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Idealized experiments were conducted to examine the impacts of moderate vertical
wind shear (VWS, i.e., magnitude of 12 m s−1) on the intensification of tropical
cyclones (TCs) of different initial sizes. The results showed that the intensity of all
the simulated TCs decreased at the first 12-hour integration after imposing the shear.
Larger TCs resumed intensification earlier, whereas smaller ones re-intensifiedmore
slowly or even failed to intensify. The differences in the intensification rate are likely
due to the tilting magnitude. Under VWS, the upper-level TC center exhibited a
horizontal displacement relative to the low-level circulation. In general, this
displacement was smaller in larger TCs, indicating that larger TCs are less
susceptible to VWS. Thermodynamically, the intrusion of mid-level low moist
entropy also played a role in suppressing upshear convection. This negative
impact was pronounced in smaller TCs. By using the PV-ω equation, the
resilience of TC to VWS was compared. The second circulation forced by both
dry dynamic and diabatic heating acted to restore the system to a vertically upright
position. For larger TCs, more extensive convection was prolific on the downshear
side, and its corresponding forced second circulation offset a larger part of the low-
to mid-level environmental shear, which made larger TCs more resilient to VWS;
i.e., larger TCs produced stronger low to middle counter shear circulation and
facilitated vertical realignment. In contrast, for smaller TCs, the updrafts forced by
dry dynamic and diabatic heating were deeper but narrower at the initial time, which
did not efficiently reduce themid-level VWS, resulting in greater tilting of the TC, thus
making the smaller TCs more vulnerable to VWS.
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1 Introduction

Although much work has been carried out to understand changes in intensity of tropical
cyclones (TCs), improvement of accuracy in TC forecast is still needed. Difficulties in TC
intensity prediction may arise from the complexities of dynamic processes and the various
factors involved in modifying TC structure, such as sea surface temperature, environmental
vertical wind shear (VWS) and humidity, TC size, and environmental temperature profile. Each
aforementioned factor may change TC intensity, but their combined effect remains a major
challenge for prediction of TC intensity.

Environmental VWS has long been considered one of the most detrimental factors in TC
intensity change. For instance, VWS can modify TC structure and precipitation distribution.
VWS may impair TC intensity in several ways. First, the warm core of a TC in the upper levels
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may be advected apart from the center of the low-level vortex, which
leads to a sea level pressure rise according to the hydrostatic equation
(Simpson et al., 1958). Second, VWS may directly magnify the mixing
of the dry mid-level air into the moist TC inner core, reducing the
amount of work produced by the TC power machine (Tang and
Emanuel, 2010; Tang and Emanual, 2012). Third, the shear induced
downdrafts may transport mid-level low moist entropy air into the
boundary layer, then minimize convection in the eyewall (Riemer
et al., 2010). Generally, the detrimental effect of VWS on TC intensity
change is roughly proportional to its magnitude (Reasor et al., 2013).
Weak vertical shear (with smaller than 5 m s−1 between 850 and
250 hPa) has little effect on TC intensity. When the magnitude of
VWS increases, the probability of TC intensification decreases.
However, the magnitude of VWS alone cannot account for changes
in TC intensity. Different TCs under VWS of the samemagnitude may
have different growth curves, even if their differences are tiny
stochastic disturbances in mass or wind fields (Zhang and Tao,
2012; Chen et al., 2019). In addition, VWS also heightens the
sensitivity of TC intensity to other dynamic and thermodynamic
factors (Emanuel et al., 2004). For instance, if dry air is
cyclonically advected into the downshear area, convection on the
downshear side, where vigorous convection occurs, will be
substantially suppressed (Ge et al., 2015). In short, the
development of TC intensification is slowed, or even decays, due to
the combined effects of VWS and humidity. In addition, a TC with a
small Coriolis parameter is more susceptible to vertical shear, and its
development is suppressed much more than it would otherwise be
without shear (Bi et al., 2018).

In reality, it is not only the magnitude of VWS that relates to TC
intensity change; its vertical profile can also affect TC intensity.
When a TC is exposed to VWS of shallow depth, the TC is more
prone to fail to develop (Finocchio et al., 2016). The height of VWS
also influences the TC intensification rate. VWS in upper levels
seems to have diminished effects in impeding the development of
TCs (Finocchio et al., 2016; Dai et al., 2021). Numerous simulations
have shown that by specifying the same magnitude of VWS, but
changing rotations with height, the TC intensifies at a higher rate
than the anticlockwise rotating mean wind (Onderlinde and Nolan,
2014). The authors argued that it is the helicity of environmental
wind that acts to modulate the TC intensification rate (Chen et al.,
2006). The orientation of low-level mean flow with respect to the
vertical shear also has a relationship with TC intensification and
expansion (Chen et al., 2019; Chen et al., 2021). Meanwhile, surface
environmental wind plays a role in modulating the locations of
convection excited in the core region (Rappin and Nolan, 2012). If
the surface zonal wind is negative under westerly shear, the
convection preferentially happens in the downshear left
semicircle. This process favors the updrafts propagating
cyclonically into the upshear region and constrains the magnitude
of the vortex tilt, thus acting to reduce the adverse effect of vertical
shear (Shi and Chen, 2021; Huang et al., 2022). The evolution of TCs
of different size shows diversity under the same VWS. Although
previous studies have implied that strong TCs are more resilient to
VWS (Reasor et al., 2004; Zhang, 2005; Zhang and Kieu, 2006;
Reasor and Montgomery, 2015), one remaining issue is whether the
process is size-dependent. Through this study, we revealed
underlying processes affecting structural changes under VWS,
with the main purpose of identifying the effects of VWS
modulated by TC size.

The remainder of this article is organized as follows. Section 2
describes the configurations of the experimental simulations and the
preliminary results. Section 3 shows the major differences of the
dynamic and thermodynamic aspects of relatively small and large
TCs under similar VWS. Section 4 describes use of the PV-ω equation
to characterize shear induced vertical motion, for which we provide
possible mechanisms accounting for intensity change associated with
the effect of VWS. Conclusions and discussion are included in the final
section.

2 Experimental design

In this study, the WRF_ARW model (version 4.2) was employed
to investigate the changes in intensity of TCs of different sizes under a
westerly VWS of 12 m s−1 between 850 and 200 hPa. Following Bi et al.
(2018), the zonal environmental wind was introduced according to

u p( ) �
ub p>pb,

cos
p − pt

pb − pt
π( ). ut − ub( )/2 pt <p<pb,

ut p<pt,

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(1)

where u is zonal wind, p is pressure, ub, the wind at low levels, is set
to −6 m s−1, ut, the wind at tropopause, is set to 6 m s−1, pb is 850 hPa,
and pt is 250 hPa. Using the NCEP final analysis data, the sounding
was obtained by averaging over the region (120-140 oW, 10-25 oN)
during the TC season (June–October) from year 2010 to 2020. Figure 1
shows the vertical profile of the VWS. In other words, the mean wind
was easterly in the low levels and westerly in the upper levels.

The model domains were triply nested. The three domain
resolutions were 18, 6, and 2 km, and the domain sizes were
361x361, 451x451, and 451x451, respectively. The model vertical
level was 41. The innermost two nests had two-way interaction.
The physical parameterization schemes in cumulus, microphysics,
boundary, and longwave and shortwave radiation were Grell–Freitas

FIGURE 1
Vertical profile of environmental zonal wind (m s−1).
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(Grell and Freitas, 2014), WSM6 (Hong and Lim, 2006), YSU (Hong
et al., 2006), and RRTMG (Iacono et al., 2008), respectively.

Six vortexes with the same maximum surface wind but different
sizes were separately embedded in a quiescent environment. SST was
uniformly set to 29°C, and the Coriolis parameter was set to the value
of latitude of 15 oN across the domain. The initial wind profiles of the
six vortexes at the surface are shown in Figure 2. The wind profile was
developed based on the modified Rankine vortex (Wang and Li, 1992),
and the formula used to generate the wind profile of a TC is as follows:

v �
vm

r

rm
( ) r≤ rm( ),

vm
r

rm
( )−b

− r − rm
r0 − rm

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣vm r

rm
( )−b

rm < r≤ r0( ),

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(2)

where v is the tangential wind, rm is the radius of maximum wind, vm is
the magnitude of maximum wind, and b is a parameter control of the
shape of wind profile, respectively. The variable r0 is the radius of wind
vanishing. The variables vm, rm, and b were set to 12 m s−1, 100 km, and
0.75, respectively. The only difference among the initial vortexes was r0.
More specifically, r0 was set to 300, 400, 500, 600, 700, or 800 km. For
simplicity, these experiments will be hereafter referred to as EXP300,
EXP400, EXP500, EXP600, EXP700, and EXP800, respectively.

Provided that a larger TC will maintain its larger size in
observation and simulation (Wang and Holland, 1996; Wang et al.,
1997; Xu and Wang, 2010a; Lee et al., 2010), a vortex with a larger
initial size could generate a larger TC in the first 36 h integration,
during which the model spins up the storm. After the spin up period,
the VWS was imposed. The wind and temperature in the outermost
domain were nudged to ensure the VWS could continuously exert its
influence on the TC circulation. Because a TC may deflect from its
original position during integration (Wu and Emanuel, 1993; Wang
and Holland, 1996), the two innermost domains were configured
vortex following.

3 The simulated results

The resultant changes in intensity of the experimental TCs are
shown in Figure 3. All the vortexes intensified at roughly the same

rate (Xu and Wang, 2010b; Ge et al., 2015). After the VWS was
added, the intensity of the smaller TCs dropped more rapidly than
their larger counterparts despite a small TC (in EXP300) that had
higher maximum surface wind at the time that shear was imposed.
The larger TCs resumed intensification earlier than the smaller ones,
while the smaller TCs had more delayed intensification or failed to
intensify.

Previous studies have shown that the realignment of the TC vortex
is essential for a TC to intensify (Reasor et al., 2004; Finocchio et al.,
2016). To this end, Figure 4 describes the evolution of the process of
tilting under shear. At the early stage, the vortex centers tilted
northeastward in all the experiments. The magnitudes of tilting in
all experiments increased during the first 12 h. Thereafter, the larger
TCs became less tilted, whereas the smaller TCs displayed a large
amount of tilt without any precession and realignment processes.

FIGURE 2
Initial surface tangential wind profiles in EXP300 (red), EXP400
(orange), EXP500 (brown), EXP600 (green), EXP700 (blue), and EXP800
(purple).

FIGURE 3
Time series of maximum surface winds of the experiments (m s−1).
The red dashed line indicates the imposed shear time. The red, orange,
brown, green, blue, and purple solid lines indicate the intensity changes
of TCs in EXP300, EXP400, EXP500, EXP600, EXP700, and EXP800,
respectively.

FIGURE 4
Position of the vortex center at 8 km relative to the vortex center at
2 km in EXP300, EXP400, EXP500, EXP600, EXP700, and EXP800. The
numbers indicate the simulation time, and the relative positions are
labeled every 6 h.
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Comparison of tilting magnitude in Figure 4 and the change in
intensity in Figure 3 indicated that the configuration of tilting
upshear was coincident with the onset of intensification. It was
clear that the initially larger TCs had smaller magnitude of tilting

and realigned more rapidly compared to the smaller ones. These
results agree with results reported by Finocchio et al. (2016), which
indicated that tilting into the upshear-left quadrant can be considered
a precursor to intensification.

FIGURE 5
Evolution of the radar reflectivity (shaded, dBZ) at 1.5 km and vertical velocity (contour at 0.5 m s−1) at 1.5 (red) and 5 (purple) km in the first 18 h. (A–F)
Data from EXP400. (G–L) Data from EXP800.
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After the VWS was imposed, the maximum surface wind of all the
experiments showed a drop off in the first 12 h. To demonstrate this
feature, two experiments, EXP800 and EXP400, were selected to
represent large and small TCs, respectively. EXP800 began to

intensify at hour 15, while EXP400 persisted in low intensity. As a
result, a remarkable difference in TC structure was observed in the first
15 h. The radar reflectivity of these two cases is compared in Figure 5.
Most convection in the outer core region in both cases was enhanced

FIGURE 6
Evolution of diabatic heating (k hour−1) at 3 km, asymmetric potential temperature (blue contours at −3, −2, and −1 K and red contours at 1, 2, and 3 K) at
5 km, and asymmetric winds (vector, m s−1) at 5 km at hour 3, 6, 9, 12, 15, and 18. (A–F) Data from EXP400. (G–L) Data from EXP800. Brown dots indicate the
vortex centers at 5 km.
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on the downshear side, especially in the downshear-left quadrant. In
EXP400, the convection shrank rapidly in the first 12 h. In contrast,
the convection in EXP800 seemed more vigorous. Although the
upshear semicircle was unfavorable for the development of

convective cells, the convection in larger TCs was able to survive
the adverse condition and eventually propagate cyclonically into the
upshear left quadrant. Huang et al. (2022) pointed out that the
corresponding divergence wind of upshear convection counteracts

FIGURE 7
Evolution of θe (shaded, K) and relative humidity (contour) at 3 km at hour 3, 6, 9, 12, 15, and 18. Purple and blue contours are at 60 and 70%, respectively.
(A–F) Data from EXP400. (G–L) Data from EXP800.
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the storm-relative flow, thus decreasing the magnitude of VWS and
minimizing the detrimental effects of VWS. This is also called the
“outflow blocking” effect (Ryglicki et al., 2019; Shi and Chen, 2021). In

this regard, the vertical velocities at different levels were compared
(Figure 5). Basically, the updrafts on the upshear side were
significantly suppressed. The low-level updrafts were generated in

FIGURE 8
Vertical section of θe (K, shaded) and vertical velocity (m s−1, contour) of ring-band average between radii at 30–80 km at hour 3, 6, 9, 12, 15, and 18. The
contours are at -4, -2, -1, -0.5, -0.2, 0.2, 0.5, 1.0, 2, and 4 m s−1. The E, N, W, S on the X-axis indicate the east, north, west, and south directions, respectively.
(A–F) Data from EXP400. (G–L) Data from EXP800.
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the vicinity of the TC, whereas the majority of updrafts in the upshear
semicircle failed to penetrate the middle and upper troposphere, or
were advected far away from the low-level vortex center in small TCs
after hour 9. Conversely, the vertical motions in EXP800 at 5 km were

much closer to the vortex center and eventually propagated into the
upshear quadrant.

Jones (1995) argued that a balanced positive potential temperature
θ anomaly exists in the middle levels over the low-level storm center,

FIGURE 9
Evolution of latent heat (W m−2) flux from the surface in EXP400 (A–F) and EXP800 (G–L).
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corresponding to the tilting vortex. This θ anomaly acts to reduce the
updrafts on the upshear side. The diabatic heating, asymmetric θ, and
asymmetric flow are also shown in Figure 6. Physically, the
temperature anomalies shown in Figure 6 are more related to the
adiabatic warming and cooling of descent and ascent forced by the
vertical shear (Zhang, 2005; Zhang and Kieu, 2006). The diabatic
heating seemed to contribute little to this upshear warming and
downshear cooling signature since positive heating presented in the
negative θ anomaly region. The upshear warming and downshear
cooling signature was not pronounced at lower and higher levels
(figure not shown), which is probably due to the confounding effects of
diabatic condensation heating and evaporation cooling. The θ

anomalies resulted in an isentropic rise on the downshear side and
lowering on the upshear side. Therefore, the cyclonic rotated air
parcels along the isentropes tended to rise on the right of shear
and descend on the left of shear. Assuming there is no diabatic
heating or cooling, the cyclonically rotated air parcel near the TC
center will ascend in the north semicircle and descend in the south
semicircle along the slantwise θ surface. By this reasoning, the ascent
to the right of VWS in EXP400 would be expected to be larger than
that in EXP800, owing to the larger magnitude of the gradient of θ
along the azimuth. Nevertheless, the ascent on the left-of-shear side
was more restrained in EXP400, which was due to the intrusion of low

equivalent potential temperature θe from middle levels. The
distributions of θe at 3 km are shown in Figure 7. The initial
distributions of θe were roughly the same pattern, and there was
no significant discrepancy between the two initial fields. Over time, the
difference in θe between the two cases became more apparent. The low
θe gradually covered the upshear region and eventually intruded into
the eyewall region at 12 hours in EXP400. This undoubtedly
dampened the development of convection. This mid-level
ventilation of low moist entropy diluted the inner core, which
lessened the work carried out by the Carnot cycle and thus
resulted in a reduction in kinetic energy transformed, as well as
decreased intensity of the TC in terms of surface maximum wind
(Riemer et al., 2010; Tang and Emanuel, 2010).

The radial band average of θe and vertical velocity between the
radii at 30–80 km indicated that strong positive vertical velocities were
excited on the downshear side (Figure 8). On the left-of-shear side, the
strong low- and mid-level downdrafts were likely related to diabatic
cooling associated with stratiform precipitation. In EXP800, at
15 hours, the cyclonic spiring up of updrafts finally reached the
upshear direction. These updrafts acted to reduce the effects of
VWS via two main pathways. First, the release of diabatic heating
in the ascent on the upshear side contributed to the pressure fall at
middle levels, which favored the realignment of the TC; second, the

FIGURE 10
Hodographs of the vortex centers at different heights (km); (A,C) show data from EXP400 and (B,D) show data from EXP800; (A,B) are at hour 6 and (C,D)
are at hour 18. Small dots are plotted every 1 km, and large dots are plotted every 3 km. Numbers indicate the height (km) of the vortex center. The titling
direction is indicated by the blue vector.
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upper-level divergence wind induced by the updrafts reduced the
storm-relative flow, hence minimizing the detrimental effects of VWS.
The presence of rotating updrafts in the upshear direction was
coincident with the onset of intensification in Figure 3, which can
be considered a precursor to intensification. Unlike in EXP800, the
updrafts in EXP400 did not continually rotate cyclonically into the
upshear region and failed to cancel out the detrimental effects of VWS.
Not only were the updrafts in the upshear left quadrant suppressed but
also the ascent on the right-of-shear side was influenced by the lower
θe. In EXP400, the upshear mid-level θe was particularly low, which
may have been caused by the downward transport of the
environmental mid-level θe. The ascent excited at low levels may
have been diluted by the relatively dry surrounding air and thereby lost
its potential to rise further. Therefore, even though a relatively large θe
existed on the shear right side, the upward motions were only active in
the lower levels in this region in EXP400. Previous studies proposed
that upward projection of a low-level vortex and downward projection
of an anticyclone make the TC mid-vortex center rotate cyclonically
with respect to the low-level center (Wu and Emanuel, 1993; Jones,
1995; Riemer et al., 2010). In this study, the asymmetric flow in the
mid-level seemed disordered and unsystematic and did not show
significant northwestward transverse flow across the vortex center
arising from the projection of low- and high-level vortexes.

Energy input from the surface may have significant effects on
convection near the TC center (Xu and Wang, 2010a; Chan et al.,
2019). The surface latent flux was not significantly different near the

TC center when comparing large and small TCs (Figure 9),
indicating that the surface latent heat flux did not directly
influence the changes in intensity and that those changes were
more related to the dynamic and thermodynamic processes
associated with VWS.

4 Evaluation of the forced second flow

The vortex centers at each level were examined to characterize
vortex tilting magnitude and direction (Figure 10). The vortex center
did not rotate cyclonically with height and tilted almost linearly at low
and middle levels. It is interesting that the upshear shifting of the
upper-level center preceded that of the low and middle levels. This is
counterintuitive considering that the upper levels have the largest
storm-relative wind, and the vortex centers in these levels would be
advected farther. Moreover, small TCs tilted more northward, and the
tilting magnitude of large TCs decreased, whereas that of small TCs
increased, over time.

Corbosiero and Molinari (2002) argued that the resilience of TCs
to VWS was subject to the Vortex Rossby wave, which acted as a
precession process to offset the detrimental effects of VWS.
Nevertheless, we believe the shear-induced structural changes of
TCs themselves resist the shear since the prominent feature of a
shear TC is enhanced quasi-steady convection to the left-of-shear,
which does not exhibit obvious wave-like characteristics.

FIGURE 11
Vertical section of diabatic heating (k h−1) and potential vorticity (contours at 4, 12, 20, and 28 PVU) across the TC center along the vector shown in
Figure 10. (A,C) Data from EXP400 at hour 6 and 18, respectively. (B,D) Data from EXP800 at hour 6 and 18, respectively.
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To evaluate the changes of second circulation of TCs, the PV-ω
equation was used (DeHart et al., 2014). This equation describes the
vertical motions forced by dry dynamic and diabatic heating and
friction, given a non-divergent balanced vortex. Once ω is derived, its
corresponding divergence and convergence winds can be obtained.

The diabatic heating in the west–east direction in the eyewall
region was slightly greater and extended vertically higher in
EXP400 than in EXP800 at 6 hours, whereas the horizontal
distribution of diabatic heating in EXP800 became wider
(Figure 11). In EXP800, the broader diabatic heating may have
arisen from stronger surface heat flux induced by stronger outer
core surface winds (Xu and Wang, 2010b). This broader
convection may have induced more extensive low-level
convergence and mid-to high-level divergence. The corresponding
divergence winds may have influenced the shifting of the vortex
center, and thus sequential vertical realignment.

First, we tested the resilience of different sized TCs under the same
VWS in an adiabatic framework. At the initial time point, since the
inserted TC was symmetric, there was no asymmetric second

circulation forced by diabatic heating. When the VWS was
imposed on the initial vortex (hour 0), the ascent was excited on
the downshear side and the descent on upshear side (Figures 12A, B).
Since the maximum tangential wind of TC in EXP400 was a little
larger and closer to the TC center than that in EXP800, the vorticity
maxima of the TC in EXP400 was larger as well. According to the PV-
ω equation, the vertical velocity is proportional to the vertical
differential of horizontal vorticity advection. The horizontal
gradient of vorticity was certainly larger in EXP400, thus leading to
greater vorticity advection and then greater magnitude of vertical
velocities. Furthermore, the environmental temperature gradient
point to right-of-shear, reflecting the horizontal advection of
temperature, was positive (negative) on the downshear (upshear)
side. This led to the generation of updrafts downshear (downdrafts
upshear). Both processes accounted for the generation of forced
secondary circulation (FSC). Meanwhile, diabatic heating played an
important role in producing the FSC. Figure 12 shows second
circulation forced by diabatic heating along the tilting vector.
Apparently, the divergence wind induced by the dry dynamics and

FIGURE 12
Shear induced second circulation. Shading indicates the induced vertical velocities (m s−1), the vectors denote the in plane horizontal and vertical winds,
and the contours indicate the magnitudes of divergence wind. The top panels are the dry dynamic-induced vertical velocity at hour 0 in EXP400 (A) and
EXP800 (B). (C–F) Vertical section of the diabatic heating induced divergence wind and vertical wind (vector) along the tilting vector shown in Figure 10.
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diabatic heating acted to oppose the tilting and helped move the vortex
back toward vertical realignment.

The broader inner core vorticity in the larger TC produced a wider
second circulation. Although the larger TC had a smaller vertical wind
maximum, its ascent in the eyewall region was wider and shallower,
which provided stronger convergence wind at low levels and divergence
wind at middle and upper levels. As shown in Figure 12, although
smaller TCs can excite stronger vertical velocity maxima, their
ascending flow extends into high levels and the divergence and
convergence winds nearly all concentrate at very high and low
altitudes. Specifically, the divergence wind at middle levels in smaller
TCs was considerably weaker than that in larger TCs. As a result, the
convergence and divergence winds corresponding to the updrafts and
downdrafts in the core region could offset more detrimental effects of
environmental shear at low and middle levels. The mean induced
divergence wind forced by dry dynamics and diabatic heating and
the total mean winds are shown in Figure 13. The magnitude of mean
winds averaging a radius of 50 km forced by dry dynamic and diabatic
heating were almost all on the same order, and both dry dynamic and
diabatic heating acted to offset the environmental shear. Indeed, the
counter shear circulation is slightly greater in larger TCs. In smaller TCs,
the induced second circulation could not efficiently offset the low- and
mid-level VWS, which made the smaller TCs tilt significantly and
become more susceptible to VWS. The reason we focused on shear in

the low andmiddle levels is that the detrimental effects of shear at upper
levels have been shown to be relatively weak (Finocchio et al., 2016; Dai
et al., 2021). The wind shear at upper levels can be easily offset by the
outflow of asymmetric convective activities. This was demonstrated by
the shifting of the vortex center at upper levels. In both small and large
TCs, the shifting of vortex centers toward the upshear direction at upper
levels precedes the shifting at low and middle levels, which is
pronounced in the hour 18 data presented in Figure 10.

5 Conclusions and discussion

In this study, we modeled the effects of initial TC size on storm
intensity in the presence of VWS. By specifying the same sounding and
uniform SST, under the same VWS, we demonstrated size-dependent
evolution of TC intensity. That is, the intensity of smaller TCs tended
to decrease more rapidly than that of larger TCs. Detailed examination
of the structure of the simulated TCs showed that the vortex center
tilted more in smaller TCs. The re-intensification of a TC is indicated
by the process of the TC eyewall resuming an upright position. An
erect eyewall can not only produce stronger vertical motions but also
reduce the interface area between the eyewall and the environment,
thus decreasing the entrainment of environmental low entropy air into
the eyewall.

FIGURE 13
Hodographs of the divergence wind forced by dry dynamic heating (green), diabatic heating (blue), and themean horizontal wind (red) averaged within a
50-km radius centered in the eye. Each dot indicates a 0.5 km height increment, beginning at the surface and ending at 8 km. (A,C) Data from EXP400. (B,D)
Data from EXP800. (A,B) are at hour 6, and (C,D) are at hour 18.

Frontiers in Earth Science frontiersin.org12

Bi et al. 10.3389/feart.2023.1106204

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1106204


Possiblemechanisms are proposed. It was expected that the adjustment
of the TC in response to VWS would act to oppose the shear forced tilting.
Use of the PV- ω equation illustrated that, in the presence of VWS, both
dry dynamic and diabatic heating can produce second circulation. The
ascent and descent were excited on the downshear and upshear sides,
respectively. As a consequence, the corresponding divergence
(convergence) wind at upper (low) levels and convergence (divergence)
wind at low (upper) levels, combining the updrafts downshear and
downdrafts upshear, resulted in counterclockwise circulation across the
eye. This counterclockwise circulation canceled out part of the
environmental VWS, thus decreasing the actual magnitude of VWS.

The larger TC eyewall resumed its upright status faster than did the
smaller TC. First, the counter shear circulation induced by asymmetric
vertical motion was shallower in larger TCs due to the relative shallow
extent of vertical convection; therefore, the cross eye counter shear
circulation was shallower than that in small TCs. As a result, the
environmental vertical shear was reduced more at low and middle
levels. Hence, larger TCs can survive the destructive effects of VWS.
Second, the larger TC has a larger eyewall radius. Even with the same
magnitude of vortex center tilt, there is more opportunity for the
convection to cyclonically rotate into the upshear region in larger
TCs due to the larger eyewall radius. The slantwise rising ascent and
its divergence and convergence winds act to oppose the shear forced tilt
and account for the resilience of the vortex to VWS. In dry model
framework, Black et al. (2002) pointed out that, in the absence of
diabatic heating, VWS can result in downdrafts and updrafts on the
downshear and upshear sides. The downdrafts and updrafts associated
divergence wind may also help move the vortex back toward vertical
orientation. This accounts for the precession process and provides a
rationale for why the vortex center was not advected further by the
environmental shear. In the presence of diabatic heating, the VWS at
upper levels was strongly offset by the shear forced circulation. The
horizontal branch of counter shear circulation was remarkably strong at
the upper levels, which was recognized as the outflow blocking effect,
which substantially reduced, or even reversed, the advection storm
center at upper levels. In short, our data demonstrates that larger TCs
have stronger forced second circulation and are therefore more resilient
to the detrimental effects of VWS.

The intrusion of upshear low moist entropy may also play a role in
weakening small TCs. That is, the downward deposition of low moist
entropy flux can reduce emergence into the eyewall region, thus
weakening the TC. When the low entropy approached the upshear
eyewall, it was transported downward by shear forced downdrafts or
diabatic cooled descent. Once this low moist entropy air was advected
into the eyewall, the intensity of the TC deceased significantly. Further
study is needed to investigate these ventilation pathways in more

detail, and to assess to what extent low moist entropy can change the
intensity of TCs.
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