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Abstract This study investigates the physical mechanisms of a downslope windstorm that
occurred in the Gangneung region on April 11, 2023, using numerical simulation and the shal-
low water theory. In shallow water theory, the mechanism of a downslope windstorm involves
the flow transition from subcritical to supercritical due to changes in the fluid thickness and
velocity, which is identified by the Froude number (Fr = U/./gH ). While previous studies calcu-
lated the Fr using a fixed characteristic depth, this study applied the spatially varying flow thick-
ness for the Fr calculation, assuming that the lower tropospheric inversion layer with the
maximum Brunt-V4iisild frequency could be considered as the free surface in shallow water the-
ory. Numerical simulation conducted using the Weather Research and Forecasting (WRF) model
revealed that the new Fr calculated with the varying flow thickness aligns better with shallow
water theory and effectively explains the physical mechanisms of the downslope windstorm. On
the upwind side, the westerly flow is well identified as subcritical until it reaches the crest, sev-
eral kilometers west of Daegwallyeong, where its Fr transitions to supercritical by decreased
flow thickness and increased wind speed. The flow further accelerated while descending the lee
side under supercritical conditions. The subcritical-to-supercritical transition made the westerly
flow keep accelerating, causing the downslope windstorm at Gangneung Airport. The new spa-
tially varying Fr revealed clear distinctions between the downslope windstorm and turbulent
regions closely matching observations at Gangneung Airport.
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Table 1. Total number of days per month with wind events exceeding 15 m s~ observed at Gangneung airport, accumulated

over the 30-year period from 1994 to 2023.

Jan Feb Mar Apr May

Jun Jul Aug Sep

Oct Nov Dec

15~20m s 126 102 138 126 94

25 35 19 22

61 114 164

>20ms '~

(days) 17 19 33 36 24

1 2 3 7

9 26 22

Avg.
Wind Dir. 253 255 259 259 261
©)

257 250 200 182

238 255 260

Avg.
Wind Spd. 18 18 19 19 19
(ms™)

17 17 19 20

18 19 17

Max
Wind Spd. 28 28 31 46 29
(ms™)

32 23 31 31

31 31 30

12UTC 10 APR 2023 (21KST 10 APR 2023)
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00UTC 11 APR 2023 (09KST 11 APR 2023)
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Fig. 1. Surface synoptic charts at (a) 1200 UTC, 10 April 2023 and (b) 0000 UTC, 11 April 2023. These charts are adopted

from KMA (https://data.kma.go.kr).
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Fig. 2. Hourly observed (solid lines) and WRF-simulated (dotted lines) 10 m wind speeds (m s™') at Gangneung airport (GN),
Daegwallyeong (DG), and Wonju airport (WJ). The maximum observed wind speed was 32.4 m s~ at 1100 KST, while the

simulated maximum was 21.8 m s~ at the same time.
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Fig. 3. (a) Nested model domains with horizontal resolutions of 5 km (D1), 1 km (D2). The yellow line represents the Taebaek
Mountains. (b) Topography (shading, m) of D2, including the locations of Wonju airport (WJ), Daegwallyeong (DG), and
Gangneung airport (GN), and the cross line (black line, j = 89). P1 indicates the starting point of the mountainous terrain, and

P2 represents a point located offshore.
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Table 2. Summary of the WRF model configuration.

A C

Model WRF v4.3
Domain Domain 1 Domain 2
Horizontal grid spacing (km) 300 x 250 (5 km) 301 x 201 (1 km)
Time step (s) 15 3

Vertical layers / Model top

90 Hybrid sigma-pressure / 30 hPa

Grid nesting

One-way nesting

Initial / Boundary condition

ERA-5 (1-hourly)

Domain 1

Case (Integrated time)

1200 UTC 10 April 2023~1800 UTC 11 April 2023 (30 hours)

Microphysics WSM6
Cumulus MSKF
Planetary Boundary Layer Shin and Hong
Longwave / Shortwave Radiation RRTMG

Surface layer

Revised MMS surface layer

Land Surface Model

Unified noah land Surface Model
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GN AMOS wind direction(®) 2023-04-11
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Fig. 4. (2) Wind direction (°). (b) Gust wind speed (m s™') observed at 1-minute intervals by AMOS from 0000 KST 11 April
2023 to 0400 KST on 12 April 2023. The red dots represent the west end of the runway, while the blue dots represent the east
end. The green arrows indicate analysis times of the numerical simulation results.
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o0 “aeo 10 oo oseo 07700 0600 T os00
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Fig. 5. Horizontal wind (kt) observations from the wind profiler at the Bukgangneung station. The vertical axis represents
altitude (km), and the horizontal axis represents time. The dashed line indicates 0640 KST, representing the onset of downslope
windstorm following the passage of the hydraulic jump.
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Fig. 6. Satellite imagery at (a-d) 0200, 0300, 0400, and 0500 KST. The red dot represents Gangneung airport (GN). The yellow
line indicates the initial formation region of gravity-wave-induced upper-level clouds at 500 hPa. Satellite imagery at (e-h)
1100, 1200, 1300, and 1400 KST shows reddish clouds over the sea east of GN, identified as roll clouds at 925 hPa.
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Fig. 7. Vertical temperature profiles at Daegwallyeong at (a-d) 0200, 0700, 1100, and 1900 KST. The red line represents
temperature, and the blue line represents dew point temperature (°C). Cross-section of the Brunt-Viisild frequency (s™') in the
x-z plane at (a-d) 0200, 0700, 1100, and 1900 KST. The altitude with the highest Brunt-Viisdla frequency marks the base of the
inversion layer and acts as the firee surface. The altitude of the maximum buoyancy frequency is connected across the regions of
Wonju airport (WJ), Daegwallyeong (DG), and Gangneung airport (GN).
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Fig. 8. The x-axis represents the cross-line in domain 2. (a) Vertically averaged zonal wind speed (black line, m s™),
atmospheric thickness at each grid point (blue line, m), and terrain elevation (gray shading, m). (b) Froude number calculated
using variable atmospheric thickness (blue line) and a constant terrain height of 880 m (red line), from the 0700 KST model

output on 11 April 2023.
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Fig. 9. Froude number zonal distribution at (a-d) 0200, 0700, 1100, and 1900 KST on 11 April 2023. The dashed line A (Fr =
1) indicates the transition from subcritical to supercritical flow, and the dashed line B (F = 1) indicates the transition from
supercritical to subcritical flow and first hydraulic jump. Cross-sectional view of potential temperature at (e-h) 0200, 0700,
1100, and 1900 KST. The solid lines represent isentropes (interval: 1 K). The zonal wind (solid lines, interval: 2 m s™") and

vertical wind (shaded, m s™), at (i-I) 0200, 0700, 1100, and 1

900 KST.
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Table 3. Froude number (Fr) and 10m wind speed (m s™') at Wonju airport (WJ), Daegwallyeong (DG), and Gangneung airport
(GN), and the maximum/minimum vertical velocity (m s ), and maximum zonal wind speed (m s™) on the lee side at four key

times.
0200 KST 0700 KST 1100 KST 1900 KST

Wi Fr 04 0.6 0.9 0.5

10 m wind 2.9 54 11.8 3.8

Fr 1.6 1.2 1.1 14

DG 10 m wind 13.8 14.8 14.6 11.8

Fr 1.1 1.9 1.8 1.0

GN 10 m wind 9.0 16.0 22.0 11.8

min w -4.9 -5.6 -4.9 -3.8

Lee side max u 31.1 36.2 42.7 28.7

max w 6.9 43 10.4 2.3
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