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ABSTRACT

Strong vertical motion (>10 m s~') has profound implications for tropical cyclone (TC) structure changes and
intensity. While extreme updrafts in the TC are occasionally observed in real TCs, the associated small-scale features
remain unclear. Based on an analysis of the extreme eyewall updrafts in two numerical experiments conducted with the
Advanced Research version of the Weather Research and Forecasting (WRF) model, in which the large-eddy simulation
(LES) technique was used with the finest grid spacings of 37 and 111 m, for the first time this study demonstrates that the
simulated extreme updrafts that occur mainly in the enhanced eyewall convection on the down-shear left side are
comparable to available observations. The simulated extreme updraft exhibits relatively high frequencies in the lower (750
m), middle (6.5 km) and upper (13 km) troposphere, which are associated with different types of small-scale structures.
While the lower-level extreme updraft is mainly related to the tornado-scale vortex, the extreme updraft at upper levels is
closely associated with a pair of counter-rotating horizontal rolls oriented generally along the TC tangential flow, which are
closely associated with the enhanced eyewall convection. The extreme updraft at middle levels is related to relatively
complicated small-scale structures. The study suggests that extreme updrafts can be simulated when the grid spacing is
about 100 m or less in the WRF-LES framework, although the simulated small-scale features need further verification in

both observation and simulation.
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Article Highlights:

¢ Distribution characteristics of extreme updrafts are studied in WRF-LES simulations with high horizontal resolutions of

111 m and 37 m.

¢ Extreme updrafts are associated with different types of small-scale systems at the lower, middle, and upper levels.

1. Introduction

Tropical cyclone (TC) intensity forecasting is currently
a major challenge, in part because the complicated multi-
scale interactions involved in TC intensity change are not
well understood (Marks and Shay, 1998; Rogers, 2010). A
TC gains energy from the ocean surface and releases it with
the rising air in the eyewall, powering the eyewall convec-
tion (Emanuel, 1987, 1991). The vertical motion in the eye-
wall plays an important part in the energy balance and TC
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intensity change. Observational studies based on Doppler
radar and dropsonde data have documented extreme
updrafts from the boundary layer to the troposphere in TCs,
suggesting coherent small-scale structures associated with
extreme updrafts (e.g., Marks et al., 2008; Guimond et al.,
2010; Heymsfield et al., 2010). The small-scale coherent
structures with extreme updrafts can transport substantial
momentum, energy, and moisture, although it occupies a
very small portion of the eyewall (e.g. Rotunno et al., 2009;
Green and Zhang, 2014, 2015).

However, these small-scale coherent structures have
not been well understood owing to the lack of direct observa-
tions. Over the past two decades, two types of small-scale
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structures have been detected in the TC boundary layer.
One is horizontal streamwise rolls with wavelengths ran-
ging from the sub- to multi-kilometer scale (e.g., Wurman
and Winslow, 1998; Morrison et al., 2005; Foster, 2013).
The occurrence of horizontal rolls is associated with the
inflection point instability of the horizontal winds in the TC
boundary layer (Gao and Ginis, 2014). The other is the eye-
wall vorticity maximum or tornado-scale vortex (Marks et
al., 2008; Wu et al., 2018, 2019). A tornado-scale vortex
can be compared with a weak tornado in terms of its dia-
meter and peak vorticity magnitude (Marks et al., 2008).
Using dropsonde data from 1997 to 2005, Stern and Aber-
son (2006) found that 90% of extreme updrafts (> 10 m s~1)
in the eyewall below 3 km came from TCs with an intens-
ity of categories 4 and 5.

Extreme updrafts in the middle and upper troposphere
have also been documented in TCs. While Jorgensen et al.
(1985) found that most vertical motion in the eyewall of Hur-
ricane Allen (1980) was less than 6 m s~! at the flight level
(~3 km), Black et al. (1994) documented unusually strong
updrafts—as strong as 24 m s~! at 5 km and 19 m s! at
3 km—in the eyewall of Hurricane Emily (1987). At the
flight altitude (700 hPa), an updraft of 31 m s! was
observed in Hurricane Felix (2007) (Aberson et al., 2017).
Black et al. (1996) analyzed airborne Doppler radar data
and found that more than 70% of the vertical motion was
between —2 and 2 m s~!, and the vertical motion exceeding
5 m s~! only accounted for 5% of the observation in the eye-
wall region. Extreme updrafts beyond the TC lower bound-
ary may be associated with convective bursts (CBs) that con-
tain a group of hot towers (Heymsfield et al., 2001). Riehl
and Malkus (1958) used hot towers to describe deep trop-
ical convection whose updrafts reach the upper troposphere.
Studies have examined the structure of hot towers and subsid-
ence regions within CBs (e.g., Heymsfield et al., 2001; Gui-
mond et al. 2010). Heymsfield et al. (2010) found that peak
updrafts were almost always above the 10-km level and
were closer to the 12-km level in TCs. Guimond et al.
(2010) reported that the updraft could have been as strong
as 20 m s~! at the height of 12—14 km in the eyewall of Hur-
ricane Dennis (2005). It has been suggested that CBs are asso-
ciated with the rapid intensification of TCs (Chen and
Zhang, 2012; Rogers et al., 2013; Hazelton et al., 2017).
Recently, Zhu et al. (2018) showed that intense turbulent mix-
ing generated by cloud processes also exists above the bound-
ary layer in the eyewall and rainbands.

TC simulations can be carried out when the horizontal
grid spacing is less than 1 km (e.g., Zhu, 2008; Rotunno and
Bryan, 2014; Stern and Bryan, 2018; Wu et al., 2018,
2019). The large-eddy simulation (LES) technique has been
added into the Weather Research and Forecasting (WRF)
model (Mirocha et al., 2010), and advances in computa-
tional capability and numerical models enable the simula-
tion of the coherent small-scale structures associated with
extreme updrafts.

Considering that few studies have focused on the capabil-
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ity of the WRF-LES framework in simulating eyewall ex-
treme updrafts, the outputs of semi-idealized experiments
with the finest horizontal resolutions of 111 m and 37 m
were used in this study. Our analysis extends from the lower
boundary to the outflow layer with two objectives. First, the
eyewall extreme updrafts simulated in the WRF-LES frame-
work with two different model resolutions are examined by
comparing with those from limited observations to determ-
ine what horizontal resolution is needed to simulate the
extreme updrafts associated with TCs. Second, the spatial
and temporal distributions of the eyewall extreme updrafts
and the associated small-scale features are investigated in
the simulated TC.

2. Numerical experiments and simulated TCs

The data used in this study are from two semi-ideal-
ized numerical experiments conducted with the WRF-LES
framework (version 3.2.1). For the first experiment (LES-
37), the details of the model initialization and physics
options can be found in Wu and Chen (2016) and Wu et al.
(2018, 2019). In brief, the boundary and initial conditions
came from the low-frequency background circulation of
Typhoon Matsa (2005). There were seven two-way nesting
domains with horizontal resolutions of 27 km, 9 km, 3 km,
1 km, 1/3 km, 1/9 km, and 1/27 km. The model top was 50
hPa, with 75 vertical levels. The vertical resolution was
70-100 m below 1 km and increased to ~400 m at 4 km.
Above 10 km, the vertical resolution decreased from ~400
m at 10 km to ~250 m at 20 km. This means it is difficult to
describe the characteristics of the systems whose vertical
scale is less than ~1000 m above the boundary layer. For com-
parison, the second numerical experiment was run with the
same setup as LES-37, but the domain with a grid spacing
of 37 m was removed. The finest resolution in the second
experiment (LES-111) was 111 m. In the two experiments,
the innermost domain was activated at 24 h and our ana-
lysis covers a 12-h period from 25 h to 36 h. We focus on
the extreme updrafts in the innermost domain of LES-37
(90 x 90 km?), and the same area in LES-111 is also selec-
ted for our analysis. The TC center is defined as the pres-
sure centroid center (Nguyen et al., 2014).

The simulated TCs in the two experiments take a very
similar track towards the northern northwest (figure not
shown). Figure 1 shows the evolution of the TC intensity in
terms of instantaneous and azimuthal maximum wind
speeds at 10 m during the 12-h period. The instantaneous
maximum wind speed fluctuates between 62.5 m s~! and
78.1ms~1in LES-111, and between 61.8 ms~! and 76.6 m s™!
in LES-37 (Fig. la). The azimuthal wind speed is quite
steady during the 12-h period, fluctuating around the mean
of 44.6 m s~1in LES-111 and 44.0 m s~! in LES-37 (Fig. 1b).

Moreover, the simulated TC structure is also generally
similar in the two numerical experiments. Figure 2 shows
the simulated 3-km radar reflectivity at 27 and 33 h, mainly
covering the TC eye and eyewall. Figure 2 also shows the ver-
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Fig. 1. Simulated TC intensity in terms of (a) maximum
instantaneous and (b) azimuthal-mean wind speeds (units: m s=1)
at 10 m during 24-36 h in LES-111 (black) and LES-37 (red).

tical wind shear between 200 hPa and 850 hPa averaged
over a radius of 500 km. The shear is northwesterly with a
magnitude less than 8 m s~! in the two experiments. In agree-
ment with previous studies, the enhanced eyewall convec-
tion occurs in the down-shear left (Frank and Ritchie,
1999). Since the eyewall convection is mainly enhanced in
the northeast quadrant, we further examine the vertical cross
section of tangential wind, radar reflectivity, and vertical
and radial velocities, which are averaged over the northeast
quadrant at 27 h (Fig. 3). Figure 3b is plotted with the data
in the 111-m resolution domain since the innermost domain
in LES-37 is too small for the radial average. We can see
that the simulated TC has a smaller radius of maximum
wind in LES-111 than that in LES-37 at 27 h. In the two
experiments, the strong inflow is mainly below 1 km and
the strong upward motion extends up to 14 km along the
inner side of the eyewall. These features are comparable to
the observation documented by Heymsfield et al. (2001)
and Guimond et al. (2010).

3. Simulated extreme updrafts

3.1. Definition of an extreme updraft

In this study, we use the percentile rank to determine
the thresholds of the extreme updraft and downdraft at each
vertical level. The frequencies of the upward and downward
vertical motion are first counted in intervals of 0.05 m s~! dur-
ing the 12-h period, and then the thresholds are selected for
the top 5%, 1%, and 0.1% of samples. Note that the percent-
age depends on the size of the counting domain and speed
interval. Figure 4 shows the thresholds as a function of alti-

ZHENG ET AL.

783

tude. Although the thresholds are slightly different, the ver-
tical distributions are quite similar in the two experiments.
For the updraft and downdraft, the magnitude of the
threshold increases with altitude, especially for the 1% and
0.1% percentages.

Since the altitudes of the maximum thresholds and the
associated magnitudes are only slightly different in the two
experiments, we focus mainly on LES-37 in the following dis-
cussion. In Fig. 4, we can see three maxima at the lower,
middle and upper levels for both the updraft and downdraft.
Tables 1 and 2 list the thresholds for the 5%, 1% and 0.1%
percentages at three typical levels. The selected three levels
represent the altitudes of the threshold maxima of the
extreme updraft (Fig. 4b). The extreme vertical motion
thresholds of the 5% percentage are mainly between —2 m s~!
and 2 m s~!, and the updraft thresholds of the 1% percent-
ageare 5.6 ms~'at 750 m, 7.2 m s~ at 5.75 km and 10 m s~!
at 13 km. Stern et al. (2016) used a threshold of 10 m s~! at
lower levels. Guimond et al. (2010) found that the upper-
level updraft can be 20 m s-!. We find that the typical
updrafts in observations are closer to the maximum
thresholds of the 0.1% percentage in our simulation, which
are 9.6 ms~!at 750 m, 11.5 m s~! at 6.5 km, and 21.5 m s™!
at 13 km. For this reason, we select the thresholds of the
0.1% percentage as the extreme updraft in this study. Note
that the simulated peak updraft is 38.3, 20.6 and 32.8 m s~!
at the lower, middle and upper levels, respectively.

Comparing with the extreme updraft, the threshold of
the downdraft is smaller at all altitudes. For the 0.1% percent-
age in LES-37, for example, the three minimum thresholds
are —6.6 ms~! at 750 m, =7.2 m s~! at 5 km, and —12.6 m s™!
at 13.75 km. The simulated peak downdraft is —19.3, —16.5
and —41.1 m s~! at the lower, middle and upper levels, respect-
ively.

3.2. Temporal and spatial distributions of extreme
updrafts

Figure 5 shows the percentage of 0.1% grid points with
extreme updrafts, indicating the temporal variations of
extreme updrafts at the lower (750 m), middle (6.5 km) and
upper (13 km) levels. While it is found in each hourly out-
put at the lower level, the extreme updraft/downdraft is not
always detected at the middle and upper levels. The extreme
updraft occurs only during 26—30 h at the middle and upper
levels. Since we use the same percentile rank for all the ver-
tical levels, the temporal distribution in Fig. 5 suggests that
the horizontal scale of the small-scale structures associated
with the extreme updraft/downdraft is larger in area at the
middle and upper levels than that at the lower level, likely
due to the relatively strong turbulence in the boundary
layer. Note that the scale difference may arise from the relat-
ively coarse vertical resolution above the lower boundary
layer.

Figure 6 shows the spatial distribution of extreme
updrafts and downdrafts at 27, 29 and 30 h. In the figure,
the locations of extreme updrafts and downdrafts are super-
posed on the simulated radar reflectivity. At the lower level
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Fig. 2. The radar reflectivity (units: dBZ) at 3 km at 27 h and 33 h in (a, b) LES-111 and (c, d) LES-37. The arrow
shows the vertical wind shear between 200 hPa and 850 hPa. The plus signs and blue circles show the TC center and

the RMW.

(Figs. 6g—1), extreme updrafts are mainly at the inner edge
of the eyewall convection, although some are radially out-
side the radius of maximum wind. Compared to the middle
and upper levels, a prominent feature at the lower level is
that the extreme updraft is accompanied immediately by the
extreme downdraft, suggesting the presence of small-scale
updraft/downdraft couplets (Marks et al., 2008).

In LES-37, Wu et al. (2018, 2019) suggested that very
strong updrafts are associated with the tornado-scale vortex,
which is prevalent at the inner edge of the eyewall. The tor-
nado-scale vortex is subjectively detected as a small-scale cyc-
lonic circulation in the TC boundary layer, with a diameter
of 1-2 km, maximum vertical velocity more than 20 m s-!,
and maximum vertical relative vorticity larger than 0.2 s~!.

Wu et al. (2019) identified 10, 2 and 3 tornado-scale vor-
tices in LES-37 at 27 h, 29 and 30 h, respectively. The max-
imum vertical motion and vorticity at 27 h were 31.98 m s-!
(at 400 m) and 0.55 s~! (at 200 m). Note that the threshold
of the updraft for detecting the tornado-scale vortex in Wu
et al. (2019) was much larger than that for the extreme
updraft in this study, implying that the weaker tornado-scale
vortices were detected in this study.

As shown in Figs. 6a—f, the extreme updraft and
downdraft at 6.5 km and 13 km are also associated with the
enhanced eyewall convection, mainly in the northeast quad-
rant. The extreme updrafts and downdrafts are continuously
arranged along the TC-scale tangential flow. As we know,
convection bursts can be exceptionally deep and intense,
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Fig. 3. Radius—altitude cross section of the vertical and radial motion
(vectors; units: m s~!), radar reflectivity (shading; units: dBZ) and tangential
wind speed (contours; units: m s~!) averaged over the northeast quadrant in

(a) LES-111 and (b) LES-37.

with embedded updrafts of 10-20 m s-! throughout the
middle and upper troposphere (Houze et al., 2009). To exam-
ine the linkage with convection bursts, we plot the three-
dimensional (3D) volumes of vertical motion (Fig. 7). This
figure shows that the strong upward motion is embedded in
the deep convection with stronger updrafts throughout the
middle and upper levels. However, this figure also indic-
ates that the extreme updrafts are associated with the local
mid-level and upper-level structures.

We calculated the gradient Richardson number (R)),
which is a criterion for evaluating the stability of stratified
shear flow (Molinari et al., 2014). R; is defined as

NZ

Rizﬁ,

where N? = gdlnf,/dz is the square of Brunt—Viisili fre-
quency, 8. is the equivalent potential temperature, and g is
the gravitational acceleration. §? = (du/ 62)2 +(0v/0z)* is
the square of vertical shear of the horizontal velocity, in
which u and v are the zonal and meridional wind compon-
ents, and z is altitude.

Following Molinari et al. (2014), Fig. 8 shows the ver-
tical distribution of the percentage of grid points with R; < 1
and R; < 0.25 during 25-36 h in LES-111 and LES-37. In
the figure, we also plot the count of grid points with

updrafts stronger than 10 m s~! at all levels. We find that the
vertical distributions in the two experiments are highly sim-
ilar. The two maxima of the percentage of grid points with
R; < 1 and R; < 0.25 occur mainly in the inflow and outflow
layers, which correspond well with a relatively large count
of grid points with updrafts stronger than 10 m s-!. Next,
we show that the small-scale vortices in the upper and lower
layers are associated with the strong vertical shear in the envir-
onment.

3.3. Small-scale features associated with the mid- and
upper-level extreme updrafts

Since the extreme updrafts at the lower levels are associ-
ated with the tornado-scale vortex at the inner edge of the eye-
wall, which has been discussed in Wu et al. (2018, 2019),
here we focus mainly on the associated small-scale features
at the middle and upper levels. Following Wu et al. (2019),
the perturbation winds were calculated by subtracting an 8-
km moving mean. Figure 9 shows a radius—height cross sec-
tion of perturbation wind vectors and vertical velocity at 30
h. While the vertical motion extends to 14 km along the
inner side of the eyewall (Fig. 3), Fig. 9 clearly indicates
local enhancement of the vertical motion, which is related to
the vortices at the upper levels (10-14 km) and middle
levels (6—9 km). At the lower levels, the strong upward
motion is located radially at the edge of the eyewall.
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In order to clearly demonstrate the 3D structure of the
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vortices, we plot the 3D streamlines of the perturbation
winds. At the upper levels, the 3D streamlines of the perturba-
tion winds in the northeast quadrant at 30 h are shown in
Fig. 10a. The wind vectors at the 10-km altitude are also plot-
ted to indicate the relative location of the small-scale struc-
ture. The figure includes all the identified upper-level
extreme updrafts at 30 h. A robust feature is a pair of two
elongated horizontal rolls generally oriented in the tangen-
tial direction. Note that the warm (cold) colors indicate the
upward (downward) perturbation of vertical motion. The
two counter-rotating rolls share the strong updrafts between
them, and the downdrafts are on the radially outward and
inward sides of the updrafts. Note that, as shown in Fig.
10a, one of the two horizontal rolls can be broken. We exam-
ine the extreme updrafts at 25, 27, 29 and 30 h and find that
the patterns of perturbation winds are very similar to that in
Fig. 10a.

The horizontal rolls in Fig. 10a exhibit a vertical extent
of 2-3 km around the altitude of 14 km, extending tens of
kilometers generally along with the TC tangential flow. The
vertical location of the upper-level rolls is consistent with
the upper-level maximum frequency of the grids with R; <
0.25 (Fig. 8). Figure 11 shows the vertical shear of the 8-km
running averaged winds between 10 and 15 km and the ver-
tical motion at 13 km. The vertical shear is dominated by
the radial component, indicating the influence of the out-
flow and inflow of the enhanced eyewall convection around
14 km. It is suggested that the strong vertical shear result-
ing from the outflow and inflow of the enhanced eyewall con-
vection is directly responsible for the upper-level extreme
updrafts by inducing a pair of the counter-rotating hori-
zontal rolls oriented along the TC-scale flow. This is why
the upper-level extreme updrafts are closely associated with
the enhanced eyewall convection in the northeast quadrant.

At the middle level, Fig. 8 suggests that the vertical
wind shear is not a dominant factor for producing extreme
updrafts. Figure 10b shows the 3D streamlines of the corres-
ponding perturbation winds at the middle levels at 30 h.

Table 1. Updraft thresholds (units: m s~!) at the selected altitudes in parentheses for the 5%, 1% and 0.1% percentages in LES-111 and

LES-37.
LES-111 LES-37
5% 1% 0.1% 5% 1% 0.1%
Lower 3.1 (0.75) 6.1 (0.5) 11.1 (0.5) 3.1 (0.75) 5.6 (0.75) 9.6 (0.75)
Middle 3.7(5.25) 7.5(5.25) 11.3 (6.5) 3.8(5.25) 7.2 (5.75) 11.5(6.5)
Upper 4.6 (12.25) 9.8 (13) 19.6 (13) 4.5(12.5) 10 (13) 21.5 (13)
Table 2. As in Table 1 but for the downdraft.
LES-111 LES-37
5% 1% 0.1% 5% 1% 0.1%
Lower -2.2(0.5) -4.1(0.5) -7.5(0.75) -2.3(0.5) -3.9(0.5) —-6.6 (0.75)
Middle -1.7(5) -3.4(5.75) -5.8(5.75) -1.7(5) -3.5(5.25) -7.3(5)
Upper -2.8(13.75) -6 (13.75) -11.3 (13.75) -2.8(13.75) -6.3 (13.75) -12.6 (13.75)
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Fig. 5. Evolution of the percentage of grid points with the extreme updraft (left) and
downdraft (right) for the 0.1% percentage during 25-36 h in LES-37. The altitude for each

panel is shown in the figure.

Although the pattern is roughly similar to Fig. 10a, close
examination suggests that the small-scale features associ-
ated with the mid-level extreme updrafts are much more com-
plicated than those at the upper levels. In the survey of the pat-
terns of perturbation winds at the middle levels, there are
three typical categories (Fig. 12). In the first category, the
strong updraft is surrounded by the downdraft, forming a
ring-like roll (Fig. 12a). The second category seems to be
two counter-rotating rolls that lie horizontally, similar to the
high-level system but with a smaller scale (Fig. 12b), and
the third category is like a single roll, which is twisted and
tilted in the vertical (Fig. 12c).

4. Summary

This study uses the outputs of two semi-idealized simula-
tions with horizontal resolutions of 111 m and 37 m to exam-
ine the extreme updraft in the TC eyewall simulated with
the WRF-LES framework. Simulated updrafts (downdrafts)
stronger than 2 (-2) m s~ only occur at 5% of the grid
points in the inner-core region (90 x 90 km?2). The extreme
updraft at each vertical level is defined as the upward
motion that is stronger than that at 99.9% of the grid points
(0.1% threshold) in the inner-core region. The 0.1%
threshold generally increases with altitude below 14 km,
with three maxima being 9.6 (11.1), 11.5 (11.3) and 21.5
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(units: dBZ). The plus signs and black circles show the TC center and the RMW. The altitude for each panel is

shown in the figure.

(19.6) m s~! in LES-37 (LES-111), at the lower, middle and
upper levels, respectively. All the extreme updrafts are associ-
ated with the enhanced eyewall convection in the northeast
quadrant of the simulated TC.

The updrafts are related to different small-scale fea-
tures at the lower, middle and upper levels. While the
extreme updrafts at the lower levels occur with the tornado-
scale vortex (Wu et al., 2018, 2019), the extreme updrafts at
the middle and upper levels are also collocated with strong
vertical motion of the enhanced eyewall convection. The

extreme updrafts at upper levels are closely associated with
the strong vertical shear resulting from the outflow and
inflow of the enhanced eyewall convection, forming a pair
of counter-rotating horizontal rolls oriented along the tangen-
tial flow. The two counter-rotating horizontal rolls around
the altitude of 14 km are elongated generally along the tangen-
tial flow with a vertical extent of 2—3 km. The extreme
updrafts at the middle levels are associated with a ring-like
roll, a single roll, or two counter-rotating rolls that lie hori-
zontally and are twisted and tilted in the vertical. The spa-
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15 m s7! in (¢). The TC-scale flow is indicated by white
arrows.

tial and temporal distributions of the extreme updraft show
very similar features in the two numerical experiments.
Moreover, the magnitude of the simulated extreme of ver-
tical motion is comparable in the two experiments.

Note that the vertical resolution is not sufficiently high
due to the limitation of computation capacity. The vertical res-
olution in the boundary can resolve the small-scale features
(Wuetal., 2018, 2019), which is consistent with the observa-
tion (Marks et al., 2008; Stern et al., 2016; Aberson et al.,
2017). At the middle and upper levels, extreme updrafts and
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Fig. 9. Radius—height cross section of radial wind and vertical
motion (vectors) in LES-37 along the line in Fig. 6¢ at 30 h.
The shading indicates the magnitude of the vertical motion
(units: m s~1). Vertical motions above the 0.1% percentage are
denoted by dots.
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downdrafts have been discussed in observed TCs (e.g., Jor-
gensen et al., 1985; Black et al., 1994, 1996; Heymsfield et
al., 2001; Marks et al., 2008; Guimond et al., 2010; Aber-
son et al., 2017), but the observations are so limited that it is
hard to verify the simulated small-scale features in this
study. Given the importance of the small-scale features on
TC structure changes and intensity (Zhu, 2008, 2015; Zhu et
al., 2018), further investigation is needed to improve our
understanding of the extreme updrafts and associated small-
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scale features in TCs by increasing the vertical resolution.
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