Path and intensity information of Meranti. (A) The analysis domain at 3 km horizontal grid spacing, with the CMA best track (red) and APRS-3DVAR
locations (green) of Meranti marked at 6 h intervals from 18:00 UTC September 8, to 0:00 UTC 10 September 2010. (B) The intensity evolution of TC Meranti, the green
(blue) line represents wind speed (sea level pressure), and the solid lines and dotted lines are based on CMA and ARPS-3DVAR, respectively.
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611 × 53 grid points with a 3 km horizontal grid spacing and
varying vertical resolutions ranging from 50 m at the surface to
770 m at the top of the model. The initial analysis background
and lateral boundary conditions (LBCs) were from the NCEP
CFSR data. The physics options, e.g., Lin ice microphysics,
Goddard longwave and shortwave radiation, a 2-layer soil
model, and the turbulent kinetic energy (TKE)-based subgrid-
scale turbulence and planetary boundary layer (PBL)
parameterizations, were used in this study (Xue et al., 2001).
Detailed parameters and configuration of the ARPS can be found
in Zhao et al. (2012). The model started at 18:00 UTC on 8
September 2010, and radar data were cyclically assimilated every
hour until 18:00 UTC 9 September 2010. The analysis time
selected in this study covers the main life stage of TC Meranti
from initial generation to near landfall. From 1:00 UTC 9
September 2010, Meranti entered the observation range of the
dual Doppler radar, which provided excellent observation data
for studying the RI of typhoons with strong asymmetric
structures in a sheared environment. Thus, analysis before 1:
00 UTC focused on radar echo data, and physical quantities such
as velocity and vorticity were used after 1:00 UTC.

A high-resolution quasi-geostrophic barotropic model was
used to reveal the interaction between typhoon axisymmetric
circulation and asymmetric disturbance. For Meranti, the wind
field provided analysis by the ARPS-3DVAR helped to approach
a more realistic initial field, thus exploring the main mechanism
of asymmetric vorticity entrained and acceleration of the main
circulation. The two-dimensional non-divergent quasi-
geostrophic vorticity equation on the f-plane is expressed as
follows (Luo 2003):

z

zt
∇2Ψ + J(Ψ,∇2Ψ) � −γ∇2Ψ

where Ψ represents the geostrophic steam function, J represents
the Jacobi operator, and γ is the dissipation coefficient. This
formula is similar to that of Kossin and Schubert (2001). Detail of
the main parameters of barotropic model are available in Table 1.

OVERVIEW OF TC MERANTI

Meranti formed a tropical depression east of Taiwan on 7
September 2010 and moved southwest immediately afterward.
It intensified into a tropical storm by 6:00 UTC on September
8, then turned and moved northward. It underwent RI from 18:
00 UTC September 8 to 18:00 UTC September 9, with the

maximum surface wind speed increasing from 20 m s−1 to
35 m s−1 when approaching landfall according to the official
best-track data from CMA. The TC weakened rapidly after the
landfall at 19:30 UTC (Figure 1A). The intensity evolution of
Meranti is shown in Figure 1B, where the solid and dotted
lines represent the maximum wind speed (green) and
minimum sea level pressure (blue) from the CMA optimal
path dataset and APRS-3DVAR analysis, respectively. Due to
the small scale of the TC and far distance from radar, ARPS-
3DVAR analysis begins at 18:00 UTC September 8, and
represents an underestimation of 7 m s−1 compared with
CMA. After the ARPS-3DVAR analysis, the maximum
tangential wind speed approached the CMA best-track data
set. After 0:00 UTC, the analysis field was consistent with the
CMA results. After 12:00 UTC September 9, the intensity of
CMA was 3 m s−1 stronger than that of ARPS-3DVAR. Zhao
et al. (2012) indicated that the CMA best-track dataset
overestimated typhoon intensity to a certain extent, which
may be the reason for the difference between the CMA and the
analysis field. Although there are some differences between the
CMA and 3DVAR analysis fields, some basic characteristics of
evolution over time are shown. The analysis maximum wind
speed from APRS-3DVAR increased from 13 m s−1 to
31 m s−1, and the wind speed increased by 18 m s−1 within
24 h (CMA was 15 m s−1), which approximates the definition
of Kaplan and DeMaria (2003) on TC RI. The CMA and
3DVAR analysis field also indicated that the strengthening
rate of Meranti was not the same throughout the RI period.
The wind speed increased from 13 m s−1 (20 m s−1, according
to CMA) to 28 m s−1 (same for ARPS-3DVAR and CMA)
within 12 h before 6:00 UTC September 9. Later, the
strength increased from 28 m s−1 to 32 m s−1 (35 m s−1,
according to CMA) at a slower rate than before.

CHARACTERISTICS OF ASYMMETRIC
INNER-CORE STRUCTURE EVOLUTION

RI of Meranti lasted from 18:00 UTC 8 September 2010, to 18:00
UTC 9 September 2010, and the entire RI process was observed
by radar (Figure 1A). Figure 2 shows the radar reflectivity factor
detected by radar observations at an elevation of 0.5°. At 18:00
UTC September 8, the radar reflectivity factor was crescent,
mainly distributed in the southeast semicircle of the TC
center, and the echo intensity in the south was obviously
weaker than that in the east. Meanwhile, the VWS of
200 hPa–850 hPa was 11.2 m s−1. The strongest echo appeared
on the left side of the downwind quadrant. At 21:00 UTC
September 8, the echo near the circulation center still showed
an obvious asymmetric structure, and the strong echo in the east
was further expanded and enhanced. The strong echo moved
tangentially counterclockwise, approaching the TC center in the
radial direction. The VWS weakened significantly at 0:00 UTC
September 9, with a magnitude of 7 m s−1. Meanwhile, the
Meranti echo still demonstrated an asymmetric structure,
accompanied by a weakening of the radar echo and a
movement to the north side of the TC center. At 3:00 UTC,

TABLE 1 | Main parameters in barotropic model.

Parameters Value unit Description

Xlen 501 — Grid number in the x direction
Ylen 501 — Grid number in the y direction
dL 1 km Step size of grid point
dt 10 Second Time step
lat 22.7 °N Latitude
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the TC eyewall was obviously axisymmetric compared with
before, although the pattern was not completely demonstrated.
After 3 h, the rain belt developed southwest of the TC center, and
the VWS was reduced to 2.6 m s−1. From 9:00 to 12:00 UTC on
September 9, the eyewall of Meranti was basically linked. At 12:00
UTC, VWS was only 1.8 m s−1. At this point, Meranti essentially
completed the axial symmetry, and the outer rain band weakened
immediately. From 15:00 to 18:00 UTC, the inner-core echo
structure generally remained stable and axisymmetric, and its
intensity increased slightly.

Figure 2 qualitatively demonstrates the characteristics of
Meranti’s inner-core structure: strong asymmetry in the early
stage and then becoming axisymmetric. To quantitatively
describe the difference between the two stages, Figure 3
shows the time evolution characteristics of each wave
number energy (Figure 3A) of the echo near the RMW, the
area percentage of strong convection in the core area, and
VWS (Figure 3B) during the RI period. Here, “near RMW”
denotes the radial range within ±10 km of the RMW which is a
radius that varies with time. Strong convection is defined as a
radar reflectivity factor of ≥40 dBZ at 5 km. To obtain the
energy distribution of each wave number for TC Meranti, the

echo on the contour plane at a height of 3 km uses Fourier
decomposition with the typhoon center as the origin. When
calculating the Fourier decomposition, referring to the
method of Lonfat et al. (2004), the Fourier series expansion
is carried out for the echo along the azimuth for the radar
reflectivity factor on each radius of the core area on each
distance circle:

R(θn) � a0 +∑∞
n�1

(an cos(nθn) + bn sin(nθn))

where R is the reflectivity factor on the CAPPI plane; θn
represents the azimuth; n represents the wave number; an and
bn represent the Fourier number, which can be used to calculate
the amplitude and phase of each periodic fluctuation θn.
Figure 3A indicates that the asymmetric component was
dominated by wavenumber-1 during the RI period, and the
energy of wavenumber-2 (or more) was very weak
(wavenumbers above two waves are omitted in Figure 3A).
Before 6:00 UTC, the asymmetric energy exceeded the
axisymmetric energy and occupied a dominant position. After
6:00 UTC, the energy in the Meranti inner core was symmetrical,

FIGURE 2 | Time evolution of radar reflectivity factor observed at 0.5° elevation during the RI period every 3 h. The black point in the center for each figure
represents the TC center. Wind shear is superimposed on TC center in form of an arrow and indicated in the lower left corner.
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which also corresponds to Figure 2. Therefore, the enhancement
process before 6:00 UTC September 9 was the asymmetric
dominant stage (hereinafter referred to as the asymmetric
stage), followed by the axisymmetric dominant stage
(hereinafter referred to as the axisymmetric stage).
Interestingly, the change in the energy of wavenumber-1 is
strongly consistent with the magnitude of the VWS and strong

convection area in Figure 3B. In the initial asymmetric stage, the
environmental VWS was generally large at 18:00 UTC September
9 and 0:00 UTC September 9 (11.2 m s−1 and 7 m s−1,
respectively). Previous studies have shown that a strong VWS
is associated with abundant asymmetric strong convection in the
downshear-left quadrant, although it is not conducive to TC
enhancement. Due to the enhancement of the downshear-left

FIGURE 3 | Time evolution characteristics of wave number energy (A) of the echo near the maximumwind speed radius, and area percentage of strong convection
in the core area overlying with vertical wind shear (B).

FIGURE 4 | Corresponding relationship between location of radar echo near eyewall and wind shear direction (A) or movement direction (B).
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quadrant and limitation of the upshear-right quadrant, abundant
convection significantly increased the asymmetric wavenumber-1
energy of Meranti. With the decrease in wind shear, the area of
strong convection in Meranti gradually decreased. Meanwhile,
the asymmetric wave energy decreased, and the axisymmetry
increased, which finally resulted in a TC RI.

To reveal the source of strong asymmetric energy in the early
stage of Meranti RI, the wind shear direction and movement
direction corresponded to the radar echo at 3 km near the
eyewall. Figure 4 indicates that the tendency of the radar echo
gradually becomes axisymmetric during the RI period. Before 6:
00 UTC, the echo near the eyewall was very strong. Subsequently,
it was largely symmetrical. This is the exactly asymmetric stage
and axisymmetric stage mentioned in the previous analysis. In the
asymmetric stage, Meranti experienced a strong VWS, and the
echo showed an obvious wavenumber-1 distribution. Strong
convection was located on the left side of the downwind shear
and on the right side of the TC movement. The motion effect
arises from asymmetric frictional forcing in the boundary layer.
Slab boundary layer model showed that the convergence
concentrated in the right-front quadrant accompanied by the

increase of moving speed (Shapiro, 1983). Corbosiero and
Molinari (2002) indicated a strong vertical wind shear
influence on convective asymmetries, with downshear to
downshear left maxima in the core. Both effects exist only
because storm motion is closely coupled to vertical wind
shear. Furthermore, the well-documented effect of storm
motion on convective asymmetries is largely a reflection of the
much stronger vertical shear effect, which means wavenumber-1
is mainly introduced by VWS (Corbosiero and Molinari, 2002;
2003). In the axisymmetric stage, this relationship became
insignificant with a decrease in the wind shear. This shows
that the abundant asymmetric energy in the early stage of RI
was associated with asymmetric convection induced by VWS and
movement.

As shown in Figure 3, wavenumber-1 dominated the
asymmetric stage. The motion of radar echo wavenumber-1
at 3 km from 20:00 to 23:00 UTC is shown in Figure 5. For
convenience, the VWS direction is uniformly adjusted to the
right, and the arrow length indicates the magnitude of the
VWS. The black dot indicates the position of the maximum
amplitude of wavenumber-1, with the label of intensity and

FIGURE 5 |Wavenumber-1 component of the radar echo according to Fourier decomposition at 3 km during 20:00 to 23:00 UTC. The VWS direction is uniformly
adjusted to the right, and the arrow length indicates the size of the VWS. The black dot indicates the position of the maximum amplitude of wavenumber-1, with the label
of intensity and distance from TC center. The dotted circle represents the distance to the TC center, marking from 10 to 60 km at intervals of 10 km.
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distance from the TC center. The dotted circle represents the
distance to the TC center, marking from 10 to 60 km with an
interval of 10 km. It can be seen from the figure that the
moderate VWS ensured that the amplitude of the
wavenumber-1 component of the reflectivity factor always
maintained a high level from 20:00 to 23:00 UTC. At 20:00
UTC, the maximum amplitude of wavenumber-1 appeared
40 km from the TC center in the downshear-left quadrant,
with an amplitude of 27 dBZ. After 1 hour, the position of
maximum wavenumber-1 amplitude was generally stable,
with a small amount of counterclockwise displacement in
the tangential direction (relative to the circulation center,
the same below). Subsequently, the tangential
counterclockwise movement was maintained, and radial
centripetal motion was enhanced at 22:00 UTC. Finally, at
23:00 UTC, the maximum amplitude of wavenumber-1 was
entrained counterclockwise inward to only 25 km from the TC
center. Although the maximum amplitude moved to the upper
right quadrant, outside it, the large value area of wavenumber-
1 was still located in the downshear-left quadrant, which
indicates that moderate VWS continuously promoted new
convection and released latent heat to provide energy for
asymmetric wavenumber-1. Despite the decrease in VWS

from 9.8 m s−1 to 7.7 m s−1, the location of the high-value
area of wavenumber-1 energy was locked on the downshear-
left quadrant, combined with a slight decrease in strength. In
general, the maximum amplitude of wavenumber-1 showed a
trend of tangential cyclonic rotation with radial inward
motion, which is very similar to the characteristics of
tropical storm Gabrielle (2001), in which RI under a strong
VWS was observed (Molinari and Vollaro, 2010).

Because the radar echo movement cannot completely
represent the real wind field, the wind field analysis
obtained by APRS-3DVAR is also needed to analyze the
inner core dynamics and RI mechanism in the asymmetric
stage. The core area entered the dual radar observation area
after 1:00 UTC on September 9. According to the retrieval
wind field, Figure 6 shows the streamline and vorticity field
(color scale) at a height of 3 km from 1:00 to 4:00 UTC on
September 9. The solid blue point in the figure represents the
approximate center of Meranti. At 0:00 UTC September 9, the
maximum vorticity appeared on the northeast side of the
circulation center, presenting a long elliptical distribution,
approximately 30 km away from the TC center, with an
intensity of 2.9 × 10–3 s−1. After 1 hour, the strongest
vorticity moved northwest of the circulation center. At this

FIGURE 6 | Streamlines at 3 km and vorticity field (color scale) of Meranti core region from 1:00 to 4:00 UTC September 9. The solid blue point represents the
approximate center of Meranti.
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time, new vorticity values were continuously generated on the
northeast side. At 3:00 UTC, the maximum vorticity at the
previous moment was absorbed by the base flow, while the
vorticity northeast of the TC center was strengthened and
appeared at a closer distance to the TC center (approximately
20 km). Finally, the axisymmetric vorticity was completed at 4:
00 UTC, which indicated that the maximum vorticity center
coincided with the circulation center. Several strong mesoscale
vorticities interacted with the TC circulation vorticity and
finally merged. The phenomenon of mutual rotation is
counterclockwise and cyclonic in the tangential direction. In
the radial direction, mesoscale vorticities approached the TC
circulation vorticity, and eventually merged in. This motion is
consistent with the tangential cyclonic rotation with radial
inward motion shown in Figure 5.

Xu and Wu (2005) used model and vorticity equation
diagnostic method to explain the relationship between the
asymmetric flow pattern and main circulation intensity. If
wavenumber-1 is cyclonic inflow or anticyclonic outflow, the
exchange of the asymmetric to symmetric accelerate the main
circulation. In order to verify the correctness of the above
conclusion in RI of Meranti, a nondivergent barotropic model
and sensitivity test are used in the following section.

NONDIVERGENT BAROTROPIC MODEL
AND SENSITIVITY TEST

Although boundary layer and moist processes certainly play an
essential role in the evolutions of TCs, it is nevertheless

meaningful to consider the role of conservative processes in
the absence of additional physics. Such additional, and
possibly extraneous, physics can obscure fundamental
mechanisms, introduce parameterizations, compromise
numerical resolution and dynamical accuracy (Kossin and
Schubert, 2001). Meranti’s wind field is mainly captured by
dual-Doppler radar, which minimum observed altitude is
about 3 km according to radar altimetry equation. It is over
the height of boundary layer. The lack of reliable data of
divergent processes limits the discussion of boundary layer.
Thus, a nondivergent barotropic model was used to reveal the
interaction between the typhoon axisymmetric vorticity and
asymmetric mesoscale vorticity. On the premise that similar
results can be roughly simulated, the simpler the model is, the
more critical process of RI is grasped. The initial field steam
function was composed of the background field steam function
ΨT and mesoscale eddy steam function ΨM . ΨT was calculated
by a 3-km height axisymmetric vorticity field around the TC
center at 1:00 UTC on 9 September 2010, through Poisson
iteration. The wind field was extracted, and Fourier
decomposition was performed using the polar coordinates
of the TC center. The TC basic vorticity and strongest
mesoscale vorticity in the northwest were obtained. The
wavenumber-0 component represents the axisymmetric
basic circulation of the typhoon ΨT , as shown in Figure 7.
The TC basic vorticity was mainly concentrated within 60 km
from the TC center, presenting a unipolar distribution. The
maximum axisymmetric vorticity appeared around the TC
center, with a strength of 1.9 × 10–3 s−1. Wave component 1
represents the mesoscale vortex ΨM caused by the strong
convection excited by the VWS in Meranti. According to
the retrieved wind field, the radius of the mesoscale vortex
was approximately 50 km, with a distance of 40 km and an

FIGURE 7 | Vorticity profile of axisymmetric circulation (wave component
0) at 1:00 UTC 9 September 2010.

FIGURE 8 | Evolution of vorticity produced by nondivergence barotropic
model within 3 h (corresponding with 1:00 to 4:00 UTC in Figure 6).
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intensity of 2.9 × 10–3 s−1. In the initial field of the
nondivergent barotropic model, the mathematical
expression of the mesoscale vorticity in the Cartesian
coordinate system is expressed as follows:

vorM(x, y) � { 2 × 10−3 × (1 − (s/R)2)2, s≤R
0, s>R

where s �
�������������������
(x − xM)2 + (y − yM)2

√
, (xM, yM) is the coordinate

of the mesoscale vortex center, and R is the initial radius of the
mesoscale vortex.

The simulation results of the nondivergent barotropic model are
shown in Figure 8, where the vorticity field is colored and the black

dot in the center represents the TC center at the initial moment (1:00
UTC 9 September 2010). Comparing the simulation results and the
ARPS-3DVAR analysis field hourly, it can be found that: 1) The
positions of large vorticity values basically correspond. 2) The
nondivergent barotropic model can recreate the vorticity
enhancement of the TC axisymmetric circulation to a certain
extent. 3) The tangential cyclonic rotating and radial approaching
processes between the TC vortex and mesoscale vortex can be
reproduced distinctly. This means that the dynamic interaction
between the TC vortex and mesoscale vortex is a reasonable
explanation for their tangential cyclonic rotation with radial inward
motion, which is associated with the RI ofMeranti. Obviously, the real

FIGURE 9 | Simulation results of nondivergent barotropic model sensitivity tests. The first, second, and third columns represent the integration times of 0, 3, and
6 h, respectively. Rows (A–D) represent the four situations in which the distance doubles, triples, the mesoscale vortex strength is halved, and the mesoscale vortex is
doubled in strength, respectively.
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RI process is more complex than that shown by the simulation results.
For example, the mesoscale vorticity gradually weakened after 1:00
UTC, and new vorticity was excited in the downshear-left quadrant,
forming a new strong asymmetric structure and interacting with the
typhoon vortex again. During this process, the location of the typhoon
circulation center and mesoscale vortex kept approaching, which was
caused by the interaction of the two vortices.

Sensitivity tests were used to further demonstrate the dynamic
interaction between themesoscale vortex and typhoon axisymmetric
circulation. The typhoon circulation vorticity in the experiment was
consistent with that in the original experiment, and only the intensity
and distance of themesoscale vortex were adjusted. In Figure 9, rows
A and B indicate that the distance between the mesoscale vortex and
TC center is increased by two or three times that of the original,
respectively. As shown in the figure, although themesoscale vortex is
tangential cyclonic rotated with a radial inward motioning to TC
center, the strength of the axisymmetric TC vortex does not increase
significantly and is manifested as a thready distribution of peripheral
vorticity. Rows C and D mainly adjust the strength of the mesoscale
vortex. The results show that both of the mesoscale vortexes merge
into TC center, combined with the enhancement of axisymmetric
vorticity. Stronger mesoscale vortices are associated with a more
significant enhancement effect. The sensitivity tests indicate that in
the same typhoon circulation, the distance and intensity of the
mesoscale vortex play a key role in the occurrence of RI.

A preliminary summary of Meranti’s asymmetric strengthening
process is as follows. Although the deviation of the warm core caused
by strong VWS is not conducive to TC enhancement, VWS can also
provide a favorable environment for the development of convection
in the downshear-left quadrant. The emergence of this convection is
accompanied by substantial diabatic heating, so that sheared TCs are
often rich in abundant energy in the wavenumber-1 structure
(similarly, asymmetric vorticity is also strong at this time). The
dynamic structure of the TC inner core is one of the key factors
affecting the axisymmetrization of the asymmetric energy (vorticity).
If there is a suitable initial field (reasonable distance from the TC
center and sufficient asymmetric vortex strength), tangential
cyclonic rotation with radial inward movement will introduce the
energy in wavenumber-1 converted into axisymmetric energy
through wave–flow interaction, which is associated with RI in the
asymmetric stage.

SUMMARY

Few rapidly intensifying TCs with obvious asymmetric structures are
captured in the northwest PacificOcean by ground-based radar, which
provides high spatial-temporal resolution data. TC Meranti in 2010
provides a good opportunity to reveal the effect of inner-core dynamic
structure on RI. Radar echo data indicate that the RI process can be
divided into two stages due to the reduction in VWS: an asymmetric
dominant stage and an axisymmetric dominant stage, and the vortex
intensified more in the asymmetric stage than the axisymmetric stage.

This study focuses on the asymmetric inner-core structure
evolution and notes that the asymmetry is dominated by
wavenumber-1, which is associated with VWS and TC motion.
During the asymmetric stage, strong asymmetric vortices are

continuously excited in the downshear-left quadrant, and
cyclonic vortices merge into TC center. This phenomenon was
confirmed with both the radar echo and vorticity field data
retrieved using ARPS-3DVAR. An increase in the
wavenumber-0 vorticity indicates an increase in TC intensity.
Observations show that the wavenumber-0 vorticity in TC
Meranti increased significantly after the axisymmetrization of
strong asymmetric vorticity. To explore this mechanism, a
nondivergent barotropic model was used, and the process of
asymmetric vortex cyclonic inward movement and
axisymmetric vorticity enhancement modeled. Sensitivity
tests further showed that the intensity and position of the
asymmetric vortex are the key factors in determining
whether the vorticity of wavenumber-0 is strengthened.
Absolutely, besides the influence of asymmetric vortex,
Meranti’s RI also involves other mechanisms including
internal and external dynamics which can not be ignored.

In this study, an idealization of the retrieved vorticity was used
to drive a nondivergent barotropic model. It is shown that the
dynamic interaction between asymmetric vorticity and TC
axisymmetric vorticity was vital for RI in the early stage of
Meranti, which provides a possible explanation for the RI of
typhoons with strong asymmetric structures.
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