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ABSTRACT

This study quantitatively investigates the spatial variability of temperature - dew point depression (T - Td) thresholds
associated with fog formation using road-based observations extracted from CCTV footage along the Yeongdong Expressway
in Korea. The CCTV-derived fog occurrences were integrated with nearby meteorological observations and detailed
topographic and land-cover information to examine how local environmental conditions influence the T - Td values observed
during fog events. The analysis reveals that, even when fog was present, T - Td thresholds varied markedly among sites,
reflecting differences in surrounding terrain, surface characteristics, and local microclimatic conditions. Locations exhibiting
relatively small T - Td thresholds were predominantly found in low-lying, open, and gently sloping terrain near rivers, where
nocturnal radiative cooling, moisture availability, and cold-air pooling are readily established. Under these conditions,
condensation and fog formation can occur close to saturation, requiring only a small temperature - dew point difference. In
contrast, sites characterized by larger T - Td thresholds were generally associated with higher elevations, steeper slopes, and
forest-dominated land cover. In such environments, enhanced turbulence, terrain-induced airflow, vegetation-mediated heat and
moisture exchange, and increased air mixing tend to delay saturation or promote more complex pathways toward condensation.
Consequently, fog may still form, but at comparatively larger T - Td values under more heterogeneous microclimatic
conditions. These findings demonstrate that fog formation along road corridors cannot be adequately explained by atmospheric
humidity conditions alone. Instead, the critical conditions for condensation and fog onset are strongly modulated by nonlinear
interactions among topography, land cover, and local microclimate. The results underscore the importance of incorporating
site-specific surface and terrain characteristics into road-fog prediction and risk assessment frameworks, providing empirical

support for more localized and physically informed fog forecasting strategies.
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et al., 2025). 7| FA|AH Q] RSt tf7] § $571F T
7y, BAS & W3}, ot BAREZE ofs) & TRt 714
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2 1 94 IHE BAYL ST EEWRE AR
W 54 5 toke 2229l0] BgEoR H8oi A3}
o|th(Gultepe et al., 2007). 7|23} o]&EHLE X}o]
(temperature—dew point depression, T-Td)= ©|&|3t S4
7Fs/dE Wtgshs AXER, YNFA O T-Td7} oF 0-2°C
o Fo& o 71 ZIMHEl 7RI el A 7t
54d0] F&3ck(Stull, 2017).

A @A o7 E3F b WA F83 AT it A
I AAdE ot BAREZ T} 7]9] Ao ofsf T-
Td7} MIEA] ZFasks Aol o, shd-a QA A
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2R E AHSE AC2 HIUETH(Hnova et al, 2018;
Lal et al., 2025).
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dHog  Zgste] Al 9ol AA  FUKRH
(Gorzelanczyk, 2025; Song et al., 2023). =R & (A=
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Table 1. Data and variables used in this study
Category Data Source Variables Used Period Source
Locations of 15 CCTV sites 2015.10 ~ Ministry of Land, Infrastructure
Image Data CCTV Images
Fog occurrence 2017.07 and Transport
Automated Synoptic Air temperature, Relative humidity, 2015.10 ~ Korea Meteorological Data
Observing System (ASOS) | Wind speed, Wind direction, Daily 2017.07 Portal
Meteorological Data precipitation, Hourly precipitation,
Automatic Weather Station Surface pressure, Sea-level 2015.10 ~ Korea Meteorological Data
(AWS) pressure, Dew-point temperature 2017.07 Portal
Forest
Grassland Environmental Geographic
Land Cover Map - . ]
Barren Information Service
Land Cover Diversity
Topographic- Elevation National Geographic
Terrain Data Slope Information Institute
Digital Topographic Map -
Sky View Factor . .
Derived from elevation
(SVF)
. X . National Geographic
River Map Log River Distance 2021. 11 . .
Information Institute
2.1.1. CCTV 7|gt Qb4 me Xtz 315 #HEAo] Az Bt
U AR e, A, BT, B4 U ¥
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K . ; - b AREA1 S AL85Ho] A4S E}(Lawrence et al., 2005).
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Distribution of CCTV and meteorological observation sites along the Yeongdong Expressway
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Fig. 2. CCTV-based fog occurrence images by observation site
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Table 2. CCTV sites used in this study (orange cells indicate the locations where fog occurrence thresholds
were determined)

CCTV_NAME CCTV_LAT CCTV_LON THRESHOLD
Gangneung Service Area
(Gangneung Direction)(Z-2-5 A4 (25)) 37.757339 128.805773
Gangneung Service Area
(Incheon Direction)(ZF25A| (21 37.755000 128.796940 0.1726
Gyohang No.l Bridge (3117) 37.439258 128.022621 0.1786
Gyohang-ri (23}+2]) 37.431019 128.008583
Norim-ri No.l1 (x=8z]1) 37.254444 127.766111
Daegwallyeong (THEH) 37.678889 128.695833
Daegwallyeong No.4 Tunnel 37.674310 128774158
(Gangneung Outbound)(HHF4E1 9 (A= H))
prglEot Mo e 37.678607 128.774099 1.6937
(Incheon Outbound)(THHH4E G (QAHLH))
Daegwallyeong No.7 Tunnel (CHEH7E1Q) 37.702738 128.770302 2.9575
Dunnae Tunnel 37.527933 128.285322 0.0138
(Gangneung Outbound)(EWE E(H5-2H))
Munmak No.l (&) 37.319681 127.835904 0.0282
Bogwang-ri (2342]) 37.744720 128.789170
Bongpyeong Tunnel
(Gangneung Outbound)(ETE Y (32912 37.561610 128.379010
Sapgyo-ri (A1) 37.518610 128.254720
Seongsan No.2 Bridge (“d4R21) 37.723457 128.777817 0.6640
Sosa-ri (£AF]) 37.469442 128.151067 1.4227
Soksa (£Ah 37.633159 128.492875
Ssarijae (A2]A) 37.681097 128.654838
Yeoju () 37.252290 127.650020
Yongjeon-ri (Z742]) 37.604313 128.425265
Wonju (&) 37.400898 127.950418 1.5315
Woljeong-ri (2798]) 37.665058 128.595129 0.9762
Yucheon-ri (F-%2]) 37.671670 128.628890 0.0138
Jeokgeum Rest Area (FEE24H) 37.253553 127.700438
Jinbu (Z15) 37.652440 128.563270 0.3481
fimbu No:2 Tunnel 37.646434 128.539635
(Incheon Outbound)(AF2E9(AHL]H))
finbu No.3 Tunnel 37.647880 128.549910
(Gangneung Outbound)(Z¥3E G (HS-2)H))
Jinbu-ri (XH-2]) 37.670278 128.614167
Pyeongchang Interchange ((Z3C) 37.590545 128.413892 0.2197
Pyeongchang Service Area
(Gangneung Direction)(AFA4(45)) 37.606544 128.450333 1.6918
Pyeongchang Service Area
(Incheon Direction)(35A| (21 ) 37.613225 128.465954
Huyong-ri (¥82]) 37.275215 127.802690 0.0285
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(forest), ZA|™HZH|E(grassland), WX|HZH]|E(barren),
3 & t}oFA(land cover diversity), 1.E (elevation), FAME
(slope), A7} X|4>(Sky View Factor, SVF), 5} 0 2 FLE 9]
A& (log river distance)ol| thet 7| EA S A5
B (mean), EEFHA}(sd), FAZFk(min), $YZk(median),
Z| gk (max)E Aiksto] WS 7he] 712421 H¥eE &
Qlstar, o] FA| et Qo] EA o7 55 FESIUH. °]
S BEAoA a3t ¥ Wk o) w1

g2 el L
HEA-IAEAY 7|2 DS A5t 7| 2dA otk
2.2.2. LOESS (Locally Weighted Scatterplot

Smoothing) £41

7|2l (T-Td)2}F A 24 He] vl 4 27

H715k7] Y8l LOESS (Locally Weighted Regression)

A& sttt LOESSE dlol8 9] E4 #1& $4
o

Aot BlESA Hg 7o, AA AR A
HE 7PIoHA] 3 BAE FHT ¢ = ARl Aok
(Cleveland, 1979). & AoA= 7N A oo w2
T-Td B2} Ao e 2704 ¥} P A3/
HIAY A A2 o= wkotsty] 91s LOESS BE F4Z
TA5ksgi ) ol H gk 4 Bof T-Td7} WolRl= +#1¢
oA A LAY FEo| F7Fek=A], B AFRANA 7]
<7] ¥t BEA] 5= FMskelth

2.2.3. K-means &g

1z

ot 94 A FRRKE 2F5H7] {18l Elbow Method
9} Silhouette MethodS HdYsto] 715199t Elbow
Method= 28 ] A EQAHWCSS)2] ZAago] F23]
W= A™E Y FFJSE @woshH, Silhouette
Method= 2+ #&gho] &% ] duhvt & H3dol=
A& &4sto] 3 EXE vttt & P A9E
TYoto] FHFE 44T ¥, K-means 1S5S 48
sto] 3 3keFAT

THEN HeEe AAHAEE, 2A+HAHAH]E,
oE by, 1%, FALE, ANRAL(SVF), 121 sk
o2REHO AZE ARSI, BE ¥Hpole EES
(z-score)7} H-EE|Qlt}. o]& &3 7 EA A7 B
A7) 27004 FFEA, B AR &4 2145

OB HiAl QIzZio| T7EM tHO|Q} X[&-I|E Q9I9]

SF BA: E2 CCTV 7| A= OWHAIE &8 3 41

FHoHE DFOl EAEAS BASHI

2.2.4. 7|9t SHAP (SHapley

Additive exPlanations) £

Random Forest

7 e-olEULE(T-Td) YA B 28 FFR
AL TR, W FHES AFHo FHel7] 9
3] Random Forest JHRFLS FL=3}99t}. Random
Forest= o] 7J9] A E](decision tree)S FAMES}O]
d& 453 PEAEE R Wi, W 7 vA
B JeAES ANHOE WY S Qlth 2 A
ol 413z 500718] E2i(n = 5008 AMgelgLem, BT
WAs7] S8l 2F EF]o] Fdf Zlol(max depth)E 52 A
gHeioict

239 W4 FQLT = SHAP (SHapley Additive
exPlanations)& o|&510] H7I3Hch. SHAPS Qo] 2
719ke} 7] Eof o g, 7 ¥iso] /i Ve A
Footo] siAEE SHTE Mo Hdt Hdf SHAPGE
(mean absolute SHAP value)°] S4% g HS57) T-Td
JAZL A Sol T $8% FF= HX AL=E A
£ SHAP 7] 92 A% o9 Wt AARE 571
A7l BeFo s Zgoin, & ?

o

7= WFLE 7]ofet2 ofulgit}. o|2jt &4 T
—Td QA &= A= 714 AB2%19 44 5
=9 /i JF HFSE FAZFLE B3I
3. g ¥ uFE
2 AT E FEALEEE CCTV 7|4t b7 A8 =t
29} 7)1 AF ARE At ZEQU T A9 7]
2-0l&-2% Ao|(T-Td) ALY 3742734 ¥E
A& AFA R EASHAY. date 71eSAlY, LOESS
HAY X A 254 Random Forest-SHAP 7]yt
He QF B4 SHLE AAshH, 24249 A= A
T HgH o= Agsto] Xg-g EAo] ZEQM T
HAUZ vA= ¥ F8TH

b
]

: 7|12-0lEH2=(T-Td)

N&EAT] GEH, 71L-olEHLE(T-Td) Uzt
© W 0.80°C, BEWA 0.89°CE X4 7+ WEZo]
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Table 3. Descriptive statistics of topographic variables and fog occurrence T-Td

. BEE -

44

ol

—

thresholds for the 15 sites

Variable Mean SD Min Median Max

Elevation 430.91 223.29 52.83 534.74 779.49

Forest Percentage 51.33 24.87 18.00 51.00 94.00

Grassland + Barren 18.67 7.42 4.00 21.00 28.00

Land Cover Diversity 1.25 0.50 0.28 1.43 1.81

Log River Distance 10.08 1.28 7.71 10.69 11.15

Slope 4.36 3.62 0.24 3.72 12.25

Sky View Factor 0.61 0.42 0.07 0.98 1.00

Threshold 0.80 0.89 0.01 0.35 2.96
T AgE g4l mEt A A dolert A gEkd of diiFor A2 T-TdolA = SHi7F 48 -+

4 9182 OuFITH(Table 3). o] MEA o3t viet & ojujaict.

Zol, S WAL 710 FEE ofe BAgzL, v} EA7% 9 54 Azjete] PAIHE A 7]
HEE, A 571 GA, A = § HFt A4 @ 540] UEhth A E A Hl&(forest)o] &

7148919 JFe o= B dAtoldt= H(Bugster,
2001; Gultepe et al., 2007)3} L3t} 7|&5AHF £4
TEQMH HAel BEF AAH T-Td7F ©det oA

rom 4y & gom, A 1 4 olaHol 24

e
0.

el AAZHT-Td) A
olof EAst= EH3t AE &S 4 A
(Fig. 3). ElE(elevatlon)ﬂ- ofd4+E T-Td Ao =
7¥he o] Lrepon], ol 1A\t FelA St}
Hojm oz Y= ot e oulg & At x
A 715 T30l UL, okt BApIzte] T}
BRIt th=2A A= el 5719 A7 A
TH(Eugster, 2001).
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_?L
=
ri
aﬂL’
_IZi o
J

AAKslopey’t S74E4E AAZLE S5, ol
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Y, AR AWA Hov] Y AT $3715

o] BEHA, BARVIH 94Y 2do] 254 o]
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HAASSVE7E 1 e 7001 oJshol A A
Zrol Bl@A 7 UEton), SV 02~03 $E0%
A P PAge] FA Bbste A3
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@5 3, 94 294 Sox A W7 e
A
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Table 4. Characteristics of each cluster
Cluster N Mean_ SD_ Mean_ Mean_ Mean_ Mean_ Mean_ Mean_ | Mean_river
Threshold Threshold Elev Slope SVF Forest | Grass_Barren | Diversity dist
1 4 0.44 0.73 123.19 1.02 0.81 31.25 22.00 1.59 8.16
2 3 1.77 1.15 494.82 9.95 0.10 88.33 8.33 0.42 11.13
3 8 0.61 0.66 560.81 3.93 0.71 47.50 20.88 1.39 10.65
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