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EDR & ozt

701— =

0.15 m*’s ' <EDR < 0.22 m%°s ™!

okst (light)

0.22 m??s™ ' < EDR < 0.34 m%®s™!

=}
<7t (moderate)

EDR > 0.34 m%?s™!

738t (severe)

Table 1. Category of turbulence
(Sharman et al., 2014).
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Figure 1. Results obtained frorn ERA5 reanaly31s data at 0800 UTC
11 October 2019. (a) Sea level pressure (black contour), (b)
horizontal wind speed (shading) with geopotential height (black
contour) and wind vector (wind barb) at 250 hPa, and (c) cloud ice
water mixing ratio (shading) at 250 hPa. Purple, red, and black dots
depict the severe, moderate and light intensity of observed
turbulence, respectively.
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8232.7
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0759 UTC 139.5 36.3 (= 367 0.18
hPa)
2019.10.11 ~ 10975
0840—-0900 ~ 133 ~ 33 (= 250 0.16—-0.28
uTC hPa)

Table 2. Information of observed turbulence provided by AMDAR
data.
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Figure 2. Brightness temperature satellite images of Himawari 10.4
pum (band 13) for (a) 1230, (b) 1630, and (¢c) 2030 UTC 10
October 2019 and (d) 0030, (e) 0430, and (f) 0840 UTC 11
October 2019. Red and black dots depict the moderate and light
intensity of observed turbulence, respectively.
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2457 &l el = =% 29 Advanced Research version of the

Weather Research and Forecasting (ARW—-WRF) 4.3 ®#dE

ol g3ttt A AP WF #AF AFEES FTAHOR £ AxUL 7h7
15, 5, 1, 0.2 kmQl 99 42 FAAF}(Figure 3). 94 A=+
& @A 27kl 8—13 kmollA] ©F 280 mzE AP oW, =

W AA zHo2E ECMWEA
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A\l
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o
2
M
o
32
i
B
X
s
e

1Az tA0 2 AFsts 0.25° x 0.25° 3 ZAAE ZlE ERAS
At2E o]g3skla, 3l %% National Oceanic and Atmospheric
Administration (NOAA)o|A 24A7F 7+A 07 A ¥3+= Optimum
Interpolation Sea Surface Temperature (OISST) At5 S A2t}

Aol A& (control run, ©]3F CTL)9 wlAEe w23} wotoz

WSM 6-—class graupel ®<F(Hong & Lim, 2006)= X+ 99l
foton, AL B3 @to=®E Kain—Fritsch  (new

Eta)#eH(Kain, 2004)2 991 olut #gshsich 4% o o} 2

23t Hwelke RRTMG ®¢F(acono et al., 2008; Mlawer et al.,
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1997) 5 o]l g3stglon, A3 EE == Noah land—surface 22 (Ek
et al, 2003)< ol&at3lth. At w7l A4 & B3 Sl
Mellor—Yamada 2.52F Y4R/FF4d WHES o]&ste] ofAz FE9
WF 2% oYX (subgrid—scale turbulent kinetic energy, ©]3} SGS

TKE)ZS AF&3l= Mellor—Yamada—Janji¢ 34 AAS =Hers Z

=
AEA 714 22 1x AP (dry run, ©l3F DRY)S St
W2, 2o o8 Au - gy BA} 532 A 8e4 2 no cloud
radiative (°]s} NCR) A¥de& sttt 2o v 44L CTLH

sdstAl HaAelth. Table 32 WRF A4 9 2 AGox ALgH
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WPS Domain Configuration

40°N

35°N

30°N

25°N

20°N

130°E 135°E 140°E 145°E 150°E

Figure 3. Configuration of WRF domain 1, 2, 3, and 4 (Ax = 15, 5, 1,
0.2 km) used in this study. Bold gray line shows the best track of
Hagibis provided by Korea Meteorological Administration. Blue line
displays the simulated track of Hagibis derived from the domain 1.
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Domains and Time Controls

Initial and

ERAS Reanalysis (0.25 ° X0.25 7 ),

Boundary hourly
Conditions « OISST Analysis, daily
1st 2nd 3rd 4th
domain domain domain domain
Horizontal 192 X 298 X 881 X 1596 X
Domain 192 298 381 1406
15 km 5 km 1 km 0.2 km

one—way nesting

Vertical Domain 112 hybrid layers (piop = 2000 Pa)

Integration 2019-10-11 00:00 UTC - 2019-10-11
Time 12:00 UTC
Physics Parameterization Schemes
Microphysics WSM 6—class scheme
Scheme

Boundary Layer MYJ PBL scheme

Scheme
Radiation RRTMG longwave/shortwave radiation
Scheme scheme

Land Surface Unified Noah land—surface model

Model

Cumulus Kain—Fritsch (new Eta) scheme
Parameterization

Scheme (1st domain only)

Sensitivity Test

Turn off Microphysics and Cumulus

DRY simulation oo
Parameterization Scheme

Turn off Cloud Radiative Feedback Effect (No

NCR simulation Cloud Radiative)

Table 3. Description of WRF setting and parameterization schemes
used in this study.
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(a) (b)
2019/10/11 0200 UTC 2019/10/11 0200 UTC
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2019/10/11 0800 UTC 2019/10/11 0800 UTC
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Figure 4. Simulated result of sea level pressure (black contour;
(a), (c), and (e)) and horizontal wind speed (shading; (b), (d),
and (f)) with wind vector (wind barb) in domain 1 at 250 hPa for
(a) and (b) 0200, (¢) and (d) 0500, (e) and (f) 0800 UTC 11
October 2019. (g) and (h) are same as (e) and (f) respectively
but derived from ERADS reanalysis data.
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2019/10/11 0330 UTC 2019/10/11 0530 UTC
CTL [d02] CTL [d02]

2019/10/11 0730 UTC 2019/10/11 0850 UTC
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Figure 5. Simulated result of horizontal wind speed (shading) with
SGS TKE (black contour; 0.25, 0.5, and 1.0 m?s™?), sea level
pressure (thin gray contour), and wind vector in domain 2 at 11 km
for (a) 0330, (b) 0530, (¢) 0730, and (d) 0850 UTC 11 October
2019.
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Figure 6. Vertical structure of SGS TKE (shading), potential
temperature (gray contour), and cloud mixing ratio (black dashed
contour; 0.001 g/kg) along AB area in Fig. 5 for (a) 0330, (b) 0530,
(c) 0730, and (d) 0850 UTC 11 October 2019. Red dot depicts the
observed moderate—level turbulence.
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Figure 7. Simulated results of (a) SGS TKE (shading) at 14.5 km in
domain 2, (b)brightness temperature (shading)in domain 3, and (c)
SGS TKE (shading) with brightness temperature (—65°C; black
contour) at 0330 UTC 11 October 2019. (d) displays the brightness

temperature satellite images of Himawari 10.4 pwm (band 13) at
0330 UTC 11 October 2019.
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Figure 9. Vertical cross section of vertical velocity (shading) with
potential temperature (gray contour) and x—component vorticity (—
5 —-1,0,1,5x 107% s7% red contour, dashed contour for negative
values) for (a) 0300, (b) 0330, (c¢) 0400, and (d) 0430 UTC 11
October 2019 along AB line depicted in Figure 8.
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Figure 10. Vertical cross section of cloud mixing ratio (shading)
with potential temperature (gray contour) and x—component
vorticity (=5, =1, 0, 1, 5 x 107% s7; red contour, dashed contour
for negative values) for (a) 0300, (b) 0330, (¢) 0400, and (d) 0430
UTC 11 October 2019 along AB line depicted in Figure 8.
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Figure 11. Vertical cross section of SGS TKE (shading) with
potential temperature (gray contour) and x—component vorticity (—
5 —-1,0,1,5x 107% s7% red contour, dashed contour for negative
values) for (a) 0300, (b) 0330, (c) 0400, and (d) 0430 UTC 11
October 2019 along AB line depicted in Figure 8.
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Figure 12. Simulated results of maximum column radar reflectivity
(shading) with bulk wind shear (28 m s~% black contour), wind
vector at 12.5 km (blue wind barb), and wind vector at 15.5 km
(red wind barb) for (a)0300, (b) 0400, (c¢) 0500, and (d) 0600
UTC 11 October 2019 in domain?2.
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Figure 13. Simulated results of radial wind (shading) parallel to AB
line in Figure 12 with radial wind vector, potential temperature
(gray contour; white contour for 358 K), and cloud mixing ratio
(0.001 g/kg; blue contour) for (a) 0300, (b) 0400, (c) 0500, and
(d) 0600 UTC 11 October 2019 along AB line in Figure 12. Green
cross shows the closest point of green cross depicted in Figure 12
from the AB line. Yellow lines present the altitude of 15.5 km and
12.5 km respectively.
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of brightness temperature

(shading) with bulk wind shear vector (black wind barb) between
15.5 and 12.5 km at 0400 UTC 11 October 2019 in domain 3. (b)
Vertical profile of Nn? from 0300 to 0600 UTC 11 October 2019
within the area averaged over 25 km x 25 km, which centered on
the green cross in Figure 12.
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Figure 15. Maximum column radar reflectivity (shading) with bulk
wind shear (28 m s~} black contour), wind vector at 12.5 km (blue
wind barb), and wind vector at 15.5 km (red wind barb) at 0400
UTC 11 October 2019 in domain 2 for simulations (a) CTL, (b)
NCR, and (c) DRY. Brightness temperature (shading) with SGS
TKE (0.1, 0.3, 0.5, 0.7 m®s™% black contour) at 0400 UTC 11
October 2019 in domain 3 for simulations (d) CTL, (e) NCR, and (f)
DRY.
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Figure 16. Vertical cross section of (a) potential temperature
tendency by longwave radiation (shading) and (b) potential
temperature tendency by shortwave radiation (shading) with
potential temperature (gray contour) and cloud mixing ratio (0.001
g/kg; gray dashed contour) at 0400 UTC 11 October 2019 along AB
line in Figure 12.
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Figure 17. (a) Simulated result of SGS TKE (shading) with wind
vector at 11 km in domain 2 at 0850 UTC 11 October 2019. Vertical
cross section of SGS TKE (shading) with potential temperature
(gray contour), cloud mixing ratio (0.001 k/kg, blue dashed
contour), and (b) Ri (0.25, black contour), (¢) VWS (1.5 x 1072
orange contour), and (d) Nn? (0 s7!, green contour) along AB area
in Fig. 17a.
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Figure 18. Time series of Nu° (blue line), VWS (orange line), Ri

(green line), and SGS TKE (red line) from 0600 to 1200 UTC 11
October 2019 within the area averaged over 25 km x 25 km, which
centered on the observed turbulent spot. Pink and gray areas refer
the turbulent period induced by KHI and convective instability,
respectively. Black hatched area depicts the observed turbulent
period.
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Figure 19. (a) Simulated result of maximum column radar
reflectivity (shading) with absolute vorticity (0 s™!, red contour)
and wind vector at 11 km in domain 1 at 0850 UTC 11 October
2019. (b) Simulated result of SGS TKE (shading) with wind vector
at 11 km in domain 1 at 0850 UTC 11 October 2019. Vertical cross
section of absolute vorticity (shading) with potential temperature
(gray contour), cloud mixing ratio (0.001 g/kg, blue dashed
contour), and (¢c) SGS TKE (0.25, 0.5, 1.0 m?s 2, black contour)
and (d) N2 (0 s7!, green contour) along AB line in Fig. 19b at 0850
UTC 11 October 2019.
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negative value, bold dashed contour for —0.3 x 107* s™) at 11 km
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Figure 22. Time series of Nn? (blue line), absolute vorticity (black

line), and SGS TKE (red line) from 0600 to 1200 UTC 11 October
2019 within the area averaged over 25 km x 25 km, which centered
on the observed turbulent spot in domainZ. Pink and gray areas
refer the turbulent period induced by KHI and convective instability,
respectively. Black hatched area depicts the observed turbulent
period.
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Figure 23. Vertical profile of (a) absolute vorticity, (b) Nu?, and (c)
SGS TKE at 0850 UTC 11 October 2019 within the area averaged
over 25 km x 25 km, which centered on the observed turbulent spot
in domain 2.
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is the wind component perpendicular to the AB line.
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Figure 25. Vertical cross section of cloud mixing ratio (shading)
with absolute angular momentum M (black contour; —40 m s~ ' for
red contour) and potential temperature (gray contour) for (a) 0330,
(c) 0600, and (e) 0850 UTC 11 October 2019 along AB line in
Figure 24. Vertical cross section of SGS TKE (shading) with =40 m
s ! absolute angular momentum (red contour), cloud mixing ratio
(0.001 g/kg, blue contour), and potential temperature (gray
contour) for (b) 0330, (d) 0600, and (f) 0850 UTC 11 October
2019 along AB line in Figure 24. Black bold contours in (b),(d), and
(f) show the potential temperature values of 350, 352, 354 K.
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wind vector at 11 km for (a), (c) 0600 UTC and (b), (d) 0850 UTC
11 October 2019. (a), (b) and (c), (d) are the results of CTL and

DRY simulation, respectively.
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Figure 28. Simulated result of SGS TKE (shading) at 7 km in
domain 2 on 0830 UTC 11 October 2019.
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Figure 30. Vertical cross section of potential temperature tendency
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contour), cloud mixing ratio (0.001 g/kg), and SGS TKE (0.25, 0.5,
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Figure 31. (a) The values of resolved TKE (blue line), SGS TKE
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Abstract

A Numerical Simulation of Near—
Cloud Turbulence Associated with
Tropical Cyclone Hagibis

Ju Heon Lee
Computational science and Technology

The Graduate School

Seoul National University

From 0840 to 0900 UTC 11 October 2019, light—or—
moderate turbulence events were observed with in situ eddy
dissipation rate data provided by Aircraft Meteorological Data Relay
at 11 km within the anticyclonic outflow of tropical cyclone (TC)
Hagibis over the northwestern Pacific Ocean. The area of
turbulence was farther than 500 km from the central of the TC and
showed the low density of cloud. The generation mechanism of
near—cloud turbulence (NCT) occurred in the northwestern side of
the TC was examined using the Weather Research and Forecasting
(WRF) model. Four nested model domains with horizontal grid
spacings of 15, 5, 1, and 0.2 km and 112 hybrid layers with vertical
grid spacing of about 280 m within z = 8—13 km, near altitudes

where the NCT encounters occurred were used. The Mellor—
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Yamada—Janjic scheme was applied in each domain to parameterize
local vertical mixings by computing subgrid—scale turbulent kinetic
energy (SGS TKE) in free atmosphere by Mellor—Yamada 2.5—
level turbulence closure method. The results showed that there
were three distinct areas of simulated turbulence, which occurred in
1) z = 13-15 km, 2) z = 10—12 km, and 3) z = 6—8 km layers
showing SGS TKE larger than 0.25 m?s™ 2. We focused on the 10 to
12 km layer in which turbulence was observed. Richardson (Ri)
number smaller than 0.25 was found consistently before the time of
the incident, which implies Kelvin—Helmholtz instability occurred
due to strong vertical wind shear induced by anticyclonic outflow of
the TC at the beneath of the cirrus anvil cloud. From 0800 UTC,
static stability started to decrease and convective instability
occurred during 0840 to 0900 UTC, which produced light—or—
moderate level turbulence. At the same time, intensity of inertial
instability at z = 10—12 km layer increased with strengthened
upper—level anticyclonic outflow where neutral or weak inertial
instability was consistently existed due to anticyclonic outflow of
the TC. Consequently, we suggested that inertial instability was
responsible for the occurrence of convective instability given that
the strengthening period of inertial instability was coincided with

the manifestation period of convective instability. SGS TKE
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simulated at z = 13—15 km was due to convective instability
induced by the differential thermal advection within the anticyclonic
outflow of the TC. SGS TKE found at z = 6—8 km was also induced
by convective instability by sublimation of precipitating snow in the

beneath of cirrus anvil cloud.

Keywords : Tropical cyclone, Near—cloud turbulence, inertial
instability, convective instability, numerical simulation
Student Number : 2021—-21167
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