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Abstract Characteristics of downslope windstorm (DW) has been examined mainly based on
1-min average wind and the other meteorological conditions in the Yeongdong region for 2000~
2020. First, a classification procedure for the downslope windstorm is proposed using surface
wind speed (greater than 99 percentile), 1-hour longevity of strong wind (SW), westerly wind
direction, low humidity (less than 20 percentile), and leeside warming. The number of DW days
satisfying the proposed criteria is 221 (2.9% of total days and 47.5% of SW days) while the
number of SW days is 465 (6.1% of total days) for 2000~2020. The occurrences of both SW
and DW shows distinctive annual variation with its peak in April. In addition, mean wind speed
of DW days is 8.2 m s™' with its duration of 2 hr 30 min and relative humidity of 28% at Gang-
neung. An episode (7 May 2021) was selected by applying the proposed criteria to SW days of
2021. The sounding shows that the layer of wind speed greater than 25 m s™ was lowered down
to 925 hPa at Gangneung (leeside) relative to 850 hPa at Hoengseong (Wonju), in the afternoon
along with significant warming and drying. Froude numbers of Wonju and Gangneung for the
DW events were increased 4 and 5 times greater than those of normal days, respectively. This
kind of DW long-term statistics in the leeside of the mountains is thought to build a foundation

of further understanding DW mechanism.
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Fig. 1. Topographic overview of the analysis domain with
the observation sites (WJ: Wonju, DG: Daegwallyeong, GN:
Gangneung, SC: Sokcho, and DH: Donghae).
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Table 1. Locations, altitude and analysis period of observation stations of Wonju (WJ), Gangneung (GN), Sokcho (SC),

Donghae (DH), Daegwallyeong (DG).

Stations Latitude (°N) Longitude (°E) Altitude (m) Period
WwJ 37.34 127.95 150
GN 37.75 128.89 27
SC 3805 128.56 18 2000. 1. 1.~2020. 12. 31.
DH 37.51 129.12 40
DG 37.68 128.72 772 2000. 10. 29.~2020. 12. 31.

Table 2. Detailed information of Local Data Assimilation and Prediction System (LDAPS) used for this study.

Method

LDAPS

(Local Data Assimilation and Prediction System, UM (Unified Model) 1.5 km L70)

Basic Model

United Kingdom Met Office (UK MET)

Horizontal grid

602 (E-W) x 781 (N-S) Lambert - Conformal projection

Horizontal resolution

1.5 km

Vertical level

1000 to 50 hPa isobaric surface (24 layer)

Time

00 to 21 UTC (3 hourly)

Prediction time

h000

Period of use

2010. 10. 1. 00 UTC~2020. 12. 31. 21 UTC
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Fig. 2. Flow chart to select downslope windstorm days in the Gangneung region. Meteorological variables used for
classification are wind speed (WS), wind direction (WD), Relative humidity (RH) and Potential temperature (8). The subscripts
of variables, GN and DG, stand for Gangneung and Daegwallyoung, respectively.
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Fig. 3. Frequency distribution of 1-min average wind speed
of Wonju (WJ), Daegwallyeong (DG), Gangneung (GN),
Sokcho (SC), and Donghae (DH) for 2000~2020.
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Table 3. Statistics of long-term (2000~2020) 1-min average wind speed (m s') of WJ, DG, GN, DG, and SC. DIF (December,
January, February), MAM (March, April, May), JJA (June, July, August), SON (September, October, November).

Statistics Wonju Daegwallyeong Gangneung Donghae Sokcho
(W) (DG) (GN) (DH) (SO)

DJF mean 0.96 + 0.95 4244297 3.01+1.65 2.66+1.63 230+ 1.55
MAM mean 1.34+1.13 3.95+2.87 2.69 + 1.64 2.64+1.80 2.40 + 1.68
JJA mean 1.06 £ 0.88 2.78£2.05 1.89+1.19 1.85+1.39 1.75+1.32
SON mean 0.85+0.85 2.92+2.50 2.40+1.36 2.35+1.56 1.98 +1.44
Mean* 1.1+1.0 35+2.7 25+1.5 24+1.6 2.1+1.5
Median 0.8 3 22 2 1.8
99th percentile 42 11.5 7.0 7.5 7.0
Number of Data 10,957,223 10,559,213 10,948,651 10,953,116 10,981,736

* Mean =+ standard deviation

Atmosphere, Vol. 33, No. 1. (2023)
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Fig. 4. Windroses of long-term (2000~2020) wind field in the Yeongdong region. Color is proportional to wind speed (m s™') as

legend.
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Fig. 5. Monthly occurrence frequency of strong wind (black)
and downslope windstorm (grey) at Gangneung for 2000~
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Table 4. Meteorological characteristics of Wonju (WJ), Daegwallyeong (DG) and Gangneung (GN) sites for the downslope

windstorm events (162 days).

Wind speed Duration Wind direction Relative humidity Potential temperature
(ms™) (min) (deg) (o) (X)
wiJ 1.9 N/A variable 45.4 278.7
DG 9.1 N/A ~ 265 47.1 279.6
GN 8.2 153 ~ 245 28.0 280.2

% N/A: Not Available

o] DW AWWshe Swet g FEld A
elg 4= fISlE l, o= DW A wlFAYFoe] SW
HAUSHE T2 J5X99 I/3 XY 549
wdE Adaeta FE

Table 4= DW HA A 71, =, d59] 714
oA E/ﬂ 0 7(51]:4?151- 7}-10]1:}_ DW %
T, U2, 957 47 82m s7( 7
MRS 91 m s (96MEYSF), 1.9m s (82 E-9)
F)lAth DW A A5 52 WVJ EA1°] 99
“ﬁ? Z3ete] ZstA JEpso, EH%ESF%

F= 99wl wXA] Kt FIE F
7} B8 T8 UERTh DW 2 Al F
A5 vhggu] B4 oA AT E ukel fALSHA 9
T FEg T Aol YEA] &t o
BoXE A - AFAFTOE AT AlE, Ao A
A - HAZFORE AP ET FEe R 294 Vet
£ Aol AATE DW H AEHAI 7S 153 min day ™
(AW 717 min day™' [2006. 2. 13.])°]UTE. DW A] 3
o AilsEs 78, dd=, 4571 22 28.0%(129
294, 47. 1%(15Hﬂ‘=’ °IT) 45, 4%(21Hﬂ*ﬂ A0
o} 29)= 7 2802 K, i 279.6 K, €3 278.7K
o2 5ol dFel Hls| 1.5K S7kste] DW Al &
o Hlal] FatSollA FEle 29 des 0T
At e v DW B Al 714 5
o AP ET A FEol =
of Hlsl AEe] Julsme oF 20% 7t
JHOH, %Hﬂ 15K7}Ek =7)3k
< & HoF= Aotk

= o}l >
i
i
of
X,
o
N}
Ne}

e

>2

=

—!J—z}su\
o)
<]
gl

i

5

M

e

%M\_é}t

B o Ty o |
o X

ojf

w)
=
o
r_>i
ogl
)
r o
A
oﬁ

3.3 EZ ZE A2l 24(2021. 5. 7)

2021 59 7¥0l= 22804 A AIGE DW 24&
W=Esle 7 ol 9] 4= (Downslope Windstorm Episode,
DWEP)7} 2 st =t o] 717k §<¢t AeelMe 4
AFE F& JA7FHS AR dfow P4
I} AEoA HaEd JeASE FYEHJTHKim et
al, 2021). W4 el DWEP & A4 F&o] 7p3 7
a7 #2=" 1636 LST (12.5m s )9k 23 A7)

21 1500 LSTS] A4+ 2 850 hPa S#U7|=E Fig. 7

of AAIBHATE FHFE Il BEo R x17]9)0]
FHetAA DWO ARG FaEA 71 x|7 v
EbstT.

Zm2e He 59 79 1200 LST 7ol 2224 (squall
line)o] E3AA ©717HIAIZF o) 47} AR,
©]3 1500~1800 LSTll 78 F<£o] =AA 713k
]E]-(Flg 8). =FA 53} o]ﬁ A Qs =)
s 2971 A A7t 1500~1800 LST 7 €
ol vlal e 29 Heol ¢F 3K =AI’RF 290.7K,
& 293.1 K, 7% 293.7K) Ve Fa1E ¢y
T2 e BT A4S FE5S 1500~1800 LSTell
84m s 7 FIVSIALL, SAZ WA F4 94
m s o]l 233k R0tk DWEPE AH 7] 2=
Zx4o] 533 1200 LST A F 715 F&0] SW 71F
< T3 XA, ©olF 1500~1800 LST 73 o
H3} A }sL TR AT FEol A F7ketd SW
T8 UEshe S4e 7HH B3, 1500 LST ©]

N

F3l= sHr|go] & L o7 Yol 1700 LSTO
S - g)FE 7 A 55hPa] A3 £ JYAE
(35 995.8hPa, th&#E 1001.3 hPa)S 7Hxlth o|%&
(1900 LST) DW7} ¢fsl=lwA] did#E ) vlsgk 52
o2 FEHUG. o]} o] DWEP AHl Al F3al=
d7|qte] dAFe g Tadte 5L B 4
Hais 234 53 olF 23-28% 52 RXIE
t}. 1500~1800 LST 7 AHEE HHFS 7 27.8%,
NAE 37.6%, D5 37.7%%2 FAE Ao vla) 7
ol oF 10% ATt o]de] AAIE B4 Ad+=
APHo2 dHF T35 A9 v gFe= <
P2 2 Axad, 35 st dEe] 79t s
k= 5A S WW AT 2 ol
st Axte B4 she] ARl #Alol7] el &%
7} DW Abd] 4]0 o]Fojxjof & Zlo|t},
T FANEHES AN BESF
Fee gdEd #= A9E dEAR(2E,
=, FE, TE5)Ydel AASIA T (Fig. 9a). ¥
2 1500 LSTS] A H24)7} 75 (F=ka)
= W)slH, 900 hPa ©|3 I =& o]&H
19 FARIAITH TS 71 A 7459

4

o o

F

o

o

o
off

e
ot
o
2
Oiﬂ

3L
o

At}

N
fr ™ o Y &
T

S 1 e

o iy 2L O oot

Atmosphere, Vol. 33, No. 1. (2023)



28 QER9 A71712000~20200) 7 73E EA

ISE E

ASFE  KMA
Sk o OT0BUTC NAY 2021
Y SUFE ESRER)

e PN

3 3
06UTC 07 027 (15KST 07 MAY 2021)

3 o

_{O70BUTC MAY 2021
EGHT _Hfrﬁmc;
WET A -Td< 30)

k]

DFS

[ — o
orea M log 'Adr'nzi_' (KMA)

Fig. 7. Surface (a) and 850 hPa (b) synoptic maps for the downslope windstorm event (2021. 5. 7.).

257} 3°C Fof 7ee] FARET o Azl AS
& = Atk B3 FAoAE 25m s o)A E&
o] °F 850 hPa oA, 752 ©F 920 hPa JL=7}A]
sl BEE AL, 3AI7F T 1800 LSTAl = 7385
(25m s ©]4ho] 1500 LSTH.T} B wHe % (2F 975
hPay7kA] 33t &S & & ok 283 A
el e AFRTEZ(WHNE ™ 900~700 hPa 37

g=7144sks tl7] #1333 12 (2023)

5= Abolel A 1500 LSTe wlel shddo= Q1 2=
dso] AR 53] 750-700 hPa I =oAE 7]
o] AwTE SRl wE AR e R stk
Aol Yeptes d ol @7Fo R sl FAe] a4
g A& HoF= S0tk Y A1ZH(1800 LST)
A& YA 9 A5EEE Fig. 9bol 33-9 2P o
2 AAsth HhEue] RS FeEES B,



RH (%)

1‘5
Time (LST)
Fig. 8. Temporal variations of potential temperature (Theta),
wind speed (WS), sea level pressure (SLP), relative humidity
(RH) at DG GN and WJ on 7 May 2021.

FeEET T o 7S HolHA
F 2500~3000m %= F-ZolA &
o2 vehts b ole #dE
= AL SRls= Aolth
Figure 102 DWEP<S] 1500 LSTS} 1800 LST<]
LDAPS 2919} vighe] A - & Wk 94 dEg
Yepd ARl dHl, sid AlZkdoll e ib F2 A
< wet AHA Aoz &7 ATl wAg A
< Z RoyF3 9} 53] 1500 LSTSF 1800 LST &
R LR S AN A i e G R s Kl
(isentropic)®] A a13¥ HrE B3 = @

a)
600 N f
AY
— ( l\ =l A2
g AN s T
< 700 NeL m2= /
= I
[ "*. \? !
o S e H
2 800 / AWTZ_ 4
@ . AN ot ,
o [ 15KST_HS "’:7 ~~~~~ .
a 900/ — 1sksT GN FSLN
—— 18KST_GN \l D)
1000° S o -
-20 -10 0

Temperature (°C)

- o _
HIA A& - A 29
a) —= 50kts, w are enlarged by a factor of ten
& =
= =
= =
g &
= )
& —_
o 3
2 2
128.2 1284 128.6 128.8 129.0 129.2 1294 129.6
Longitude (°)

& =
< =
= =
g &
3 )
$ —_
d 3
[N

128.2 1284 1286 1288 129.0

Longitude (°)
B

80 100

129.2 1294 1296

40 60
Relative Humidity (%)
Fig. 10. Vertical cross-section of isentropic line (solid) and
wind fields (u-w) with relative humidity (blue shading) at

1500 LST (a), and 1800 LST (b) on 7 May 2021. Red dot
denotes Gangneung (GN).

(hydraulic jump)o] HATAFS 1 5 AUt} 9]
23 DW Zgjo = 23t 1500 LSTHET}H 1800 LST
ol Ae el A=t oF 10% 71 gash,
29= ¢ 25K 7t AssiTh

L |

b
) 6
5000
»4000 g
73000 4 £
3 ©
2000 9
Q
1000 2 @
o
0 <
@
38.4 =
38.2 0
¢, 38.0
p 129.4

129.2

129.0
37.4 1286288 (0 D) -2

Fig. 9. a) Vertical profiles of temperature (thick solid line), dew point temperature (thick dashed line), and wind speed and
direction (wind barb) at Hoengseong (HS), Gangneung (GN) on 7 May 2021. The soundings are plotted on the skew T — log P
diagram. Thin black line (Temperature), thin orange line (dry adiabats), thin green line (moist adiabats) and thin navy line
(mixing ratio) are comprising the skew T — log P diagram. Different colors denote different time and sites as legend. b) Track of
rawinsonde balloon launched at 1800 LST on 7 May 2021. Color bar is proportional to the rising speed (m s™). Background
shading (green) denotes land surface and blue circle indicates the balloon launch site (GWNU).

Atmosphere, Vol. 33, No. 1. (2023)



30 JE5A o A717H2000~2020) B7F FE E4

Table 5. Ug,s, Ngso and Fr of long-term period (2012~2020), downslope windstorm and an episode (2021.5.7) using LDAPS
data. The description of each variable is explained in Egs. (2) and (3).

Site U925 (m Sil) N850 (Sil) Fr

Long term wJ 23 0.012 0.19

DG 2.9 0.012 0.21

(2012. 10. 01 00 UTC~2020. 12. 31 21 UTC) N 5 0oL 021

wJ 9.3 0.012 0.77

Downslope Windstorm DG 13.6 0.014 0.90

GN 114 0.011 1.10

Episode Wi 8.9 0.012 0.71

DG 17.8 0.016 1.04

(2021. 5.7 03 UTC~2021. 5. 7 15 UTC) GN 153 0014 0.9
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