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[t has been numerically demonstrated that the turbulence above the boundary is important
to tropical cyclone intensification and rapid intensification, but the three-dimensional
structures of the sub-grid-scale (SGS) eddy have not been revealed due to the lack of
observational data. In this study, two numerical simulations of Super Typhoon Rammasun
(2014) were conducted with the Advanced Weather Research and Forecast (WRF) model
by incorporating the large-eddy simulation (LES) technique, in which the enhanced eyewall
convection and the process of rapid intensification are captured. Consistent with previous
observational studies, the strong turbulent kinetic energy (TKE) is found throughout the
whole eyewall inside of the radius of maximum wind in both experiments. The simulations
indicate that the strong TKE is associated with horizontal rolls with the horizontal extent of
2-4 km, which are aligned azimuthally in the intense eyewall convection. It is indicated that
the three-dimensional structures of the SGS eddy can be simulated with the vertical grid
spacing of ~100 m when the horizontal grid spacing is 74 m. It is suggested that there is
considerable turbulence associated with azimuthally-aligned horizontal rolls in the mid-
level eyewall of tropical cyclone.

Keywords: tropical cyclone eyewall, turbulent kinetic energy, large-eddy simulation, horizontal rolls, sub-grid-scale
eddy

INTRODUCTION

Intensity change is currently one of the most difficult challenges in tropical cyclone (TC) forecast
(Rogers et al., 2006; Rogers et al., 2013). While the strong turbulence in the traditional intensity
theories is usually regarded as a flow feature pertaining to the planetary boundary layer (PBL)
(Charney and Eliassen, 1964; Ooyama, 1964; Ooyama, 1969; Emanuel, 1986; Emanuel, 1995), a few
studies suggested that intense turbulent mixing generated by cloud processes also exists above the
PBL in the eyewall and rainbands of a TC (Lorsolo et al., 2010; Rogers et al., 2012; Zhu et al., 2019;
Chen and Bryan, 2021; Zhu et al., 2021). Using airborne Doppler measurements, Lorsolo et al. (2010)
and Rogers et al. (2012) found strong turbulence in the convective eyewall throughout the
troposphere mainly within the radius of maximum wind. Incorporating an in-cloud turbulent-
mixing parameterization in the vertical turbulent-mixing scheme of the Hurricane Weather Research
and Forecasting (HWRF) model, Zhu et al. (2019) numerically demonstrated the importance of
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eyewall and rainband sub-grid-scale (SGS) eddy forcing to
numerical prediction of TC intensification and rapid
intensification, but the three-dimensional structures of the SGS
eddy have not been revealed due to the lack of observational data.
Thus, to better understand the in-cloud turbulent mixing and
improve the TC intensity forecasts, it is necessary to understand
the fine-scale features of the TC eyewall.

Previous studies focused mostly on fine-scale structures in the
TC boundary layer. Two coherent structures have already been
revealed. One is roll vortices (Foster, 2005; Nolan, 2005; Gao and
Ginis, 2016; Wang and Jiang, 2016; Gao et al,, 2017; Gao and
Ginis, 2018), which tend to align with the tangential winds with
sub-kilometer to multi-kilometer wavelengths (Wurman and
Winslow, 1998; Morrison et al., 2005; Lorsolo et al., 2008; Ellis
and Businger, 2010). The other is called tornado-scale vortices,
which are associated with extreme updrafts and downdrafts,
strong vertical vorticity, and huge near-surface gusts (Aberson
et al., 2006; Marks et al., 2008; Wurman and Kosiba, 2018; Wu
et al., 2018, 2019). Relatively little is known about the fine-scale
structures in the mid-level eyewall of TCs although the extreme
updrafts beyond the TC boundary layer were observed (Guimond
et al., 2010; Heymsfield et al., 2010). Recently, Zheng et al. (2020)
examined two numerical experiments conducted with the
Advanced Weather Research and Forecast (WRF) model, in
which the large-eddy simulation (LES) technique is used with
the finest grid spacing of 37 and 111 m. They found that the
simulated extreme updraft in the TC eyewall exhibited relatively
high frequencies in the lower, middle and upper troposphere,
suggesting different types of fine-scale structures associated with
the extreme updrafts. Following Zheng et al. (2020), the
numerical simulation of Typhoon Rammasun (2014) was
conducted with the WRF-LES framework In this study. Our
focus is on the vertical distribution of turbulent kinetic energy
(TKE) and the associated fine-scale structures in the mid-level
eyewall.

EXPERIMENTAL DESIGN

Super Typhoon Rammasun (2014) formed to the east of the
Philippines on 12 July 2014, became a super typhoon in the South
China Sea on 17 July, and reached its peak intensity at 0600 UTC
18 July after 36 h of rapid intensification (Qiu et al, 2020).
Rammasun made its first landfall over Hainan Island at 0730
UTC 18 July 2014. Based on the China Meteorological
Administration (CMA) best track dataset, the lifetime
maximum intensity is 888 hPa in the sea-level pressure and
714ms™" in the maximum wind speed at 10 m, while the
peak intensity is 918 hPa and 72.0 ms™" in the Joint Typhoon
Warning Center (JTWC) best track dataset.

In this study, two numerical experiments were designed to
simulate the rapid intensification of Super Typhoon Rammasun
(2014) in the South China Sea and its subsequent landfall process
using version 3.2.1 of the WRF model. The outermost domain
(centered at 18.9°N, 116.9°E) covered an area of 5,600 km X
4,500 km with a horizontal grid spacing of 18km. The
horizontal grid spacings of the five nested domains were 6 km,

Horizontal Rolls in Typhoon Eyewall

2 km, 2/3 km (~667 m), 2/9 km (~222 m), and 2/27 km (~74 m),
respectively. There were 251 x 311, 271 x 271, 211 x 211, 541 x
541, 802 x 802, 1801 x 1801 grid points, respectively. Two
different vertical spacings are used in the numerical
simulations. Vertical grid spacing in LES75 increases rapidly
from 40 to ~350 m at 5km and shows decline to 250 m at top
of the model (50 hPa). The second experiment (LES151) is
designed to increase from 40 to 100m at 200 m, sustain
~100 m until 12km and experience a steady growth to more
than 250 m at 50 hPa. The model tops in two experiments were
50 hPa.

The simulations were initialized at 1800 UTC 15 July 2014
when it was over the Philippines and integrated for 72 h to 1800
UTC 18 July 2014 when it made the second landfall in Guangxi,
China. The spun-up vortex was initially located at the center of
Super Typhoon Rammasun (13.6°N, 121.9°E). The two innermost
domains were activated at 0000 UTC 18 July after the third and
fourth domains were activated at 2100 UTC 15 July. The
Kain-Fritsch cumulus parameterization scheme was used in
the outermost domain (Kain and Fritsch, 1993), and the WRF
six-class scheme was selected in the nested domains (Hong and
Lim, 2006). The Rapid Radiative Transfer Model (RRTM) and the
Dudhia shortwave radiation scheme were used for calculating
long-wave radiation and shortwave radiation (Dudhia, 1989;
Mlawer et al., 1997). The LES technique is adopted in the sub-
kilometer domains (Mirocha et al, 2010) and the Yonsei
University scheme is selected for PBL parameterization in the
other domains (Noh et al., 2003).

The purpose of two experiments is to compare the influence of
the vertical spacing on the TKE at the middle levels. In the
following analysis, we will focus on the hourly output from 0300
UTC to 0700 UTC 18 July (3h after the activation of the
innermost domain and before landfall in Hainan Island at
0700 UTC 18 July). The TC center is defined as the minimum
pressure variance center (Yang et al., 2020).

OVERVIEW OF THE SIMULATED TYPHOON

Figure 1 shows the comparisons of the track and intensity
between the observation and the simulation. The simulated
tracks in LES75 and LES151 are very close to the observation
(Figure 1A). The mean errors between the observed and
simulated tracks are about 30km in LES75 and 33 km in
LES151, respectively. The landfall time of the simulated TCs is
0700 UTC 18 July. Considering the 1-h output interval, it is
consistent with the observed landfall time of 0730 UTC 18 July.

The simulated intensity is measured with the minimum sea-
level pressure and the maximum instantaneous 10 m wind speed.
Note that the simulated intensity is always derived from the
innermost domain. The intensity evolution of Rammasun (2014)
is well simulated in LES75 and LES151, except the abrupt increase
of the maximum instantaneous 10 m wind speed immediately
after the fifth and sixth domains are activated at 0000 UTC 18
July. For this reason, our analysis covers a 4-h period from 0300
UTC to 0700 UTC on 18 July. As shown in Figure 1B, both two
simulations capture the observed rapid intensification processes.
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FIGURE 1 | Comparisons of the observed and simulated (A) tracks and (B) intensities of Super Typhoon Rammasun (2014). The time is in the dd/hh format. The
observed track is from the CMA best track dataset, while the observed intensities are from the CMA best track dataset (purple dots and crosses) and the JTWC best
track dataset (green dots and crosses) in terms of minimum sea-level pressure (crosses, units: hPa) and maximum instantaneous wind speed at 10 m (dots, units:
m s™"). The time intervals are 6 h from the observation and 1 h for the simulation. The gray shading area is the range of analysis times and the black dashed line
indicates the activation of D05 and DO6 domains.

The minimum sea-level pressure fluctuates between 893.7
(906.6) and 896.4 (911.7) hPa during 4h in LES75 (LES151)
(Figure 1B). They are higher than the minimum sea-level
pressure of 888 hPa in the CMA dataset, and lower than the
minimum sea-level pressure of 918 hPa in the JTWC dataset. The
minimum pressure of 888 hPa in the CMA dataset was estimated
by observation from Qizhou Island station in the eyewall (Cai and
Xu, 2016). Feng et al. (2021) argued that the minimum sea-level
pressure resulted from the tornado-scale vortex that is prevalent
near the inner edge of the TC eyewall. During the 4-h period, the
maximum instantaneous wind fluctuates between 94.5 (84.0) and
103.5 (98.4) ms™" in LES75 (LES151). In Cai and Xu (2016), the
maximum instantaneous wind of 72.4 m s at 0439 UTC 18 July
was observed at Qizhou Island station just before the anemometer
was destroyed. The station was then located at the inner edge of
the eyewall. Considering lack of the observation and the influence

of the tornado-scale vortex on the simulated maximum
instantaneous wind (Wu et al, 2018), the intensity of
Rammasun (2014) in our simulations are generally comparable
to that in the observation.

Figure 2 shows the comparison of the simulated radar
reflectivity at 800 m at 0700 UTC 18 July in the D04 domain
and the observation at Haikou station at 0659 UTC 18 July. The
observed and simulated vertical shear vectors between 200 hPa
and 850 hPa are also plotted. The magnitudes of the shear over
the radius of 500km are 6.0 ms ' in the fifth generation
European Centre for Medium-range Weather Forecasting
(ECMWF) global reanalysis (ERA5, 0.25°, and 1-hourly)
dataset and 7.2 (7.1)ms™' in LES75 (LES151). The shear
vectors in the simulations shift westward than the observation.
Consistent with the observation, as shown in Figure 2, the
eyewall convection and rainbands are enhanced generally on
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FIGURE 2| The comparisons of the radar reflectivity (units: dBZ) from (A)
Haikou station at 0659 UTC 18 July 2014 and the radar reflectivity at 800 min
(B) LES75 and (C) LES151 at 0700 UTC 18 July 2014 in the D04 domain. The
arrow shows the vertical wind shear between 200 hPa and 850 hPa and

plus signs indicate the TC center.

the southern side although the simulated eyes are larger than the
observed one. Note that the eye in LES151 is larger than that in
LES75.

Horizontal Rolls in Typhoon Eyewall

THE SIMULATED TKE AND THE
ASSOCIATED MID-LEVEL FINE
STRUCTURES

Following previous studies (Green and Zhang, 2014; Wu et al.,
2018, 2019), the mean wind fields are obtained by averaging in a
moving box of 8 x 8 km”. The perturbation wind components are
the differences between the total wind and the smoothed wind.
Wu et al. (2019) examined the perturbation winds with different
moving windows in size. They found that there is little difference
in the resulting small-scale features with the finest grid spacing of
37 m as the window size is larger than 8 x 8 km®. The small-scale
features are similar to those by subtracting the symmetric and
wavenumber 1-3 components with respect to the TC center.

Following Zhang et al. (2011) and Liu et al. (2021), the TKE at
a grid point is computed as follows:

e= %(u’2 +v7+ wlz), (1)

where u, v/, and w' are the perturbation wind components in the
zonal, meridional and vertical directions. Figure 3 shows the
radius-height cross sections of TKE for the simulated TCs. The
cross sections in Figures 3A,B are plotted in the enhanced eyewall
convection along the azimuths of 185 at 0300 UTC 18 July in LES75
and 188" at 0400 UTC 18 July in LES151 (azimuthal positions shown
in Figure 4). The selected time in the specific experiment corresponds
to the highest TKE maximum during the 4-h period. We can see that
the localized high TKE is roughly concentrated in three vertical layers:
the boundary layer below 3 km, the middle levels between 3 and
12 km and the upper levels above 12 km. Consistent with Zheng et al.
(2020), we suggest that the TKE in the three layers is associated with
different fine-scale features. As indicated by the radar reflectivity
contours, the relatively high TKE at the middle levels occurs in the
tower of high radar reflectivity in the eyewall. The maximum TKE in
the middle layer is 119 m*s™ and 157 m®s™2 in LES75 and LES151,
respectively, while the TKE maxima in the lower (upper) layer is 359
(97) m?s™ in LES75 and 319 (257) m?s™ in LES151. The TKE
maximum at the middle levels is comparable in magnitude to the
TKE maxima at the lower and upper levels.

To demonstrate the fine-scale wind structures associated with
the localized high TKE, the sector radius-height cross sections in
the vicinity of these in Figures 3A,B are averaged azimuthally in
Figures 3C,D. The average covers an azimuthal range of 30° from
170° to 200° in LES75 and 173°-203" in LES151 (azimuthal ranges
shown in Figure 4). Both the experiments indicate that the high
TKE at middle levels is associated with relatively horizontal rolls,
which tilt radially outward with the increasing height. The radial
extent of the horizontal rolls is 2-4 km, and the vertical extent is
larger than the radial extent. The horizontal rolls occur in the
eyewall vertical motion (white contours) smoothed with a 8 x
8 km®> moving box, suggesting that the horizontal rolls are
associated with the eyewall convection (Figures 3C,D). The
rolls are found on both the sides of the radius of maximum wind.

Lorsolo et al. (2010) retrieved the TKE using airborne Doppler
measurements from Hurricanes Isabel (2003), Fabian (2003),
Frances (2004), Katrina (2005), and Rita (2005) at various
stages of their development. They constructed a mean cross
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FIGURE 3 | (A, B) The radius-height cross sections of TKE (shading, units: m2 s-2) and radar reflectivity (contours, units: dBZ) simulated at 0300 UTC 18 July in
LES75 (left) along the azimuth of 185° and at 0400 UTC 18 July in LES151 (right) along the azimuth of 188° with an interval of 20 dBZ. (C, D) The radius-height sector
cross sections of TKE (shading), radial and vertical perturbation winds (vectors), and smoothed vertical motion (solid contours for upward motion and dashed contours
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section of TKE for all considered legs and proposed a conceptual
model. The largest TKE is located inside of the radius of maximum
wind. Figures 3E,F show the cross section of the mean TKE averaged
azimuthally for the whole eyewall in LES75 and LES151. Consistent
with Lorsolo et al. (2010), both the two experiments successfully
simulate “tower-like” structure of TKE, and the strongest TKE occurs
inside of the radius of maximum wind. Also, the strong TKE exists in
the boundary inflow outside of the radius of maximum wind.
Compared with LES75, the region of azimuthally mean TKE
>12m*s™> shows wider range at the middle level in LESI5I.
Moreover, higher azimuthally mean TKE (>20m°s?) is
simulated in LES151 at the upper levels (Figures 3E,F).

The horizontal rolls in Figures 3C,D actually represent azimuthally-
aligned vortex rings in the three-dimensional streamlines of
perturbation winds (Figure 4), which are located in the mid-level
eyewall within the strong convection (Figure 2). In Figure 4, the
simulated radar reflectivity at 7 km is also plotted to indicate the intense
eyewall convection. As shown in Figure 4, horizontal rolls with the
horizontal extent of 2-4 km in the mid-level eyewall are successfully
simulated in LES75 and LES151 with vertical grid spacings of ~300 and
~100m. It is suggested that the simulation with the vertical grid
spacings in LES75 and LESI51 can resolve the vortex rings. We
examine all the 4-h data and find that the azimuthally-aligned rolls

are a common feature in the mid-level eyewall convection.
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FIGURE 4 | The perturbation winds (three-dimensional streamlines), 7 km horizontal winds (vectors), and 7 km radar reflectivity (shading) at 0300 UTC 18 July in
LES75 and at 0400 UTC 18 July in LES151. The streamlines with warm and cool colors indicate the upward and downward motion, respectively. The red and black lines
indicate the position of the cross section in Figures 3A,B and the azimuthal range of the cross sections in Figures 3C,D, respectively.

SUMMARY

Previous studies indicated that strong turbulence could occur in
the convective eyewall throughout the troposphere (Lorsolo et al.,
2010; Rogers et al., 2012; Chen and Bryan, 2021). The importance
of eyewall and rainband sub-grid-scale (SGS) eddy forcing to TC
intensification and rapid intensification has been demonstrated
numerically (Zhu et al., 2019). Jiang et al. (2020) and Zheng et al.
(2020) have shown that the extreme updraft contained small-
scale rolls within the eyewall and rainbands region. In addition,
these small-scale turbulent mixing plays an important role in
transporting heat, momentum and water vapor in deep
convective clouds (LeMone and Zipser, 1980; Hogan et al,
2009). However, the three-dimensional structures of the fine-
scale structures associated with strong TKE have not been
revealed due to the lack of observational data.

In this study, two numerical simulations of Super Typhoon
Rammasun (2014) were conducted with the LES technique in the
WRF model. While the vertical spacing is ~300 m in LES75, the
vertical spacing is ~100m in LES151 at the middle levels

(3-11 km). Although the simulated intensity is different in
terms of the minimum sea-level pressure and maximum
instantaneous wind at 10 m, the enhanced eyewall convection
and the process of rapid intensification are captured in two
experiments. It is found that the azimuthally mean TKE
simulated in both experiments consistent with the
observation (Lorsolo et al., 2010; Rogers et al., 2012). That
is, the strong TKE is found throughout the whole eyewall
inside of the radius of maximum wind. Furthermore, the
strong TKE is associated with horizontal rolls, and which
are aligned azimuthally in the intense eyewall convection.
The radial extent of the horizontal rolls is 2-4 km, and the
vertical extent is larger than the radial extent. This study
suggests that there is considerable turbulence associated
with azimuthally-aligned horizontal rolls in the mid-level
eyewall of tropical cyclone.

Although previous observations have studied the distributions
of strong TKE in the eyewall (Lorsolo et al., 2010; Rogers et al.,
2012), the associated mid-level fine-scale features remain unclear
due to the limitation of the observations. The results presented in
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this study should be useful for revealing the structures of fine-
scale structures associated with strong TKE numerically. Future
research effort should be continuously devoted to confirming the
existence of mid-level horizontal rolls and improving in-cloud
turbulent-mixing parameterization given the importance of the
fine-scale systems on TC structure changes and intensity (Zhu
et al,, 2019, 2021).

DATA AVAILABILITY STATEMENT
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