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Key Points:

® The initial asymmetric structure in a TC vortex can either enhance or suppress the TC
weakening induced by an imposed environmental VWS.

® [f the initial asymmetric structure is in phase with the VWS-induced asymmetric structure, the
TC weakening would be enhanced and vice versa.

® The TC asymmetric structure should be better observed in real time and realistically represented

in numerical weather prediction models.
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Abstract

Previous studies have investigated how the environmental vertical wind shear (VWS) may
trigger the asymmetric structure in an initially axisymmetric tropical cyclone (TC) vortex and how
TC intensity changes in response. In this study, the possible effect of the initial vortex asymmetric
structure on the TC intensity change in response to an imposed environmental VWS is investigated
based on idealized full-physics model simulations. Results show that the effect of the asymmetric
structure in the initial TC vortex can either enhance or suppress the initial weakening of the TC in
response to the imposed environmental VWS. When the initial asymmetric structure is in phase of
the VWS-induced asymmetric structure, the TC weakening will be enhanced and vice versa. Our
finding calls for realistic representation of initial TC asymmetric structure in numerical weather

prediction models and observations to better resolve the asymmetric structure in TCs.
Plain language summary

Although a strong tropical cyclone (TC) is often treated as an axisymmetric vortex in most
theoretical studies, asymmetric structure always exists in a TC in nature, such as that generated by
the environmental vertical wind shear (VWS). However, it is unclear whether and how the
asymmetric structure in the initial TC vortex may affect the TC intensity change in response to an
imposed environmental VWS. This has been addressed in this study by conducting idealized high-
resolution numerical simulations. Results show that the asymmetric structure in the initial TC
vortex can either enhance or suppress the initial weakening of the TC in response to an imposed
environmental VWS depending on how the initial asymmetry is aligned with the asymmetry
induced by the VWS. If they are in phase, the TC weakening would be enhanced and vice versa.
Our finding highlights the importance of realistically representing the asymmetric structure in the
initial TC vortex in numerical weather prediction models for TC forecasts and also the need to

better resolve the TC asymmetric structure in observations.
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1. Introduction

A strong tropical cyclone (TC) is often considered to be quasi-axisymmetric with relatively
weak embedded asymmetric structure, therefore, it is common to assume a TC as an axisymmetric
vortex in previous theoretical and numerical modeling studies on TC intensification and maximum
potential intensity (e.g., Ooyama, 1969; Emanuel, 1986, 2012; Rotunno & Emanuel, 1987; Bryan
& Rotunno, 2009a, b; Li et al., 2019, 2020, 2021, 2022; Wang et al., 2021a, b, 2023). Furthermore,
our current understanding on TC development has also been largely based on the axisymmetric
processes, such as the conditional instability of the second kind (CISK), the wind-induced surface
heat exchange (WISHE), and the balanced TC vortex dynamics (Charney & Eliassen, 1964;
Ooyama, 1969; Schubert & Hack, 1982; Emanuel et al., 2004; Wang & Wu, 2004), although the
asymmetric processes may play critical roles in TCs (e.g., Montgomery et al., 2006; Nolan et al.,
2007; Montgomery & Smith, 2014).

Asymmetric structures in a TC are often unfavorable for TC intensification. One example is
asymmetry caused by TC internal dynamics, such as vortex Rossby waves and mesovortices in the
eyewall, which play some roles in limiting TC intensity by eddy mixing across the eyewall or
affecting the slope of the eyewall ascent (Wang, 2002a, b, 2007, 2009; Yang et al., 2007; Persing
et al., 2013). The asymmetric structure in a TC can also be induced by external environmental
forcing. One of such examples is the environmental vertical wind shear (VWS, Jones, 1995; Wang
& Holland, 1996a; Frank & Ritchie, 2001; Li et al., 2008, 2017; Xu & Wang, 2013; Gu et al., 2018;
Li et al., 2017; Li & Dai, 2019; Fu et al., 2019; Gao et al., 2020). The VWS could perturb the
thermal wind balance of the TC and cause the vertical tilt of the TC vortex, leading to the
asymmetric vertical motion in the eyewall (Jones, 1995; Wang & Holland, 1996a; Frank & Ritchie,
2001; Xu & Wang, 2013). Environmental VWS can also trigger the development of outer spiral
rainbands mainly in the downshear quadrants (Heymsfield et al. 2006; Riemer & Montgomery,
2011; Li et al., 2017). In addition, different directions of environmental VWS may have different
impacts on TC intensity changes (He et al., 2015; Gu et al., 2019). Zeng et al. (2010) found that for
similar VWS magnitudes, an easterly VWS was preferable to a westerly VWS for TC
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intensification, which was explained by the superimposed beta (meridional variation of the Coriolis
parameter) effect (Ritchie & Frank, 2007; Wang & Holland, 1996b, c). Ritchie & Frank (2007)
found that the beta effect can induce a weak northwesterly VWS over the TC core in the northern
hemisphere. As a result, the effect of westerly (easterly) VWS on TC intensity change would be
enhanced (suppressed) by beta-induced VWS.

Previous studies have mostly focused on how the asymmetric structure is triggered and how
the triggered asymmetric structure affects TC intensity change (Wang, 2002a, b, 2009; Yang et al.,
2007; Xu & Wang, 2013; Persing et al., 2013; Li & Dai, 2019). However, it is still a challenge to
realistically initialize the inner-core asymmetric structure of a TC vortex in a numerical weather
prediction model. It is also unknown how the predicted/simulated TC intensity change may be
affected by the initial asymmetric structure in a numerical weather prediction model. For example,
some dynamical vortex initialization schemes developed so far mainly spin up the axisymmetric
vortex, and little attention has been given to the initial asymmetric vortex structure (Cha & Wang,
2013; Liu et al., 2018; Liu et al., 2019). Recently, Zhong et al. (2023) found that the spinup and
spindown members in ensemble forecasts of TC intensity show oppositely phased distribution in
their initial asymmetric wind fields, and they hypothesized that the phased relationships between
the direction of VWS and eyewall convection might influence the TC intensity evolution. However,
they did not examine the details.

In this study, we will show that the initial asymmetric structure of a TC vortex is key to the
intensity change of a TC at different developing stages in response to an imposed environmental
VWS. We will also demonstrate that the VWS-induced asymmetry could be either enhanced or
suppressed by the asymmetric structure in the initial TC vortex depending on the relative phase and
strength of the two asymmetric structures. Our finding can help understand why both spinup and
spindown members coexist in ensemble forecasts of TC intensity by numerical weather prediction
models (e.g., Zhong et al., 2023) and also calls for attention to adequately represent the asymmetric

structure of the TC vortex in numerical models.

2. Model and experimental design
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The three-dimensional, compressible, non-hydrostatic, full-physics Weather Research and
Forecasting (WRF) model version 4.2.2 (Skamarock et al., 2008) was used to perform a series of
numerical experiments. The horizontal model domain was triply nested with grid spacings of 18, 6
and 2 km and sizes of 502x361, 361x361, and 301x301 grid points, respectively. The two inner-
meshes automatically moved following the model TC vortex center. The model atmosphere had
sixty vertical levels with the model top at 25 km. The model physics included the Yonsei University
planetary boundary layer scheme (YSU; Hong et al., 2006) and the Thompson cloud microphysics
scheme (Thompson et al., 2008). The modified Tiedtke cumulus parameterization scheme (Tiedtke,
1989; Zhang et al., 2011) was only applied to the outermost mesh. Radiation was not considered
for simplicity in this study.

Since the main concern in this study is to examine the effect of the asymmetric structure of
the initial TC vortex on the response of TC intensity change to an imposed moderate environmental
VWS, all numerical experiments were conducted on an f-plane at 15°N over the ocean with a
uniform sea surface temperature of 28.5°C. The initial unperturbed sounding of the model
atmosphere was the moist-tropical sounding documented in Dunion (2011). In a control experiment
(CTRL), the initial TC vortex was axisymmetric in gradient and thermal wind balance as in
Rotunno & Emanuel (1987) with a maximum tangential wind speed of 18 m s™! near the surface at
a radius of 90 km, and the model was run for 192 h. The moderate environmental VWS was set to
10 m s! initially in geostrophic wind and hydrostatic balances. The vertical profiles of the zonal
wind corresponding to the easterly VWS and westerly VWS are given in Figure 1a. Namely, the
environmental zonal wind increased from 0 m s™' below 3.5 km height to 10 m s! above 12.0 km.
Note that both easterly and westerly VWS were considered since the VWS effect on TC intensity
change is theoretically independent of the shear direction on the f~plane.

In the VWS experiments, the VWS was imposed onto the TC vortex after 24, 48, 72, and 96
h of simulation in CTRL described above. Since the TC vortex from CTRL developed asymmetric
structure even though there was no any asymmetric forcing, as studied in Wang (2007), two sets of

VWS experiments were conducted. In one set, only the axisymmetric component of the TC vortex
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from CTRL was used in the corresponding VWS experiments, and in the other set, the TC vortex
from CTRL was directly used in the VWS experiments. The axisymmetric component of the vortex
was calculated as the azimuthal average for all prognostic variables, including all hydrometeors, in
the WRF model. In total, 16 VWS experiments were performed, among them 4 easterly VWS and
4 westerly VWS experiments initialized with the axisymmetric components of the TC vortices after
24, 48, 72, and 96 h of simulation from CTRL, and 4 easterly VWS and 4 westerly VWS
experiments initialized with the TC vortices directly after 24, 48, 72, and 96 h of simulation from
CTRL. We named the axisymmetric and asymmetric experiments as “ AXI” and “ ASY” in
suffixes and the easterly and westerly VWS experiments as “SHE” and “SHW” in prefixes,
respectively. Therefore, the corresponding experiments were named SHE24 AXI (SHE24 ASY),
SHE48 AXI (SHE48 ASY), SHE72 AXI (SHE72 ASY), SHE96 AXI (SHE96 ASY), and
SHW24 AXI (SHW24 ASY), SHW48 AXI (SHW48 ASY), SHW72 AXI (SHW72 ASY),
SHW96 AXI (SHW96_ASY), respectively. The TC vortex center was defined as the point with
the largest azimuthally averaged maximum tangential wind speed at the given time. Note that the
environmental wind profile was well maintained throughout the 96-h simulations in all VWS

experiments (not shown).
3. Results

Previous studies have shown that the development of asymmetric structure is responsible for
a TC to weaken in environmental VWS as already mentioned in Section 1. In particular, the TC
vortex would develop a quasi-steady wavenumber-1 asymmetry in vertical motion and convection
in the eyewall with enhanced upward motion and convection in the downshear-left quadrant when
facing down the direction of the VWS (e.g., Jones, 1995; Wang & Holland 1996a). As such, if the
initial asymmetric structure of the initial TC vortex is in phase with the VWS-induced
wavenumber-1 asymmetric structure, the asymmetry of the TC vortex would be enhanced, and thus
the weakening of the TC in response to the imposed VWS would be enhanced. To demonstrate this

possible mechanism, we first analyze the initial asymmetric structure of the TC vortices in CTRL.
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154  Figure 1. (a) The vertical profiles of the environmental zonal winds (red for easterly VWS and blue for westerly
155  VWS) with the shear magnitudes of 10 m s*'; (b-m) Horizontal distributions of radar reflectivity at 1-km height
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(dBZ, the first row), the total (the second row) and wavenumber-1 (the third row) asymmetric vertical motion (m
s'!) averaged in the layer between 1-4 km heights. The area within the grey dashed big circle indicates the inner
core and the small circle indicates the eyewall. The four vertical columns from the left to right correspond to
times at 24, 48, 72, and 96 h of simulation in CTRL, respectively.

Figures 1b-1m shows the horizontal distribution of radar reflectivity at 1-km height and the
total and wavenumber-1 asymmetric vertical motion computed by the azimuthal Fourier
decomposition averaged in the layer between 1 and 4 km heights at the four times in CTRL when
the TC vortex was used as the initial TC in the VWS experiments. The asymmetries arise at the
four times in CTRL all from the TC internal dynamics. In the early development stage, the TC
vortex is quite axisymmetric with relatively weak asymmetric structure in both radar reflectivity
and vertical motion. The asymmetries in both fields become obvious by 48 h of the simulation,
with upward asymmetric motion to the eastern semicircle and descending motion to the western
semicircle. The asymmetries after 72 and 96 h of the simulation in CTRL become stronger but
show different phases, with upward motion in the northwestern and subsidence in the southeastern
quadrants by 72 h and upward motion in the eastern semicircle and subsidence in the western
semicircle by 96 h. The asymmetries in vertical motion are dominated by wavenumber-1 structure
(Figures 1j-1m), with large values mainly in the eyewall, about within the radius of maximum wind.

To examine the differences in the phase and strength of the asymmetric structure between the
initial TC vortex and those induced by the imposed VWS, we now analyze the asymmetric structure
of the TCs averaged within the first 1-3 hours of simulations after the VWS is imposed in the
easterly VWS experiments with the initially axisymmetric TC vortex obtained from CTRL (Figure
2). Note that the asymmetric structure in the westerly VWS experiments is quite similar to that in
the easterly VWS experiments for the initially axisymmetric TC vortex on the f~plane and thus not
shown. We can see that a consistent predominant wavenumber-1 asymmetric structure developed
in the first 3 h of simulations in all VWS experiments, with elevated radar reflectivity and upward
motion downshear and downshear-left in the eyewall. Since the initial TC vortices were
axisymmetric, the developed asymmetric structure in Figure 2 resulted primarily from the

interaction between the TC vortex and the imposed VWS as documented in many previous studies



184

185

186

187

188
189
190

191

192

193

194

195

(e.g., Frank & Ritchie, 2001; Xu & Wang, 2013). Note that the total and wavenumber-1 asymmetric
vertical motion exhibit highly consistent features and dominated the total asymmetric vertical

motion induced by the imposed environmental VWS.
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Figure 2. As in Figure 1b-m, but for the easterly VWS experiments with the initial axisymmetric TC vortices
averaged within the first 1-3 hours of simulations after the VWS is imposed. The grey arrows indicate the
direction of the environmental VWS.

Figure 3 shows the time evolutions of the TC intensity in terms of the central sea level pressure
and the maximum wind speed in all VWS experiments initialized with the axisymmetric TC
vortices from CTRL (colored in Figures 3a and 3c) and in those initialized with the TC vortices
directly from CTRL (colored in Figures 3b and 3d), respectively. The TC in CTRL (black)

intensified until 120 h of the simulation and evolved quasi-steadily afterwards. We can see from
8
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Figures 3a and 3c that TCs experienced a reduced intensification rate when the VWS was imposed
in the early intensification stage (for the TCs after 24 and 48 h of the simulation from CTRL) or a
weakening when the VWS was imposed in the later intensification or mature stages (for the TCs
after 72 and 96 h of the simulations from CTRL). This suggests that a moderate VWS had a
relatively weak effect on the intensification of a weak TC. We hypothesize that for a weak TC, the
weak warm core also indicates weak ventilation of the upper-level warm core by the imposed shear
flow. However, for a relatively strong TC, in response to the imposed moderate VWS, the strong
upper-level warm core implies relatively strong ventilation by the shear flow, resulting in a great
weakening of the upper-level warm core and thus the weakening of the TC (Figure S1). A detailed
process-oriented analysis of the TC intensity in response to the environmental VWS is planned for
a future study. Here, we focus on the dependence of the response of the TC intensity change to the

imposed moderate environmental VWS on the asymmetric structure of the initial TC vortex.
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Figure 3. Time evolutions of (a, b) the simulated central sea level pressure (hPa) and (c, d) the maximum wind
speed (m s!) of TCs in CTRL (black) and in all easterly (color solid) and westerly (color dashed) VWS
experiments with initially axisymmetric vortex from CTRL (a, ¢) and with the TC vortex directly from CTRL (b,
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d). The red, orange, green and blue colors represent the VWS experiments with TC vortices after 24, 48, 72, and
96 h of the simulation in CTRL, respectively.

As expected, the intensity evolutions (both the central sea level pressure and the maximum
wind speed) for a TC with an initially axisymmetric structure embedded in westerly and easterly
VWSs are quite similar on the f-plane (Figures 3a and 3c), as mentioned in section 2. Some small
differences resulted from the small deviation of the initially axisymmetric TC vortex center from
the center of the model domain and can be considered being unphysical and negligible. In contrast
to the initially axisymmetric TC vortex, the TC vortex including both the axisymmetric and
asymmetric structures from CTRL shows relatively large differences in intensity evolutions in
responses to the imposed moderate environmental westerly and easterly VWSs (Figures 3b and 3d).
Since the intensity evolution in environmental VWS on the f-plane experiment is little dependent
on the direction of the VWS (Figure 3a and 3c), the large difference in intensity evolutions for a
TC vortex embedded in easterly and westerly VWSs should result from the asymmetric structure
of the TC vortex at the time of VWS was imposed. We can see from Figures 3b and 3d that the
difference in TC intensity evolutions in the westerly and easterly experiments also depends on the
stage of TC intensification in CTRL which show different degree of the asymmetric feature of the
initial vortex. Although we found that the mean early TC weakening rate is nearly proportional to
the degree of the asymmetry of the initial TC vortex, it also depends on the initial TC intensity.
Therefore, the actual weakening of the TC in response to the imposed VWS could not be quantified
with limited model experiments.

Comparing the asymmetric structures in Figures 1 and 2, we can see that the asymmetric
structure in vertical motion at 72 h in CTRL resembles the asymmetric structure induced by easterly
VWS for an initially axisymmetric TC vortex in Figure 2. The asymmetric distribution of vertical
motion after 48 and 96 h of the simulation in CTRL is roughly in phase with that induced by the
westerly VWS. As a result, the asymmetric structure in SHW48 ASY, SHW96 ASY, and
SHE72 ASY would be enhanced due to the superposition of the in-phase asymmetric structure in
the initial TC vortices. The enhanced asymmetric structure can lead to stronger upper-level

ventilation, which is consistent with the larger weakening of TCs in SHW48 ASY, SHW96 ASY
10
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242 Figure 4. (a-h) and (i-p) are the same as in Figure 1b-e and 1j-m, respectively; but for the four easterly VWS and
243 four westerly VWS experiments with the initial asymmetric TC vortices averaged within the first 1-3 hours of
244 simulations after the VWS is imposed, respectively. The wavenumber-1 vertical motions (m s™) after 24, 48, 72,
245  and 96 h of simulation in CTRL are overlaid in i-p contoured at -0.4 (blue) and 0.4 (pink) m s!. The grey arrows

246 indicate the direction of the environmental VWS.

247 The above argument has been confirmed with the asymmetric structure in the 8§ VWS

248  experiments with the initially asymmetric TC vortex in Figure 4. As expected, although the phase
11



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

of the wavenumber-1 asymmetric structure shows similarity in all VWS experiments, namely with
upward motion downshear and downshear-left and subsidence upshear and upshear-right, the
asymmetric structure in SHW48 ASY and SHW96 ASY was enhanced clearly among the
westerly VWS experiments, especially in SHW96 ASY, while the asymmetric structure in
SHE72 ASY was enhanced among the easterly VWS experiments. In contrast, the asymmetric
structure in SHE48 ASY, SHE96 ASY, and SHW72 ASY was relatively weaker than that in
SHW48 ASY, SHW96 ASY, and SHE72 ASY. As a result, the weakening of TCs in SHE48 ASY,
SHE96 ASY, and SHW72 ASY was either suppressed or delayed compared to their corresponding
opposite direction of shear (Figures 3b and 3d). These results strongly support our above hypothesis.
Our finding demonstrates that the realistic representation of asymmetric structure in the initial TC
vortex is important for accurate prediction of TC intensity, especially in the presence of large-scale

environmental VWS,

4. Conclusions

This study conducted idealized high-resolution numerical experiments to help understand the
possible effect of the asymmetric structure in the initial TC vortex on TC intensity changes at
different developing stages in response to an imposed moderate environmental VWS. In all VWS
experiments, the TC intensity responses to the imposed easterly VWS and westerly VWS are
similar if the initial TC vortex was axisymmetric. In these VWS experiments, the wavenumber-1
asymmetric structure developed with upward motion downshear and downshear-left and
subsidence upshear and upshear-right as documented in many previous studies. In experiments
with asymmetric structure of the initial TC vortex, when the initial asymmetric structure was in
phase with the VWS-induced asymmetric structure, the weakening would be enhanced and
immediate after the VWS was imposed. However, when the two asymmetric structures are out of
phase, the weakening would be suppressed compared with the TC in the experiments with the initial
axisymmetric TC vortex. We have repeated our experiments using different initial vortex intensities
for CTRL, and our results were consistent (Figure S2).

Our finding can help explain the results recently reported in Zhong et al. (2023), who found
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that the low-wavenumber components in the initial wind speed had played an important role in the
initial spinup and spindown of the TC intensity in their ensemble prediction of Hurricane Patricia
(2015) but the involved physical process was not explored. Our results suggest that the spinup and
spindown could be partly due to the phasing between the initial TC vortex asymmetry and that
induced by the environmental VWS in their ensemble simulations, because they also noticed the
presence of large-scale moderate environmental VWS in Hurricane Patricia case. Our results also
support that the initial TC weakening in response to the imposed moderate VWS is qualitatively
proportional to the degree of the asymmetry of the TC vortex while the actual weakening rate also
depends on the initial TC intensity. Therefore, this study demonstrates that it is key to accurately
represent the asymmetric structure of the initial TC vortex in numerical models for skillful
prediction of TC intensity. Our results also call for efforts in improving the observations of
asymmetric structure in TCs and understanding effect of the asymmetric structure on TC intensity
change. Note that a detailed physical process analysis of the TC intensity change in response to an

imposed environmental VWS at the different TC developing stages is planned for a future study.
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