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Abstract This study utilizes coastal radar observations to investigate eyewall formation processes during
Typhoon Cempaka's (2021) rapid intensification. Two distinct types of inner rainband governed the evolution of
eyewall formation: (a) strain‐generated bands forming inside the radius of maximum winds (RMW) through
cellular convection, and (b) vortex Rossby wave‐coupled bands developing outside the RMW via convergence‐
driven convection. When strain‐generated bands dominated near the RMW, a mean tangential wind tendency
budget indicates that enhanced convection inside the RMW contributed to net spin‐up at lower levels, promoting
RMW contraction. Meanwhile, the prevalence of wave‐coupled bands beyond the RMW led to significant wind
acceleration near and outside the RMW, primarily driven by symmetric contributions. The axisymmetrization of
these inner rainbands ultimately resulted in eyewall formation. These radar‐based findings underscore the
critical role of inner rainbands in eyewall formation, contrasting with previous studies that emphasize outer
rainbands.

Plain Language Summary When typhoons and hurricanes grow stronger, their most destructive
winds develop in a ring‐shaped zone called the “eyewall” around the storm's center. Considerable efforts have
been focused on the formation processes and mechanisms of eyewalls. This research analyzed Typhoon
Cempaka—a small, slow‐moving storm that hit China in 2021—using detailed weather radar observations along
the coast. We discovered two different patterns that worked together to build the typhoon's eyewall. The first
involved clusters of thunderstorms. The second pattern occurred farther from the storm's core, related to a long‐
lived, well‐organized series of thunderstorms. These observations also reveal how complex interactions
between different parts of a storm contribute to its intensification.

1. Introduction
Over the past few decades, while steady though relatively modest progress has been made in understanding and
predicting tropical cyclone (TC) intensity changes (Cangialosi et al., 2020; Chen et al., 2023; Gall et al., 2013;
Rappaport, 2009), accurate forecasting of significant intensity changes, for example, rapid intensification, re-
mains a substantial challenge (Fischer et al., 2025; Kaplan et al., 2015; Rozoff et al., 2015). Previous studies
indicate that varying internal processes related to TC structures are commonly responsible for the TC intensity
change (Hendricks et al., 2010; Wu et al., 2016), including the structural change in the eyewall characterized by a
closed or partially‐closed convective ring near the radius of maximum winds (RMW) from a precipitation
perspective. Key processes such as eyewall formation, eye–eyewall mixing (Kossin & Eastin, 2001; Sitkowski
et al., 2011), and eyewall replacement cycles (Black & Willoughby, 1992; Cha et al., 2021; Didlake et al., 2017;
Kossin & DeMaria, 2016; Sitkowski et al., 2011; Willoughby et al., 1982) have been shown to substantially
influence TC intensity changes.

For example, eyewall formation—a convective ring‐like structure that gradually develops near the RMW—can
likely be attributed to the convective axisymmetrization processes (Chen, 2018; Chen et al., 2018; Miyamoto &
Takemi, 2013; Nguyen & Molinari, 2012; Shimada et al., 2017). These axisymmetrization processes are closely
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linked to significant TC intensity changes (Chen, 2018; Chen et al., 2018; Miyamoto & Takemi, 2013; Shimada
et al., 2017). Within these processes, diabatic heating drives a secondary circulation that transports angular
momentum inward, accelerating the primary circulation. The resulting increase in tangential winds enhances
inertial stability, improving the conversion efficiency from potential to kinetic energy (Schubert & Hack, 1982;
Shapiro & Willoughby, 1982). Both theoretical and observational studies (Nolan et al., 2007; Pendergrass &
Willoughby, 2009; Schubert & Hack, 1982; Shapiro & Willoughby, 1982; Vigh & Schubert, 2009) suggest that
TC intensification is more efficient when diabatic heating occurs inside the RMW, where inertial stability is
higher. As a result, eyewall formation processes have long been one of the key focuses in TC dynamics research.

Observationally, distinct convective features are associated with the process of eyewall formation in TCs. For
example, based on satellite‐derived brightness temperature data, Chen and Wu (2022) proposed two primary
patterns of TC eye (equiv. eyewall) formation: the clearing‐type formation and the banding‐type formation. In the
clearing‐type formation scenario, this concept denotes the evaporation and subsequent dissipation of the deep
convective activity that is initially concentrated in the vicinity of the center of the central dense overcast.
Conversely, the banding‐type formation is characterized by the aggregation and subsequent envelopment of the
storm center by a curved banding structure. The findings about the two types of eye formation are in consonance
with those put forth by Vigh et al. (2012), whose research was founded on aircraft reconnaissance data. A dif-
ference in diabatic heating patterns is postulated to exist between these two formation mechanisms. In the context
of clearing‐type formation, it is hypothesized that a certain degree of diabatic heating is likely to occur within the
RMW. By contrast, in the case of banding‐type formation, the convectively‐induced diabatic heating typically
shows an inclination to take place outside the RMW. Furthermore, Chen and Wu (2022) documented that TCs
experiencing clearing‐type eye formation demonstrate significantly enhanced intensification rates. Their sub-
sequent investigation (Chen & Wu, 2025) revealed the critical role of overshooting convection in driving the
accelerated intensification processes, particularly in smaller TCs predominantly characterized by clearing‐type
eye formation.

Typhoon Cempaka (2021), a compact TC, underwent RI shortly before making landfall in Guangdong Province,
China. Cempaka originated in the vicinity of the southeastern coast of China (not shown), and its RIwas concurrent
with the formation of the eyewall as the storm migrated westward. The Doppler radars installed in the coastal area
offer a valuable opportunity to monitor the eyewall formation process during Cempaka's RI. Specifically, the fine‐
scale convective features associated with the eyewall formation can be precisely delineated. These features are
scarcely discernible in infrared satellite data because of the obstruction caused by cirrus anvils in the outflow layer.
This study intends to employ ground‐based dual‐Doppler radars to comprehensively characterize the convective
structures of Typhoon Cempaka (2021) during the eyewall formation stage within the RI period.

The remainder of the paper is organized as follows. Section 2 describes the observation instruments, quality
control processes for the data, and analysis methodology. The eyewall formation mechanisms of Typhoon
Cempaka (2021) are discussed in Section 3. Conclusions with additional discussions are given in Section 4.

2. Data and Methods
Cempaka, the seventh typhoon in the 2021 season and the first to make landfall along the Chinese coast this year,
inflicted devastating gales and torrential rainfall upon the coastal region. Originating in the South China Sea on 18
July 2021, the typhoon commenced a gradual northwestward track toward the coast of Guangdong. Subsequently,
on July 19, it experienced an RI process, attaining typhoon category. At around 1800 UTC, it reached its peak
intensity, characterized by a maximum sustained (2‐min average) wind speed of 38 m s− 1 near the center.

Dual coastal S‐band Doppler radars located at Yangjiang (YJ) and Zhuhai (ZH), China, captured the eyewall
formation of Typhoon Cempaka (2021) during its pre‐landfall phase along the Guangdong coast (Figure 1). The
radar network achieved full volumetric coverage of the TC's inner‐core region through high‐temporal‐resolution
scanning (6‐min intervals), with a maximum effective Doppler velocity detection range of 230 km. The obser-
vational framework employed a multi‐elevation scanning strategy spanning 0.5°–19.5° across nine discrete
elevation angles, enabling three‐dimensional kinematic characterization of convective structures within the inner
core (within three times the RMW) of the typhoon.

Figure 1a presents two tracks obtained from different methodologies: the best‐track and dynamic centers. The
Chinese Meteorological Administration pinpointed the best‐track centers every 3 hours by integrating data from
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radar, satellite observations, in situ measurements, and sounding data. In contrast, the dynamic centers were
defined as the center of the vortex extracted from the wind circulation at the 2‐km constant altitude plane position
indicator. This was achieved by utilizing the intersections of bearings normal to the wind directions across the
center, following the approach described by Willoughby and Chelmow (1982). A noteworthy parallelism can be
discerned between the trends of these two tracks. Figure 1b depicts the intensity evolution based on the Chinese
Meteorological Administration best‐track data. From 0000 UTC on 19 July to 0000 UTC on 20 July, the minimum
sea‐level pressure underwent a decline from 998 to 965 hPa. Concurrently, the near‐surface 2‐min mean
maximum wind witnessed an increment of 20 m s− 1 over a 24‐hr span. In line with the conventional definition of
RI, where the maximumwind speed escalates by more than 15.4 m s− 1 within 24 hr (Kaplan & DeMaria, 2003), it
is evident that Cempaka experienced RI during this period. It is important to note that the principal analysis
timeframe of this study spans from 0730 to 1500 UTC on 19 July 2021 (marked by magenta dashed lines in
Figure 1b; hereafter, all times pertain to UTC on 19 July 2021). During this specific time interval, Cempaka was in
the nascent stage of this RI event, as illustrated in Figure 1b.

The radar data from the YJ and ZH radars underwent initial objective correction via the region‐based dealiasing
method accessible within the Python‐ARM Radar Toolkit (Helmus & Collis, 2016). Subsequently, non‐
meteorological echoes were removed through manual processing using the National Center for Atmospheric
Research Solo II software (Oye et al., 1995). To obtain a more regular data structure, the Doppler radial velocities
were interpolated onto a Cartesian grid with dimensions of 1 km × 1 km × 0.5 km. This interpolation was
accomplished by employing the “REORDER” software developed by the National Center for Atmospheric
Research (Oye & Case, 1995). Then, three‐dimensional wind fields were obtained using the Custom Editing and
Display of Reduced Information in Cartesian space (Mohr et al., 1986). The dual‐Doppler lobe covered a sub-
stantial portion of the inner core of Cempaka. This coverage facilitated an in‐depth examination of the fine
structures within the inner rainbands. Given that Cempaka was a small‐scale typhoon, the environmental wind
shear related to it was precisely defined as the vector difference between the wind vectors averaged over a
relatively confined region. Specifically, these averages were calculated for the radial distance ranging from 200 to
400 km from the storm center at 200 and 850 hPa. The wind fields used for this calculation were sourced from the
fifth‐generation European Center for Medium‐Range Weather Forecasts reanalysis (ERA5; . The analysis results
indicated a southeasterly wind shear with a magnitude of less than 5 m s− 1 during the period of investigation, as
shown in Figures 2a–2c.

3. Results
Figures 2a–2d depict the radar reflectivity at an elevation of 1.5° at 2‐hour intervals from 0800 UTC to 1400 UTC.
Throughout this time frame, the inner core (Houze, 2010) underwent a remarkable transition from an azimuthally
asymmetric configuration to a symmetric one. At 0800 UTC, two distinct banded structures emerged near the
storm center. Specifically, one banded structure was located on the northern side, while the other was situated on

Figure 1. (a) Two tracks of Typhoon Cempaka derived from the ChineseMeteorological Administration best track (black) from 0000 UTC, 19 July to 0000 UTC, 22 July
and dynamic centers (red) from 0600 UTC to 1800 UTC on 19 July. (b) Time evolution of maximum surface wind (blue line) and minimum sea level pressure (orange
line) of Cempaka. Dashed magenta lines indicate the period of RI of interest.
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the southern side (Figure 2a). This initial configuration demonstrated the azimuthal asymmetry of the inner core at
the beginning of the observational period. By 1400 UTC, an eyewall‐like structure became clearly discernible.
This structure was organized by a convective ring that encircled a cloud‐free eye region (Figure 2d). The for-
mation of such a well‐defined eyewall‐like structure is a clear indication of the transition to a more symmetric
inner‐core configuration. Concurrent with the convective axisymmetrization of the inner core, Cempaka expe-
rienced rapid intensification, as can be observed in Figure 1b. This temporal correlation suggests a potential
causal relationship between the formation of the eyewall and the intensification of the storm.

To further examine the convective characteristics associated with the eyewall formation of Cempaka, Figure 2e
shows a Hovmöller (radius‐time) diagram depicting the azimuthally‐averaged radar reflectivity at 2 km altitude.
The figure reveals two distinct evolutional phases regarding the eyewall formation: (a) a marked radial outward
expansion of reflectivity thresholds exceeding 34 dBZ commencing at 1200 UTC, accompanied by a contraction
of the RMW before 1200 UTC and an expansion after 1200 UTC (denoted by the solid black line). (b) Preceding
this transition (0900–1200 UTC), enhanced reflectivity values initially emerged inside the RMW before sub-
sequently propagating beyond the RMW. Based on these temporal signatures, we categorize the pre‐1200 UTC
interval as stage I and the subsequent period as stage II. A detailed examination of convective organization
patterns near the RMW revealed the progressive development of narrow spiral rainbands. The following section
outlines the characteristics of these spiral structures, with a particular focus on their formation mechanisms, as
Cempaka's eyewall developed and the vortex rapidly intensified.

Figures 3a and 3b present azimuth‐time diagrams of wavenumber‐2 vorticity and reflectivity fields sampled at
radii of 18 km (within the RMW) and 35 km (outside the RMW), respectively, at z = 2 km. Note that Figure 3a
represents stage I, while Figure 3b characterizes stage II. The dynamical relationship between vortex Rossby
waves (VRWs) and TC inner rainband activity has been extensively documented (Chen & Yau, 2001; Corbosiero
et al., 2006; Li & Wang, 2012a, 2012b; Li et al., 2017; Lin et al., 2018; Montgomery & Kallenbach, 1997;
Wang, 2002a, 2002b). It is shown that while cyclonic propagation of wavenumber‐2 vorticity and reflectivity
signatures persisted through both stages (Figure 3), the wavy structures exhibited marked phase‐dependent
contrasts. During stage I, a distinct spatial decoupling emerged between the wavenumber‐2 reflectivity and
vorticity within the RMW, manifesting as a ∼60° phase offset (Figure 3a). This misalignment suggests that the
rainband activity that contributed to the enhanced convection within the RMW during this phase occurred through

Figure 2. Radar reflectivity (shading; dBZ) of Typhoon Cempaka at 1.5° elevation was observed by YJ radar at (a) 0800, (b) 1000, (c) 1200, and (d) 1400 UTC. Black
triangles mark the locations of YJ and ZH radars. The black arrow indicates the direction of environmental VWS. (e) The radius‐time Hovmöller diagram of azimuthally
averaged radar reflectivity at z = 2 km. The black solid line indicates the RMW, and the black dashed line is used to separate stages I and II (see the detail in the text).
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mechanisms independent of VRWs dynamics. Conversely, stage II displayed robust phase locking between the
wavenumber‐2 reflectivity and vorticity exterior to the RMW (Figure 3b), indicative of dynamic coupling
consistent with VRWs‐driven inner‐rainband formation.

Additionally, the azimuthal phase speed of the wavenumber‐2 waves, as evaluated from the reflectivity signature
shown in Figure 3b, was approximately 18.2 m s− 1. In stage II, the average tangential wind speed at a radius of
35 km and an altitude of 2 km was roughly 28.2 m s− 1. The azimuthal velocity of the wavenumber‐2 structures
constituted approximately 65% of the mean tangential wind speed. This result is in accordance with previous
studies which indicated that the azimuthal propagation velocity of wavenumber‐2 VRWs typically ranged from
about 50% to 80% of the local tangential wind velocity (Corbosiero et al., 2006; Dai et al., 2021; Li &
Wang, 2012a, 2012b; Lin et al., 2018; Wang, 2002a). In summary, the rainbands within the RMW during stage I
were not associated with VRWs. In contrast, the rainbands outside the RMW during stage II could be regarded as
convectively coupled VRWs.

Figure 4 presents a comparison of the averaged azimuthal‐mean vorticity profiles between the two stages. In stage
I, the vorticity skirt exhibited a greater width, whereas in stage II, the profile within the RMW was notably
narrower. Specifically, the vorticity within the RMW was substantially higher in stage II compared to stage I.
Conversely, outside the RMW, the vorticity was lower in stage II. As previously discussed, this disparity in
vorticity distribution gave rise to a more pronounced negative radial gradient, which provided a favorable con-
dition for the development of retrograde VRWs. During stage II, the reduced vorticity outside the RMW allowed
the radial inflow to penetrate closer to the center. This circumstance is hypothesized to contribute to more radially
inward convergence due to the inflow decelerating around a shorter radius. This observation is consistent with the
significant intensification of the typhoon, as evident in Figure 1b, which was observed during stage II.

To elucidate the dynamic difference of rainband‐induced convective enhancement within and beyond the RMW
during the RI phase (stage I vs. stage II), we compare below fine‐scale radar‐derived convective organization and
kinematic configurations.

One prominent hypothesis suggests that rainbands take shape and propagate as gravity waves. The gravity waves
are hypothesized to be generated either by the rotating convective asymmetries within the eyewall region
(Kurihara, 1976) or by vorticity perturbations in the core region of the TC (Chow et al., 2002). Here, we aim to

Figure 3. (a) The azimuth‐time Hovmöller diagram of wavenumber‐2 vorticity (shading; unit: 10− 3 s− 1) and reflectivity (contours; unit: dBZ) at z = 2 km at a radius of
18 km from 0900 to 1200 UTC. (b) As for (a) but at a radius of 35 km from 1200 to 1500 UTC. The blue line tracks the cyclonical propagation of wavenumber‐2
reflectivity.
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explore whether the propagation of the spiral rainbands inside the RMW during stage I was linked to gravity
waves. Figure 5 presents the horizontal distributions of the wavenumber‐2 vertical velocity and reflectivity. It is
found that the evolution of the wavenumber‐2 reflectivity and wavenumber‐2 vertical velocity was not collocated.
This lack of collocation implies that the rainband during stage I did not exhibit propagation characteristics similar
to those of gravity waves. In the context of the theoretical framework of gravity‐wave‐related rainband propa-
gation, the collocated evolution of the two physical variables is expected. Since the observed wavenumber‐2
reflectivity and vertical velocity deviated from this expected pattern, it is reasonable to infer that gravity
waves may not be the driving mechanism for the propagation of the spiral rainband inside the RMW during
stage I.

To further investigate the underlying mechanisms governing rainband dynamics during stage I, we conduct a
focused analysis of spiral rainband B1 (Figures 6e and 6f) within the RMW. The structural organization of B1
appeared intimately linked to the evolution of convective cells C1–C3 (Figures 6a–6d). At 0924 UTC, C1 and C2
were seen in the north and north‐northeast, respectively, just outside the RMW (Figure 6a). Retrieved wind fields
(Figure 7a) indicated differential strain environments—moderate deformation near C1 versus weaker strain
around C2. As C1 moved cyclonically and entered within the RMW, C1 tended to become filamented, possibly
influenced by the strain effect (Figure 7b). C2 slightly intensified at 0930 UTC (Figure 6b) and became slightly
weaker at 0936 UTC (Figure 6c) when large strain magnitudes on both the upwind and downwind sectors of C2
(Figures 7b and 7c) diluted the cell. Notably, C1 displayed secondary intensification during this phase (Figure 6c),
which was probably due to strengthened vortex‐scale ascent in downshear quadrants (Bender, 1997; Wang &
Holland, 1996). Simultaneously, a nascent convective cell (C3) emerged upstream of C2 (Figure 6c). Temporal
evolution over the subsequent 6‐min interval revealed progressive intensification and banding of C1 and C2,
RMW penetration by C2 (Figure 6d), and vigorous development of C3 within low‐strain environments
(Figure 7d). The synergistic interaction of filamentation processes and convective coupling ultimately generated
inner rainband B1 in the downshear quadrants, radially within the RMW (Figures 6e and 6f). This organizational

Figure 4. Averaged azimuthal mean vorticity profiles at 2 km altitude in stage I (black) and II (red), respectively. Red and
black dashed lines mark the RMW in stages I and II, respectively.
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Figure 5. Horizontal distributions of wavenumber‐2 vertical velocity (shading; unit: 10− 3 m s− 1) and reflectivity (contours; unit dBZ, solid and dashed lines showing
positive and negative parts respectively) at z = 2 km every 6 min between 0912 and 0942 UTC. Black dashed lines indicate the RMW.

Figure 6. Radar reflectivity (shading; unit: dBZ) at z= 2 km at 6‐min intervals starting from 0924 UTC, superposed by asymmetric wind fields (vectors). C1, C2, and C3
in panels (a–d) indicate the three convective cells in focus in the text, and B1 in panels (e, f) denotes the inner rainband marked bythe white curve. Black dashed circles
indicate the RMW. The time is shown in the top‐left cornerof each panel.
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phase coincided with moderate strain conditions (Figures 7e and 7f), preceding the band's transition toward the
axisymmetric structure (not shown). The activities of convection described above verified the hypothesis that
inner rainbands are formed due to the effect of shear proposed by Moon and Nolan (2015). This structural
reorganization amplified convective signatures within the RMW, as evidenced by symmetric radar reflectivity
patterns (Figure 2e).

The comprehensive analysis reveals two fundamental characteristics of rainband evolution during stage I of
Cempaka's eyewall formation: (a) spatial confinement predominantly within the RMW, and (b) formation
mechanisms principally attributable to strain‐dominated kinematics. These findings collectively demonstrate
remarkable consistency with previous studies (Li et al., 2017; Moon & Nolan, 2015), particularly regarding fine‐
scale convective reorganization. Specifically, our observational evidence provides empirical validation for the
hypothesized process wherein inner‐core convective activity undergoes spiral morphogenesis through (a)
vorticity‐mediated advection within rapid‐rotation regimes and (b) subsequent strain‐induced deformation, as
indicated in the wind field diagnostics performed herein.

To better analyze the wave structures linked to the spiral rainbands beyond the RMW, Figure 8 displays the
azimuth–radius distributions of wavenumber‐2 radar reflectivity and vertical vorticity at a 2‐km altitude during
stage II. The above analysis of Typhoon Cempaka's eyewall formation during stage II demonstrates that spiral
rainbands located outside the RMW exhibited dynamical coherence with VRWs activity, as manifested through
persistent wavenumber‐2 banded structures in both radar reflectivity (Figures 3b and 8a–8c) and vorticity
(Figures 8d–8f). At 1254 UTC, the radar observations revealed distinct spatial organization: the upwind and mid‐
sections of an inner rainband (denoted by white lines in Figure 8b) occupied the southwestern quadrant, with its
downwind extension propagating eastward, while the counterpart structure displayed mirroring behavior in the
northeastern quadrant with westward extension. Figure 8c shows the axisymmetrization of these banded features,
culminating in complete eyewall closure. Crucially, the coupling between wavenumber‐2 reflectivity patterns and
vorticity anomalies at z = 2 km (Figures 8d–8f) corroborates the features presented in Figure 3b. This spatio-
temporal coherence substantiates that the observed inner rainbands beyond the RMW functioned as convectively
coupled VRWs, consistent with the VRWs dynamical frameworks (Chen & Yau, 2001; Li & Wang, 2012a,
2012b; Montgomery & Kallenbach, 1997; Wang, 2002a, 2002b).

Figure 7. As in Figure 6, but for deformation magnitude (shading) and reflectivity (contoured at 30 and 35 dBZ) at z = 2 km. The inner rainband B is marked by the red
curve in panels (e, f).
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The formation mechanism of VRWs‐associated inner rainbands during stage II can be elucidated through
dynamical prerequisites and structural evolution. While Montgomery and Kallenbach (1997) documented po-
tential vorticity skirts as fundamental for VRWs genesis, our analysis substitutes vertical vorticity given potential
vorticity unavailability, revealing a distinct negative radial vorticity gradient beyond the eyewall (Figure 4).
Crucially, wavenumber‐2 meso‐β‐scale cyclone‐anticyclone couplets emerged near the eyewall periphery
(Figures 8a–8c), with observational evidence at 1236 UTC showing asymmetric anticyclonic vortices in the
northwest/southeast quadrants and cyclonic shear‐line structures in the northeast/southwest at z = 2 km
(Figure 8a). This configuration consequently initiated low‐level inflow asymmetries beyond a radius of 30 km,
likely forced by environmental vertical wind shear. Although the vertical wind shear was weak during this period
(Figure 2), Chen et al. (2006) show that asymmetric structures remain detectable even in weak storms, with the
asymmetry primarily oriented downshear. As a result, cyclonic shear line‐driven outflow convergence was
concentrated in the downshear quadrant, establishing a meso‐β‐scale convergence zone near a radius of 30 km
(Figure 8a). The resultant convergence forcing facilitated downshear convective development within the vorticity
skirt, ultimately generating wavenumber‐2 convectively coupled VRWs (Figures 8d–8f) that physically man-
ifested as the observed inner rainband structures. Furthermore, prior research has also shown the contributions of
VRWs to eyewall formation, specifically, secondary eyewall formation. As demonstrated by Guimond
et al. (2020) through ground‐based and airborne radar measurements, convectively coupled VRWs drive a direct
spinup of outer‐core tangential winds and exhibit correlation with wavenumber‐one secondary eyewall devel-
opment. The above discussion of the present study specifically examines the axisymmetrization mechanisms of
convective‐scale VRWs‐associated inner bands and their subsequent organization into a coherent eyewall
structure during stage II.

The formation of an eyewall manifests through two distinct yet interconnected processes: the development of a
ring‐like convective structure as previously documented, and the localized intensification of wind fields. During
Cempaka's eyewall formation, which coincided with its RI period, a substantial acceleration of wind velocities in
proximity to the RMW likely occurred. To elucidate the key dynamical mechanisms governing the wind velocity
enhancement processes across both stages, we implemented azimuthally averaged tangential velocity budget

Figure 8. Radar reflectivity (shading; unit: dBZ) at z = 2 km at (a) 1236, (b) 1254, and (c) 1306 UTC, overlaid by asymmetric wind fields (vectors). The white curves in
panel (b) mark the position of the two inner rainbands discussed in the text. Horizontal distributions of wavenumber‐2 vorticity (shading; unit: 10− 3 s− 1) and reflectivity
(contours; unit dBZ) at z = 2 km are also shown at (d) 1236, (e) 1254, and (f)1306 UTC. Black dashed lines indicate the RMW.
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analyses as in Tang et al. (2019) and Li et al. (2019). The governing tendency equation within cylindrical co-
ordinates (r,λ, z) can be expressed as follows:

∂v
∂t
= − uζa − w

∂v
∂z
− uʹζaʹ − wʹ (∂vʹ

∂z
) −

αʹ
r
(
∂pʹ
∂λ
) + Ffric + Fdiff , (1)

where u, v, and w are the radial, tangential, and vertical velocities, respectively, ζa = ∂v
∂r +

v
r + f is the vertical

component of absolute vorticity, p is pressure, λ indicates the azimuthal angle, α is the specific volume of dry air, t
is time, and z is height. The overbar represents the azimuthal mean (the axisymmetric component), and the prime
denotes the departure from the azimuthal mean (the asymmetric component). The first four terms on the right‐
hand side of Equation 1 are the mean radial (horizontal) flux of absolute vertical vorticity, the mean vertical
advection of mean tangential momentum, the eddy radial flux of eddy vorticity, and the eddy vertical advection of
eddy tangential momentum, respectively. The fifth term is the azimuthal average of the azimuthal perturbation
pressure gradient force, which is much smaller than other terms and is ignored in the budget. The last two terms
represent turbulent vertical mixing, including surface layer processes and diffusion due to subgrid‐scale pro-
cesses, which are also ignored in the following discussion because they cannot be calculated based on the current
data.

Figure 9 shows the azimuthal‐mean tangential wind tendency budget during stage I (0930–1100 UTC). Although
wind fields below z = 0.5 km were poorly resolved due to radar scan coverage limitations, the terms estimated
from Equation 1 using the retrieved data still provided helpful quantification for the specific processes driving
changes in tangential velocity. A strong positive tangential wind tendency appeared mainly inside the RMW
(Figure 9a), directly contributing to its contraction, as shown in Figure 2e. Importantly, below z = 2.5 km, the
mean radial flux of absolute vorticity showed marked intensification—especially within the RMW (Figure 9b)—
and was the dominant factor driving both the acceleration of tangential velocity and the progressive contraction of
the RMW. This dominance stemmed primarily from strong boundary‐layer inflow (not shown). Furthermore,
Figure 4 reveals lower azimuthally averaged vorticity between radii of 5–22 km during stage I than during stage

Figure 9. Radius‐height cross sections of the azimuthally averaged tangential wind tendency budgets with a 1.5‐hr average between 0930 and 1100 in stage I. The budget
terms are (a) local time tendency, (b) the mean radial (horizontal) flux of absolute vertical vorticity, (c) the mean vertical advection of mean tangential momentum,
(d) the eddy horizontal advection, and (e) the eddy vertical advection of eddy tangential momentum. The temporally averaged RMW is denoted by black solid lines.
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II, suggesting reduced inertial stability in the early stage. Consequently, the radial inflow likely extended inward
to smaller radii during stage I, leading to greater influx of vorticity within the RMW (Rogers et al., 2013).

Additionally, the vertical advection of tangential momentum showed negative tendencies limited to the boundary
layer below z= 1.5 km, with positive tendencies emerging above z= 2 km near and within the RMW (Figure 9c).
Notably, horizontal eddy advection produced localized positive tendencies between radii of 12 and 20 km, inside
the RMW (Figure 9d), helping to strengthen the tangential winds and drive RMW contraction. The pattern of eddy
vertical advection closely mirrored that of mean vertical advection: it reduced tangential velocity at the lower
levels (z < 1.5 km, r < 40 km) while enhancing it aloft (Figure 9e). During stage I, spiral inner rainbands were
active within the RMW (Figure 6), which were responsible for positive eddy terms comparable to the radial flux
of absolute vorticity inside the RMW; this finding aligns with Hardy et al. (2021) and Alford et al. (2023).
Together, these findings indicate that during stage I, the contraction of the RMW was primarily governed by the
radial flux of absolute vorticity, while eddy processes linked to inner rainbands and their associated convection
within the RMW (Figure 2e) played a secondary—yet still significant—role (Figures 9a–9e).

The tangential wind tendency budgets during stage II (1330–1500 UTC) reveal distinct mechanisms driving
tangential wind increases (Figure 10), differing from those in stage I. A broad zone of tangential acceleration
developed near and beyond the RMW (Figure 10a), spatially aligned with convective activity in the inner spiral
rainbands located outside the RMW. This acceleration around and beyond the RMW was thought to have pri-
marily contributed to the emergence of a local wind maximum during eyewall formation. Compared to stage I (cf.
Figure 8), these rainbands exhibited greater axisymmetry, indicating a stronger influence of radial absolute
vorticity flux in controlling local wind acceleration below z = 2 km and beyond the 40‐km radius (Figure 10a).
Vertical momentum transport made significant contributions to tangential velocity tendencies above z = 1.5 km
near and outside the RMW (Figure 10c), counterbalancing the negative effects from radial vorticity flux
(Figure 10b). Eddy terms played a relatively minor role compared to mean terms: eddy horizontal advection
produced only weak, alternating anomalies (Figure 10d), while eddy vertical advection mainly contributed to low‐
level acceleration beyond 40 km and below z = 3 km (Figure 10e).

Figure 10. As in Figure 9, but averaged between 1330 and 1500 in stage II.
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4. Conclusions and Discussion
Previous studies have proposed two types of TC eyewall formation from a phenomenological perspective:
clearing formation and banding formation (Chen & Wu, 2022), based on satellite imagery. Such results are
typically related to the contribution of outer rainband activity to eyewall formation. Nevertheless, further
investigation is required to gain insight into the convective behavior of inner rainbands associated with eyewall
formation in a TC experiencing RI. This study also aims to investigate the influence of the convective behavior of
inner rainbands on the intensity change of TCs during eyewall formation. To address these questions, the
convective characteristics regarding the inner rainband activity of Typhoon Cempaka (2021) are observationally
examined here using Doppler radars.

The eyewall formation period of interest for Cempaka can be divided into two distinct stages during which the
convective activity of the inner rainbands has strikingly different characteristics. In the first stage, spanning from
0900 to 1200 UTC, an azimuthally averaged reflectivity peak was observed to be situated radially inside the
RMW of Cempaka. Subsequently, in the second stage, the azimuthally averaged reflectivity peak exhibited a
shift, moving outside the RMW.

The development and simultaneous axisymmetrization of the spiral inner rainbands were found to contribute to
the eyewall formation of Cempaka and were discussed during both stages of observation. The formation of the
inner rainbands in the first stage was closely associated with isolated convection, which ultimately underwent
filamentation as a result of strain effects. The mean tangential wind tendency analysis shows that the elevated
convection inside the RMW resulted in a net local spin‐up within the RMW, particularly due to the eddy terms,
thereby contributing to the RMW contraction observed during this stage. In the second stage, the inner rainband
activity was predominantly governed by VRWs that were excited outside the RMW. Consequently, an
azimuthally averaged reflectivity peak was also observed outside the RMW. The retrieved wind fields indicated
that convergence‐related convection generated by the interaction between vortex perturbations and low‐level
asymmetric inflow in the downshear quadrants was the probable cause of the initiation of the VRWs. The
subsequent axisymmetrization of the rainbands further contributed to the formation of the eyewall of Cempaka. In
this phase, the eddy terms of tangential velocity budgets were observed to be weaker, coupled with an
axisymmetric distribution of convection. The positive tangential velocity tendency resulting from the mean terms
occurred near and outside the RMW, which was consistent with the development of convection outside the RMW.

In conclusion, the radar observations here suggest that the RI of Typhoon Cempaka was accompanied by the
formation of an eyewall. In contrast with the type of banding formation observed from satellite observations, the
eyewall formation of Cempaka was linked to the evolution of two distinct types of inner rainbands. In a symmetric
view, the principal convection relevant to the deformation‐driven inner rainbands and VRWs‐associated rain-
bands was observed to be located inside and outside the RMW, respectively. Although these two types of inner
rainbands have been previously identified, the current study emphasizes their potential contribution to the for-
mation of the eyewall of Cempaka and their impact on the marked acceleration of wind velocities near the RMW,
particularly from a radar observation view.

While the current study highlights the inner rainband dynamics and its contributions to the eyewall formation of
Typhoon Cempaka, previous studies have shown that outer rainbands can also play a role in eyewall/eye for-
mation, as discussed in the introduction section. Could the outer rainbands have contributed to the eyewall
formation of Cempaka? Figures 2a–2d show that outer rainbands were located downshear, although the
magnitude of the shear tended to decrease with time during the period of interest. Stratiform clouds, indicated by
relatively smooth reflectivity distributions, appeared in the downwind sector of the outer rainbands—a charac-
teristic outer rainband pattern of sheared TCs (Li et al., 2017; Liu et al., 2022). We conjecture that this stratiform
structure in the outer rainbands was unlikely to directly contribute to the eyewall formation through the banding‐
type process, given the convective nature of the eyewall. Furthermore, were there interactions between the inner
and outer rainbands, and how might such interactions, if present, influence the eyewall formation of Cempaka?
The radar‐based observations in the current study cannot resolve these questions, and high‐resolution numerical
simulations will be used in future work to investigate these mechanisms.

We also acknowledge other unexplored aspects stemming from observational constraints inherent in radar ob-
servations. Notably, the thermodynamic interplay between inner rainband dynamics and the RI process during
Cempaka's eyewall formation remains unquantified. This omission becomes scientifically pertinent given the
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documented correlation between organized inner‐core convection and TC size expansion. Crucially, as Cempaka
exhibited an atypically compact size, this raises the mechanistic question of how convective processes within its
inner rainbands modulated both symmetric and asymmetric contributions to size variability. In upcoming studies,
such unresolved physical linkages between convective‐scale interactions and TC‐scale energetics will be
investigated through cloud‐resolving numerical simulations.
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