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Abstract This study examines a stationary frontal heavy rainfall event that occurred over the Yeo-
ngdong region of eastern Korea on 20 September 2024, where complex terrain strongly influenced
rainfall distribution. Hourly intensive upper-air observations using a Multi-Sonde system were con-
ducted from 1400 to 2100 LST at the Gungchon AWS site and compared with high-resolution
Weather Research and Forecasting (WRF v4.6.1) model simulations. Time-height analyses of wind
and thermodynamic-moisture structures were performed, and environmental conditions for rear-
inflow jet (R1J) development were diagnosed using Convective Available Potential Energy (CAPE),
Precipitable Water (PW), and 0~2.5 km bulk wind shear. Observations showed a strong low-level jet
(LLJ; up to 24.6 m s') at 1~3 km altitude prior to rainfall and a low-wind-speed layer below 0.5 km
due to orographic blocking. After 1900 LST, a pronounced upward shift of the LLJ was followed by
the penetration of a strong RIJ into the lower troposphere, reaching a maximum wind speed of 29.4
m s . In contrast, the WRF simulation underestimated R1J intensity and lower-level moisture. Prior
to RIJ onset, observed CAPE remained very large (2,500~4,000 J kg™") with high lower-level PW
(29.8~31.0 mm), whereas the model underestimated PW by approximately 8~10 mm, resulting in
substantially weaker CAPE. These results highlight the importance of accurately representing lower-
level moisture and demonstrate the value of hourly Multi-Sonde observations for diagnosing heavy
rainfall over complex terrain and improving short-term forecasting guidance.
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el T Fuse] ggow Ao A7
A B/ge] wEA wskstal itk Ad 30d
(1993~2022\) F<t 74 AFZ2H7|4AZA 28
(Automated Synoptic Observing System, ASOS) A&
241 A3, 13478 olel WAk Fagel 3
=9} WlEsh ANAO R e %S B, of
23 Sk AGAFl wEt GE=EA Yebs Ttk (Park
and Suh, 2023). 53] AF, T, Felt HEE, T
gkt 2ol sfiot B A PA sl AstEE A
Nl Z7} o] Bg A vept, AgQee] 2 A

S ™A ghetd Fa Aol Al
sleh. w3, olBA A5e wae A4
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A7} W ashrhs A9l 40] F-68 5 ArkSon et
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T
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33t Aldolu e Rt oS3 Ag ke A
Hol= fI9lo] F7)= dFck(Browning, 1997; Du
Chen, 2019). ©]2i3 W& HAADA} AF
FaFo] AFH A ANA HS F=HAH, o] w}
2 dF77E vy GA dgesia 24 A%S B
Aok, AAZ Fopro} X9 e] HAHNAY 73 Al
NME AFo| 315 TEH A F2E HRTo=
A 7EEe] I Bxel dg BEA Tad 93¢S
mXe Aoz ByE v AtH(Cornejo et al., 2024).
Z23tE dlFolx = i Al2" THA FAF
2 3t YT AslEle E4o] &2 4EA de
w, o] $H FYF= AF diFANA dehte &
H-8- YA E (rear-inflow jet, RI)2] A A +ZZ A
Al=]o] YtH(Weisman, 1992, 1993; Evans and Doswell,
2001). FH 9] Aol mEH, Akt A2 A F
A g oSt oiF Tk olvg e Al
7HA FEe) A& AZE, 28 a Ui 238k 54
o] PrS nXE= ZAoZ BuEAck(Park et al., 2003;
Mulholland et al., 2020; Marra et al., 2021). 53], 3t
HEE AMkA g ez g d5 7|8 dFoAe
1% A E(low-level jet, LLN)SF A& 7+ A5 =-8-9
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A HE S 352 89 59 A9 T - 8k 7 e R A 24

F83%F 9EE sl A= YERTH(Park et al., 2003).
e FEliQh A9 et sehdo] QI g
=

AYPH Qo= Qg olzfg Ay Tyt FEEA
A e, FEleh A9e R g d 73
2o 9wt Ao skt g 93 3%
715 Eeot FE FEel A 22 Ui 243}
of T3t IS sl FoE EAEHUKLee and
Kim, 2008; Kim and Lee, 2015). 53] YA A9
22tk LLIE el 3 Sxx3t 79 Aws)
= W R FYE T b 54 I (F 1~1.5
km)e} Q1% = HYo FAHEE XY A &
ol o) AdtE o] Aot FZoll= AEFU7F FAH
7] 4t} olglg &3 RU7E Agte® &7t-ATa)
71e) frElg 27148 AlFete], A -AFAG 7ol
A 7 el 71 5 e F2A wAE 84
gt} RIS A FE ssolre 388 7slsto
FeFe FA-esle 982 s, o=

o] &3 28R A4 SEOZ o]ojF = 9l
(Weisman, 1992, 1993; Evans and Doswell, 2001). ©]
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2.1 HE|EH A|AR ¥ BEXE

B AFo|r= Skyfora ARe] HE|EH A|2"HS AL
B3ttt o] HEEH Al&"e 8AE o] Tk
g A4 FA17](StreamRX8) S E-&ate] Hoh 871 ¢]

R e ERET 19

| 9L (StreamSondeRS)Z FH #5H AEE T4
of #¥% + I3, FEWE(LI/LS) GNSS (GPS,
Galileo, BeiDou) Al 2} 924 7]10F B7GA] 28 (Satellite-
Based Augmentation System, SBAS)S ©]-8-3F g
A FHo2HY F¢-F& AFEE AESTH(Skyfora,
2023; Paaso, 2024; Wadler et al., 2025). °]2 &3}
HE#52 20249 9€ 208 9 FF A9 FA
AR 55 AHIE SR S0, AdE A
T& A57]’d#=7d1](automated weather station,
AWS) A-A 20243 99 209 1400~2100 LST &
AT ZHA o2 Ehte] EHE HgEte A% 83
TREHIA ol & Tl 7 #F AWt 719k
FE 9 FFIE g 97 A5E FHRIU,

TFAAJN B Y 2.3l AA sk TE 3 A

2.2 X2t MH

A SR 54E At HEEH 3
3 ¥wslr] &, =S 9 km (d01), 3 km (d02),
1 km (d03) 3l*d=2] SAAAAA(Fig. DE 743
AL WRF (Ver. 4.6.1) X EE S35}t
%7] 2 ZA"E European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis v5 (ERA5)%}
United Kingdom Meteorological Office (UKMO)<]
Operational Sea-surface Temperature and Ice Analysis
(OSTIA) ARE AREsITE 8] 243} 4742 Byun
et al. (2024)9] Shit= =3 Al digh a&)d=
A 5e] AFE Farste] FAsHAl #4883 tH(Table
1. B A7 ZF 18X[Z )AL, TR A7|9e] A
A3k 73w RS aEEke] 20249 99 20
0900 LSTH-H 20249 949 21 0300 LST7HA] +&
skaiet.

2.3 EMUHY

HE|Ed AsE Y A¥S diste 94 1=
2 7P, ol wEl R A 9] Aol ©E
S BUXE BAoA Mg y#skx] etk &
= A 7F A7 tir] £z AR dEE 24357
sl Aexeld 3= 71F 10 m 7HA ] AZ Az}
2 AR Fsan. AdEE AFE ol &3ty nigol
gk AZEIE T dEe90) 2 AUEE
(relative humidity, RH)o tfst A|7H-31% ©HE

3 3H3A .
B AFoae Azkas g Yeiue S5t
Z F 722 7Nk g LLIS RIS 7Y E4S
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Fig. 1. Model domains and terrain height used in the WRF simulation. (a) Overview of the nested domains (Domain 1~3), and
(b) enlarged view of Domain 3 over the Gangwon Yeongdong region. Shading indicates terrain height (m). The yellow circle in
(b) marks the location of the multi-sonde observation site at the Gungchon AWS site.

Table 1. Configuration of the WRF simulation in this study.

Domains and Time Controls

Initial and Boundary Conditions

ERAS5 Reanalysis (0.25° x 0.25°, hourly), OSTIA (0.05° x 0.05°, daily)

DO1 (9 km) D02 (3 km) D03 (1 km)
Horizontal Domain 320 x 282 511 x 505 334 x 382
One-way nesting
Vertical Domain 50
Time Step 3s 1s

Integration Time

0900 KST 20 SEP 2024 — 03 KST 21 SEP 2024 (18 hours)

Physics Parameterization Schemes

Microphysics Scheme WDM6
Boundary Layer Scheme YSU -
Radiation Scheme RRTMG

Surface Layer Scheme

Revised MM5 Monin-Obukhov

Cumulus Parameterization Scheme

KF (new Eta) scheme - -

1~3 km ZL&=)olA vEh
o=, %201 13m s o]l AL=m
4 GG diF A T4
FE I3 FYU3= Re ar-to-front 5202 Aol

= %‘% AR Jste] shEslel
oA -3kl Yehudes §
HollA] dHoZ %kﬁ}% 529 4, 2) dF 580
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oy 34 WHALEOA tiFA FH YEhs $H
o Fxe EA AR, 4) AT FUAFI S 5
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=
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olahyell Al 20 ool e T
RUJo| F8 EAo = 3 17
. 7% 71 AP Aol A A
¥ RIS F+ZF 7§-4(Welsman, 1992; Evans and
Doswell, 2001)°] 7]9Fstc},
0= &718o87F dEd oz st Wiy
—r*7]7} nE gAY EH WEE=
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sty 2 7ol E Bolton (1980)2] “Felo] wa}
OK)YE ARFSFATHA (D).

o=1() el 0

¢t p= 717t Sd =] 2=(K)¢ 71t (hPa)e] AL,
Py= 715 7194(1,000 hPa)elt}t. RE AZE719] 7]
A4287 I kg'KT, G ARE7Ie At g
(1,004 J kg'K™), L= 22 4 (2.5008 x 10° J kg™,
= E3(g kg el

ol¢} HlEo], R Y & AP it
7] 98] HEEH XEE WMO Manual on Codes
(WMO-No. 306)I14 7+43 FM 35 TEMP IE
2ol whgt #EFUHEA 7e-FE kg Solux A

£ FEst A7 Z2AAS A ATHWMO,
2019). 3G AF ARE 7o R GANEE 2}
37, convective available potential energy (CAPE),
precipitable water (PW), 28] 0~2.5 km 7kl of
3 bulk wind shear (BSy,s5)2 AF&3t3iT) o] HEE
AgATelA ZFgk R e 7ldshs 8
g2lo=z AAISH v} $loj(Johns and Hirt, 1987;
Weisman, 1993; Evans and Doswell, 2001), ¥ <15-9]|
Mz g 71—’#3 Hgsto] 7 545 sk
3L, 3 ARE SR AV olvd % A X
Hstel oA A st

CAPEE 37199 E]l7} AfuFIE(level of free
convection, LFC)¥-¥] 33 7= (equilibrium level, EL)
A IR A5 Y 2 oUAE e
Y& A 3EZ Hobbs and Wallace (1977)2] “g2jel 7]
wkate] AlLEsEATH A (2)].

ol flo

CAPE = — Rdjf iC(T 7, )din(p) )
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E ANSETAG)]. ©) F 45 ANDEE 600-
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B 7 UERd Al olt). Figure 2= 7174 ol
A gk AR BAI Y Yol G 78 5
RETS A AWS #F 7 A4 FETZE 2024
W 99 209 1200~2100 LST 7|7kl thak 20243 9
€ 19¢ 1100 LST w33 ® 3A17F 73 7= o
F-¥E(Figs. 2a-c)F AWS #= 3AI7F 74 744 2
(Figs. 2d-HNZ el Zolth. o1 gAME 2024
3 9 202 1500~1800 LST ¢ 7 EH x]Hq
ok 50 mm 9], A SEF AGel &F 80 mm &
9] 77} ol 3 (Fig. 2b), ©1F 1800~2100 LST
Zotole 74 IR A 60~70 mm FEF A5
7F AFEEA hY FEEAYGE SHeE T8 5
B FEo HF A7 vebg 202 HATHFig. 2¢).
I AWS &= A3} 1500~1800 LST F<toll&= 74
Q BRE 2o oF 40~80 mm, ZY FFHE A H9

(a) Forecast 1500 LST

(d) Observation 1500 LST

vt

- & ! 2l

(b) Forecast 1800 LST

(e) Observation 1800 LST

20 mm ©|3te] ATt #AEHE o], A EE A
7FE7F AFE A0 ® JEREIL(Fig. 2e), 1800~2100
LST 5¢toll= 4 95 daAFd 15~35 mme] o
A oFg 7F47E BEE ATk(Fig. 2.

3.2 ZLEN
FARZ AHE TR I =
of, T3 R 7] A 559 <
#2599t} Figure 32 2024 99 209 1500 LST
Wbt} A A4 WIS 28al 925, 700, 500
hPa 5S¢ 9] 3 F1 5 HolFEth A4
M F5 AeREEolA Shite Sl o2& AA)
714 (Fig. 3a9] A2 THa)o] FA=o] dom, 74 A
ool ik o] ko 7 AM 7 Y TR A
do=z Z=7 Feo|thFig. 3a). AAAA F3ol=
S Aste] B2e] o Aot dbe P53
e e 71y 7P AbelE et ke
SR 10 m s o] HgA] A wigo] B3}
]

& 2

gl
S
WA gl FR-gE d oUR e} 5717 FEET
g 20 AL, AARA FSele e %
Ate® 13 m s Y] AW B AL widol

(c) Forecast 2100 LST

(f) Observation 2100 LST

- V. b

H TEE EEEE SR

0 1 2 3 4 56 7 8 9 101520 25 30 35 40 45 50 55 60 65 70 80 90 100 150 200 250 350

Fig. 2. Forecasts issued at 1100 LST on 19 SEP 2024 and AWS-observed three-hour accumulated precipitation for 1500, 1800,
and 2100 LST on 20 SEP 2024. Panels (a)-(c) and (d)-(f) denote the forecasts and AWS observations, respectively.
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Fig. 3. Synoptic-scale fields from the WRF simulation at 1500 LST 20 SEP 2024. (a) Horizontal wind barbs (m s™'; wind speed
shaded) and mean sea-level pressure (hPa; contours). (b)-(d) Horizontal wind barbs (m s'; wind speed shaded) and
geopotential height (gpm; contours) at (b) 925, (c) 700, and (d) 500 hPa. The thick black dashed line in (a) denotes the
stationary surface front. The blue and green line in (b) denote the equivalent potential temperature contour of 334 K at 925 hPa
and the 500 hPa geopotential height contour of 5880 m, respectively. The white arrows in (c) and (d) indicate regions of

enhanced mid-level and upper-level flow, respectively.

frd =3l AThFig. 3a). 925 hPa TYPHAA = =
oA dlldel 16 m s el ol2% LLIZE st
AL ol Fhike GEA o] 19k sl 7HA] 13 m

w1

o] o A el e AL IthFig. 3b). &
G Far|sre] 7PAEE ©n) sl 500 hPa®l 5,880
m A9 ILE S (Fig. 3b2] 2= AA)o] st
HEE 7IEAEZR Fo9)aL, olek IFE o gl
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Fig. 4. (a-c) Horizontal distributions of 6, (shading, K) and 925 hPa streamlines from the WRF simulation at 1200, 1500, and
1800 LST on 20 SEP 2024. The thick contour indicates the 6, = 334 K isopleth. A cyclonic curvature is highlighted by black
circles. (d-f) CMAX (shading, dBZ) from the WRF simulation at the corresponding times. The thick black contour denotes the
40 dBZ reflectivity. (g-i) Observed radar CMAX (shading, dBZ) at the corresponding times.
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Fig. 5. Time-height cross sections of horizontal wind speed (shading, m s™') and wind vectors (arrows) at the Gungchon AWS
site during 1400~2100 LST on 20 September 2024, derived from (a) Multi-Sonde observations and (b) the WRF simulation.
Dashed horizontal lines indicate representative pressure levels (925, 850, 700, and 500 hPa). Hatched areas denote the LLJ
layer, while cross-hatched areas indicate the RIJ layer. Red dots indicate the altitude of maximum wind speed associated with
the LLJ, and blue dots indicate the altitude of maximum wind speed associated with the RIJ at each corresponding time. The
surface panels shown below correspond to (a) observations and (b) the WRF simulation, respectively, and include surface
precipitation shown as bar charts, along with wind speed (WS), wind direction (WD), and temperature (T), to illustrate the
temporal relationship between low-level wind structure and rainfall evolution.

Table 2. Temporal variations of the maximum wind speed and altitude of the LLJ and RIJ obtained from Multi-Sonde
observations at the Gungchon AWS site and corresponding WRF simulations on 20 SEP 2024.

Time (LST)
Jet Data Variable
1400 1500 1600 1700 1800 1900 2000 2100
Core height (km) 1.8 1.7 2.4 2.0 2.1 2.1 3.8 44
LU Obs. Core speed (m s™) 17.0 20.2 24.6 213 21.8 223 24.1 24.6
WRF Core height (km) 2.4 2.4 2.4 2.4 3.0 2.9 3.4 2.9
Core speed (m s™") 233 19.6 249 20.8 16.7 17.7 20.7 21.4
Core height (km) - - - - - 0.2 0.7 0.8
- Obs. Core speed (m s™) - - - - - 6.2 294 20.8
WRF Core height (km}l - - - - 0.3 0.2 1.0 1.0
Core speed (m s™) - - - - 20.0 18.3 13.9 13.1
b LLIS] Hul ¥4 AL=7F oF 25 kmz 79 &4 o]F LL) A F% 2%=7F 2 km WA 4 km ©]
Sl AT, olF 2834 km WY el & o= F43) B+ 23 dvlE LLe) A ¥
kel g5 B tH(Table 2). o] &=ol4] 1900 LST 4 3 WRF Z2JolX= 1400 LST ©|F 16.7~24.9
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Fig. 6. Same as Fig. 5, but for €, with RH contours (black solid lines) and saturated layers (RH > 98%, hatched). Panels (a) and

(b) denote the observations and the WRF simulation, respectively.
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Fig. 7. Skew-T log-p diagrams at 1600 LST (a), 1700 LST (b), and 1800 LST (c) on 20 SEP 2024. Red and navy solid lines
represent observed (multi-sonde) and WRF-simulated temperature profiles, respectively, while dashed lines indicate the
corresponding dew-point temperature profiles. Shaded areas denote convective available potential energy (CAPE). The values
of CAPE and BSy, s derived from the observations and the WRF simulation are listed in each panel. Dots indicate the LFC,
with colors corresponding to the observations (red) and the WRF simulation (navy). Hodographs for each time are shown in the
upper-right corner of each panel. In panel (b), the mid-level cooling is indicated by a red arrow.
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Fig. 8. Time series of layer-integrated PW derived from multi-sonde observations (red shades) and WRF simulations (blue
shades) at the Gungchon AWS site during 1400~2100 LST on 20 SEP 2024. PW is partitioned into the lower layer (sfc-850
hPa), the middle layer (850-600 hPa), and the upper-middle layer (600-300 hPa). Numbers shown above the bars indicate the
total PW (mm) at each time.
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