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Abstract At 0843 UTC 30 May 2021, a commercial aircraft encountered severe turbulence at
z = 11.5 km associated with the rapid development of Mesoscale Convective System (MCS) in
the Gyeonggi Bay of Korea. To investigate the generation mechanisms of Near-Cloud Turbu-
lence (NCT) near the MCS, Weather Research and Forecasting model was used to reproduce
key features at multiple-scales with four nested domains (the finest Ax = 0.2 km) and 112 hybrid
vertical layers. Simulated subgrid-scale turbulent kinetic energy (SGS TKE) was located in three
different regions of the MCS. First, the simulated NCT with non-zero SGS TKE at z = 11.5 km
at 0835 UTC was collocated with the reported NCT. Cloud-induced flow deformation and
entrainment process on the downstream of the overshooting top triggered convective instability
and subsequent SGS TKE. Second, at z = 16.5 km at 0820 UTC, the localized SGS TKE was
found 4 km above the overshooting cloud top. It was attributed to breaking down of vertically
propagating convectively-induced gravity wave at background critical level. Lastly, SGS TKE
was simulated at z = 11.5 km at 0930 UTC during the dissipating stage of MCS. Upper-level
anticyclonic outflow of MCS intensified the environmental westerlies, developing strong verti-
cal wind shear on the northeastern quadrant of the dissipating MCS. Three different generation
mechanisms suggest the avoidance guidance for the possible NCT events near the entire period
of the MCS in the heavy air traffic area around Incheon International Airport in Korea.
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Fig. 1. Cloud top temperature from GK-2A for 0840 UTC
with a 10-min interval. Orange, red, and purple dots depict
the light, moderate, and severe intensity of the observed
turbulence.
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Fig. 2. Configuration of WRF domain 1, 2, 3, and 4 used in
this study. White marker denotes the point where the aircraft
encountered a severe turbulence.
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Table 1. Description of WRF model setting and parameterization schemes used in this study.

Domains and Time Controls

Initial and Boundary

* ERAS5 Reanalysis (0.25° x 0.25°), hourly

Conditions  OSTIA Analysis (0.05° x 0.05°), daily
DO1 D02 D03 D04
Horizontal Domain 9 km 3 km 1 km 0.2 km
One-way nesting
Vertical Domain 112 hybrid layers (P;,, = 50 hPa)
Time Step 30s 10s 333s 0.66 s

Integration Time

24 hr

(2021-05-29 12:00 UTC — 2021-05-30 12:00 UTC)

Physics Parameterization Schemes

Microphysics Scheme

WSM 6-class Scheme

Boundary Layer Scheme

MY PBL scheme

Radiation Scheme

RRTMG longwave/shortwave radiation scheme

Land Surface Model

Unified Noah land-surface model

Cumulus Parameterization Scheme

Kain-Fritsh (new Eta) scheme (1st domain only)

Sensitivity Test

DRY Simulation

Turn off Microphysics & Cumulus parameterization scheme

37141813 thy] A347 23 (2024)
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Fig. 3. (a)-(b) Sea level pressure (contour) at 0900 UTC 30 May 2021 provided by (left) ERAS and (right) WRF domain 1. (c)-
(d) 300 hPa geopotential height (contour) with horizontal wind speed (shading) and direction. (e)-(f) 850 hPa geopotential
height (contours) with convergence (shading) and moisture flux (vector).
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Fig. 4. Cloud top temperature from (a) GK-2A and (b) WRF domain 3 at 0900 UTC. (c¢) Column Max images of
Baengnyeongdo radar and (d) Maximum reflectivity of WRF domain 2 at the same time.
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Fig. 6. Cloud top temperature from GK-2A (shading) at (a) 0800, (c) 0900, and (e) 1000 UTC 30 May 2021. Total cloud
mixing ratio at z=11.5 km (0.01 g-kg™"; dashed line, 0.1 g-kg™"; solid line) and SGS TKE (shading) in WRF domain 3 at (b)
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Fig. 12. (a) Vertical cross section of total cloud mixing ratio (0.01 gkg'; dashed line, 0.1 g-kg™; solid line), potential
temperature (contours), SGS TKE (shading) at 0820 from z =1 to 19 km in WRF domain 4. (b) The x-t diagram of vertical
velocity (shading) at z= 15.5 km and SGS TKE at z = 16.5 km (0.25 m’s>; black dashed line, 1. 0m’s™%; black solid line). The
green line represents the gradient of vertical velocity, while the yellow line represents the gradient of SGS TKE.
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Fig. 14. Vertical profiles of (a) horizontal wind speed, (b) Richardson number, and (c) Scorer parameter (blue line) with &*
(=0.04 x 107, red dashed vertical line) calculated at the SGS TKE generation point from z= 15 to 18 km at 0820 UTC in WRF

domain 4.
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Fig. 15. Total cloud mixing ratio at z = 11.5 km (0.01 g-kg™'; dashed line, 0.1 g-kg™"; solid line), wind vector, and SGS TKE
(shading) in WRF domain 3 at (a) 0930, (b) 0940, and (c) 0950 UTC.
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Fig. 16. Total cloud mixing ratio at z=11.5 km (0.01 g-kg™'; black solid line), SGS TKE (0.25 m%s™%; green solid line), and
horizontal wind speed calculated CTL - DRY in WRF domain 3 at (a) 0930, (b) 0940, and (c) 0950 UTC. SGS TKE (0.25 m*s™>;
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Fig. 17. Total cloud mixing ratio at z = 11.5 km (0.05 g-kg™'; dashed line, 0.1 g-kg™"; solid line) and column max SGS TKE
(shading) at z = 8 to 12 km on horizontal plane in WRF domain 3. Total cloud mixing ratio and column max SGS TKE are

averaged for the time periods of (a) 0730~0800, (b) 0800~0830, (c) 0830~0900, (d) 0900~0930, (e) 0930~1000, and (f)
1000~1030 UTC.
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Fig. 18. Vertical cross-sections of averaged total cloud mixing ratio (0.05 g-kg™'; dashed line, 0.1 g-kg™"; solid line) and max
SGS TKE (shading) at z = 8 to 20 km in WRF domain 3. Total cloud mixing ratio and SGS TKE are averaged for the time
periods of (a) 0730~0800, (b) 0800~0830, (c) 0830~0900, (d) 0900~0930, (¢) 0930~1000, and (f) 1000~1030 UTC.
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Fig. 19. (a) Time series of the column max SGS TKE (> 0.15 m’s
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% blue solid line, > 0.5 m*>; red solid line) area averaged at

z =8 to 12 km and (b) the vertical distance between 0.05 g-kg™" total cloud mixing ratio and column max SGS TKE (same as

Fig. 19a) in WRF domain 3.

T 820 km Qo] TE3l 308 7HHoZ A7 3

#ato] B 519 th(Fig. 18). %%7]01];: overshooting
top W¥oll ¥lw# ks SGS TKE7} 98kl 9o
u:]’ Q2=7)o] RQEFHEA] overshooting top FHOZ
SGS TKE7} 4% vk 53], 79 204
M3l Aoz Avfels quoﬂ 4 E;ﬂﬁ)riﬂ ot
s3] ,hsn LAY SGS TKE7} %= 9F 18 km7}

r&'ﬂg

2 SGS TKE®] EA4& AFH o= vwslr] &) oL

= 8~12 kmoIAM 9 column max SGS TKE W% o
SGS TKE @A =9l 9379 A xpo|& AlA
d=2 4319 thFig 19). WA SGS TKE WS &
A% A3}, SGS TKEZF 0.15 m® st & 99
MCS A7) s¢t &A= Srtehe 73
o] FaL OH:}(Fig 192). 3FA%F 0.5 m* s2Hok 2 SGS
TKE 992 A< DA Hpke Bl a7+
ﬁ\_o}% A ioqft} ]L SGS TKEE +%2 %
2 BA% AFgoa & @Al = ofstE SGS
TKE7} WA EAE o HE& = 54 dxsta

e FlOH

5kE.O
D=

Table 2. Characteristics of horizontal and vertical SGS TKE classified by MCS life cycle.

Developing stage

Mature stage

Dissipating stage

e Circular distribution within 30

» Wedge distribution within 100 km

» Overshooting top is weakened and
scattered distribution within 150 km
*SGS TKE is widely spreaded further

Horizontal km from the overshooting top from the overshooting top on the northeastern quadrant of MCS
» Weak intensity « Rapidly increase in SGS TKE area  * SGS TKE areas greater than 0.5 m?s 2
are decreased but areas greater than
0.15 m’s™ are increased
. * Located stroog intensity around Overshooting top is weakened and
* Located over the overshooting  the overshooting top . . .
Vertical top within 1 km vertically * Located over the overshooting top widely distributed over anvil cloud

» Weak intensity

within 4~5 km above cloud top,
about an altitude of z= 18 km

* Weaker intensity and lower altitude
than mature stage
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