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Abstract  This study proposes a physically-based framework for adapting the German cold air drainage model KLAM_21 to
Korean climate conditions. The core adjustment targets the maximum heat loss rate P, (= 30 W/m? in the original model), which
drives cold air production as P=a-Pp,,,. A seasonal factor a (=L*rea’ L¥Germany) SCales it as Praykorea =a X 30 W/mZ. The frame-
work has four steps: (1) comparing net longwave radiation loss between Frankfurt (Germany) and Suwon (Korea) via the Stefan-
Boltzmann law and Brunt formula; (2) deriving seasonal a from the cooling ratios; (3) a scaling-based sensitivity analysis of the
governing equations; and (4) an observational consistency check using MODIS nighttime land surface temperature
(LST) over the Yeoju Basin. The derived factors are spring a=1.00, summer a=0.73 (monsoon humidity suppression), autumn
a=0.95, and winter a=1.08 (Siberian anticyclone). Scaling predicts 0~19% changes in cold air layer depth (H) and 0~10% in
drainage wind speed (v). A numerical simulation over the Yeoju Basin (national 30 m DEM, 90 m grid, 8-hour night) confirms that
the summer a=0.73 reduces basin-mean H by 25.1% and drainage wind speed by 11.0%. The simulation exceeds the a-only
scaling (—18.9%); the additional —6.2%p quantifies the distinct suppression by flooded rice paddies (a=0.17) — a Korea-specific
land-cover effect beyond the radiative a adjustment. MODIS LST shows a summer land-use ranking (urban > water > cropland >
forest) consistent with the model’s attenuation hierarchy, and valley-hilltop gradients indicating cold-air pooling in non-summer
seasons (ALST=-0.5 to —3.5 K) versus a normal lapse rate in summer (+ 0.6 K); the 1 km resolution, however, limits detection of
flooded rice paddy signatures. In contrast, the 90 m simulation spatially resolves and quantifies the flooded-paddy cold-air
suppression (summer paddy AH -6.7 m). Korean-specific parameters for rice paddies (seasonal a=0.17/0.83) and apartment
complexes (a=0.15) are proposed, and a land cover correspondence table based on the Ministry of Environment subcategory
classification is developed for standardized use in environmental impact assessment.
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Fig. 1. Four-step methodology for adapting KLAM_21 to Korean climate conditions.
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Fig. 2. Conceptual diagram of the KLAM_21-K cold-air drainage model. (a) Terrain cross-section showing cold-air layer depth (H),
drainage wind (v), land-use-dependent radiative cooling (P =a-P,,,), and the entrainment/ventilation loss (-E/7.;) that closes
the single-layer heat budget, (b) parabolic temperature-deficit profile (AT, at the surface decreasing to 0 at the layer top) with

vertical-mean shape factor <f>=1/3.
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(a) Frankfurt, German (b) Suwon, Korea
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Fig. 3. Location map of representative stations. (a) Frankfurt, Germany - Rhine-Main basin, DWD station 01420, (b) Suwon, Korea -
Gwanggyo-san (582 m), Chilbo-san (239 m), ASOS station 119. @ = ASOS station; A =mountain peak. Note: upper panels show
city-scale satellite imagery (~21 km extent).
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Table 1. KLAM_21-K numerical simulation setup for Yeoju Basin.

Item Specification
Domain Yeoju Basin (EPSG:5186; 233,130~277,770 mE/502,980~544,800 mN; 44.6 X 41.8 km)
DEM resolution National 30 m DEM (NGII), resampled to 90 m simulation grid (496 X 465 cells)
Land cover input Ministry of Environment Level-2 (5 m), reclassified to KLAM_21-K classes
Simulation period 8 hours (post-sunset, summer night)
Time step Dynamic, CFL/diffusion-stable (<30 )
Comparison cases Case DE: a=1.00, P,y = 30.0W m™2 (German original; rice paddy treated as farmland, a=0.80),

Case KR:a=0.73, P, =21.9W m™2 (Korean summer; flooded rice paddy,a=0.17)

Initial conditions Uniform T=297 K (summer night reference), calm wind
Key parameters Ho=10m, ATo=3K, <f>=1/3,0=1.225kg m >, T, =0.30 h (1,080 s), 8=5/12, K, =30m?s ™!, K =50 m? s~

Note: Te = entrainment/ventilation loss timescale (Eq. 1), calibrated so the basin-mean H matches Table 9; 3=5/12 is the effective-depth ratio in the
momentum equation (Eq. 3).

Table 2. Satellite data specifications for MODIS LST analysis.

Item Specification
Satellite product MOD11A2 (Terra 8-day composite nighttime LST)
Spatial resolution 1km X 1km
Analysis domain 37.12°~37.48°N, 127.42°~127.86°E (Yeoju Basin)
Analysis period 2019~2023 (5 years)
Summer analysis July~August nighttime composites (rice paddy flooded)
Winter analysis January~February nighttime composites (dry surface)
Quality filter No QC filtering applied; 5-year averaging naturally suppresses cloud contamination
Domain pixels 2,050 (1 km X 1km); rice paddy n =903, forest n =614, urban n =48, upland crop n= 18, water n=3

Note: MOD11A2 nighttime LST RMSE = 1~2 K over vegetated surfaces (Wan, 2014). QC impact on 5-year mean<0.11 K; no filtering adopted to preserve
spatial coverage.
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Table 3. Seasonal comparison of meteorological conditions, Korea (Suwon) vs Germany (Frankfurt), 1991~2020.

Season Region T(°C) RH (%) e (hPa) PW (mm) Ts night (K) Tanight (K) a
Sorin Korea 11.7 64 9.1 20 282 279 1.00
pring Germany 1.0 67 88 19 281 278 :
Summer Korea 245 76 234 52 296 293 073

Germany 19.7 65 14.5 32 289 286 ’
Autumn Korea 144 70 125 27 285 282 095
Germany 10.8 80 10.6 23 282 279 ’
Korea 0.6 63 39 9 270 267
Wint 1.08
nter Germany 238 82 6.4 14 275 272

Note: T night = Tmin + 2 K; Ta night = Ts—3 K. Data: KMA 2024, DWD 2025.
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Fig. 5. Derivation of seasonal adjustment factors (a). (a) Controlled comparison isolating vapor pressure effect, (b) realistic com-
parison with seasonal temperatures, (c) adopted a with uncertainty. Red = cooling suppressed (a < 1); blue = cooling enhanced
(a>1).
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Table 6. Derivation of seasonal heat loss rate adjustment factors (a) for KLAM_21-K.

Season Controlled Realistic Adopted a Prnax (W/m?) Physical rationale

Spring 0.99 1.00 1.00 30.0 Near-equivalent conditions
Summer 0.70 0.77 0.73 21.9(-27%) Monsoon humidity suppression
Autumn 0.93 0.97 0.95 28.5(-5%) Post-monsoon residual vapor
Winter 1.12 1.04 1.08 32.4(+8%) Siberian anticyclone dry conditions

Note: : adopted a=mean of controlled and realistic comparisons; Py, = a X 30 W/mZ,

Table 7. Sensitivity of cold air layer depth (H) and drainage wind speed (v) to P,,., adjustment.

Season AP pax (%) Prnax (W/m?) AH (%) Av (%) Scaling relation
Spring 0 30.0 0 0 Reference
Summer -27 21.9 -18.9 -10.0 H o< P23
Autumn -5 28.5 -34 -1.7 voc P13
Winter +8 324 +53 +26 Combined

Note: H o< P, 7 follows from Eq. (2); v o Pra”
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from the quasi-steady balance of the momentum equation, Eq. (3). First-order estimates for idealized
homogeneous terrain and steady flow; complex terrain may cause deviations.
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Table 8. Proposed Korean land-use parameters for KLAM_21-K.

Code Land cover subcategory KLAM_21-K class a P (W/m?)
110 Residential Residential 0.28 8.4
120 Industrial Dense urban 0.05 1.5
130 Commercial Dense urban 0.05 1.5
140 Culture/Recreation Suburban 0.45 135
150 Transportation Sealed surface 0.10 3.0
160 Public facilities Residential 0.28 8.4
210 Rice paddy* Rice paddy* (seasonal) 0.17/0.83 5.1/24.9
220 Upland crop Upland crop 0.80 24.0
230 Greenhouse Sealed surface 0.10 3.0
240 Orchard Forest 0.56 16.8
250 Other cultivation Upland crop 0.80 24.0
310 Broadleaf forest Forest 0.56 16.8
320 Coniferous forest Forest 0.56 16.8
330 Mixed forest Forest 0.56 16.8
410 Natural grassland Open space 1.00 30.0
420 Artificial grassland Open space 1.00 30.0
510 Inland wetland Water body 0.00 0.0
520 Coastal wetland Water body 0.00 0.0
610 Natural bare land Open space 1.00 30.0
620 Artificial bare land Open space 1.00 30.0
710 Inland water Water body 0.00 0.0
720 Marine water Water body 0.00 0.0

Note: *Rice paddy (210): a switches seasonally - flooded 0.17 (May~Sep)/dry 0.83 (Oct~Apr). New a-values for 230/240/250/520/610/620 are initial estimates
pending field validation. Greenhouse (230): cover suppresses surface longwave emission — low net cooling. Orchard (240): canopy radiative shielding
(=~ forest). Wetlands (510/520) treated as Water body; a dedicated ‘Wetland’ class with a =~ 0.10 is an optional finer treatment. Bare land (610/620): fully exposed

surface, strong radiative cooling.
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(a) Cold-air layer depth H (b) Cold-air layer depth H
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(d) Drainage wind v (e) Drainage wind v
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Fig. 6. Simulated nighttime cold-air field over the Yeoju Basin under the German-original (Case DE, a= 1.00) and Korean-summer
(Case KR, a=0.73) parameterizations. (a), (b) Cold-air layer depth H for Case DE and KR, (c) relative difference AH = (Hyz —Hpg)/Hp,
(d~f) drainage wind speed v for the two cases and Av. Basin-mean values are summarized in Table 9. DEM: national 30 m (NGll),
90 m grid; 8-hour post-sunset integration of Egs. (1)~(3) with entrainment closure (7., = 0.30 h).

Table 9. KLAM_21-K simulation results: Case DE (a=1.00) vs Case KR (a=0.73), Yeoju Basin.

Variable Case DE (a=1.00) Case KR (a=0.73) Difference
Prnax (W m™) 30.0 21.9 -8.1(-27%)
Basin-mean H (m) 15.14+5.34 11.34+£3.54 -3.80(-25.1%)
Basin-meanv(ms™) 0.288 0.256 -0.032(-11.0%)
Scaling prediction AH - - -18.9%
Scaling prediction Av - - -10.0% (sim: =11.0%)

Note: Basin-mean = spatial mean over valid land-covered cells. Case DE treats rice paddy (210) as German-equivalent farmland (a=0.80); Case KR uses
flooded paddy (a=0.17). The simulated AH (-25.1%) exceeds the a-only scaling (-18.9%) by 6.2%p, quantifying the flooded-paddy contribution. Layer-
mean drainage speed v; 8-h integration of Egs. (1)~(3), Tent=0.30 h.
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Fig. 7. Spatial distribution of cold air production parameters and land cover in the Yeoju Basin. Note: P=a - P,,,., (spring baseline
Pax =30 W/m?). Rice paddy (code 210): growing season (flooded, a=0.17). Land cover: Ministry of Environment, Korea (2019).

Satellite imagery: © Google.
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(a) Land cover classification
with administrative boundary
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(b) Summer (Jul ~ Aug) nighttime LST, Yeoju Basin
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(c) Winter (Jan ~ Feb) nighttime LST, Yeoju Basin
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Fig. 8. MODIS nighttime land surface temperature (LST) and terrain over the Yeoju Basin (MOD11A2, 2019~2023 mean). (a) Land
cover (majority class within each 1-km cell), (b) summer (Jul~Aug) nighttime LST, (c) winter (Jan~Feb) nighttime LST, (d) elevation
(SRTM, 1 km) with valley (<80 m, blue) and hilltop (>400 m, red) thresholds. CRS: WGS84 (EPSG:4326), 50 X 41 cells; no QC filter-
ing. Data source: NASA LP DAAC, MOD11A2 (https://doi.org/10.5067/MODIS/MOD11A2.061). Note: Nighttime LST data are
derived from MODIS MOD11A2 Version 6.1 (8-day composite, 1 km resolution), averaged over a 5-year period (2019~2023).
Summer composite represents July~August mean; winter composite represents January~February mean. Observed LST ranges:
summer, 19.3~22.8°C; winter, -6.5~-2.4°C. Administrative boundary of Yeoju-si is overlaid for spatial reference. No quality con-
trol (QC) filtering was applied; cloud-affected pixels are naturally suppressed through multi-year averaging. Coordinate reference

system: WGS84 (EPSG:4326).
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Table 10. MODIS nighttime LST comparison by land use (Yeoju Basin, 2019~2023, 5-year mean).

Land use n Summer LST (°C) ALST vs dry crop Winter LST (°C) ALST vs dry crop Model a value
Rice paddy (flooded) 903 19.29 -0.1 0.17
Rice paddy (dry) 903 -6.11 -04 0.83
Upland crop 18 19.41 0.0 (ref) -5.70 0.0 (ref) 0.80
Forest 614 19.07 -0.3 -5.30 +0.4 0.56
Urban 48 20.45 +1.0 -5.24 +0.5 0.15~-0.40
Water 3 19.98 +0.6 -5.82 -0.1 0.00

Note: ALST =land-use LST-upland crop LST (K). Summer rice paddy vs upland crop difference (-0.1 K) is not statistically significant (t=0.31, p=0.76); mixed
pixel effect estimated ~37% signal dilution. Upland crop n= 18 is small; caution regarding reference value representativeness.

Table 11. Seasonal valley-hilltop nighttime LST gradient in Yeoju Basin (MODIS MOD11A2, 2019~2023).

Season Valley LST (°C) Hilltop LST (°C) ALST (K) Model consistency
Summer (Jul~Aug) 19.32 18.68 +0.6 a=0.73 (weak cooling, no inversion)
Autumn (Oct~Nov) -0.70 2.76 -3.5 a=0.95 (strong inversion)
Winter (Jan~Feb) -6.13 -5.08 -1.1 a=1.08 (inversion)
Spring (Apr~May) 11.90 12.39 -0.5 a=1.00 (weak inversion)

Note: ALST <0 =valley colder than hilltop (cold air accumulation). ALST >0 = valley warmer (normal lapse rate).
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Fig. 9. Seasonal variation of valley-hilltop nighttime LST gradient in the Yeoju Basin (MODIS MOD11A2, 2019~2023). (a) LST
by topographic position, (b) ALST showing cold air pooling (negative) in non-summer seasons.
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Code and Data Availability
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