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Abstract Road icing is a major winter hazard that significantly increases the risk of traffic
accidents. Previous studies have primarily focused on predicting road surface temperature or
icing occurrence, whereas the temporal evolution and formation mechanisms of road icing have
received less attention. To address this gap, this study used long-term observations from a fixed
Road Weather Information System (RWIS). A total of 1,880 icing events observed at 66 of the
67 RWIS stations were analyzed. Superposed-epoch analysis was applied to characterize the 24-
h evolution of surface temperature, air temperature, and relative humidity before icing onset.
Based on antecedent meteorological and road surface conditions, icing events were classified
into four mechanism types using physically based rules. The separability of the proposed mech-
anisms was evaluated using linear discriminant analysis (LDA) and a Light Gradient Boosting
Machine (LightGBM) classifier. SHapley Additive exPlanations (SHAP) were applied to iden-
tify the dominant meteorological factors and their transition characteristics. The results showed
that, despite distinct formation mechanisms, all icing types exhibited common precursory fea-
tures characterized by progressive cooling and increasing relative humidity before icing onset.
Surface temperature and relative humidity were identified as the most influential variables gov-
erning icing occurrence. In particular, surface temperatures near 2°C, combined with relative
humidity around 80%, consistently marked a transition zone where the icing risk increased
markedly. These findings demonstrate that road icing is a process-driven phenomenon governed
by combined cooling and moisture supply, and provide a scientific basis for developing mecha-
nism-informed prediction models and process-based early warning systems.
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Fig. 1. RWIS observation network used in this study. (a) Spatial distribution of RWIS stations along the five expressways
analyzed in this study. (b) Distribution of RWIS stations by installation year and road type. Detailed information for each RWIS
station (station name, geographic coordinates, expressway, and road type) is provided in Appendix A.

Table 1. Sites indicates the number of RWIS stations included in the event-based analysis.

Inst{a{gzrtion No. Expressway Observation Period  Sites I((:;(l)gz ;ng;s I((:;(l)gz::];?;s To:iril(;isng
2022 45 Jungbu Naeryuk 2022.12~2025.03 13 72 110 182
2023 15 Seohaean 2023.11~2025.03 16 322 672 994

1 Gyeongbu 2024.11~2025.03 18 0 249 249

2004 25 Honam 2024.11~2025.03 7 0 201 201
35 D;‘J?gfﬁ‘;‘;gg: by 202411-202503 12 0 254 254

Total 66 394 1,486 1,880

Note: The full observation network consisted of 67 stations, of which 66 recorded at least one icing event.
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Table 2. Physics-based classification criteria for the four representative road icing formation mechanisms.

Mechanism Classification Criteria Key Indicator
Typ e.l Snow, Snow/Ice, or Ice surface conditions observed within the preceding Residual snow or ice
Snowmelt-induced . . . . . .
. 12 h, with no rainfall during the same period without rainfall
refreezing
Type 2 Rainfall over antecedent

Rainfall observed within the preceding 12 h in the presence of antecedent

Rainfall-induced Snow, Snow/Ice, or Ice surface conditions

snow or ice, followed

refreezing by cooling
Type 3 No rainfall and no antecedent Snow, Snow/Ice, or Ice surface conditions High humidity under low
Humidity-driven  within the preceding 12 h, with surface temperature < 2°C and relative surface-temperature
icing humidity > 80% conditions
. e . . Rainfall on a low-
Type 4 Rainfall observed within the preceding 12 h without antecedent Snow,
. . T : o temperature surface
Estimated freezing- Snow/Ice, or Ice surface conditions, with surface temperature < 2°C and .
oL . . 0 without antecedent snow
rain icing relative humidity > 80% .
or ice
. Events not satisfying the above criteria or exhibiting mixed or Mixed or unidentified
Unclassified . .o, .
ambiguous characteristics mechanisms

Note: Type 4 represents icing events inferred to be associated with freezing-rain processes based on antecedent rainfall,
surface temperature, and relative humidity conditions. Freezing rain was not directly observed.

RWIS Observations ] [ Road Icing Events ] Hierarchical Rule-based Road Icing Mechanism Classification

(Applied at icing onset time, t;)

* Air Temperature Surface State Transition

* Surface Temperature (DRY / WET - ICE)

* Relative Humidity [
* Precipitation

* Surface Condition

Road Icing Event
(DRY/WET -> ICE)

] 1) Snow / Snow-Ice / Ice Y 2) Rainfall
[ 1. 24-h Temporal Trajectory Extraction ] Within previous 12h ? Within previous 12 h ?
(t -24§h ~ ) 4 : Y ——W_
Meteorological & Surface Condition History N ~ Type2 Type 1
Air Temp - Surface Temp - RH - Precipitation - Surface Condition Rainfall-induced Snowmelt-induced
Change/ Transition Refreeze Refreeze
¥
[ 2. Hierarchical Rulz;bas.:-d I:oad Icing Mechanism 1 P Y 4) Empirical threshold
-assification ] Surface Temp 2°C, RH 280%
Within previous 12h ? P )
[ Road Icing Event - Type 1-4 (or Unclassified) ] N
v Type 4
Freezing-rain- lassifi
Type 1 Type 2 Type 3 Type 4 Unclassified N ir:edizgzg Ir(a[:]ng bz
Snowmelt- Rainfall- Humidity- Freezing- (Other /
induced induced driven rain-induced Insufficient p Toe3
Refreeze Refreeze Icing icing data) 5) Surface Temp < 2°C Y x ype 2
s and RH > 80 % ? —_— Humidity-driven
L ) Icing
[ 3. Mechanism Characteristics Analysis J 5

¥
* Temporal Evolution : multi-resolution trajectories (1-24 h)
* Type Distinctness : LightGBM (12 h) - LDA
 Variable Importance & Attribution : LightGBM (12 h) - SHAP
* Operational Thresholds : Key factors and empirical thresholds for icing risk

Unclassified

Fig. 2. Overall framework for identifying road icing formation mechanisms and analyzing their temporal evolution
characteristics using RWIS observations.

EE 71ZE 75~85% W)oNA WS 7IH $HS A 25 g4 HFHLE 7E8e SAHAXH TEY HSE

BRI 715 2A(Ts < 2°C, RH > 80%)°ll u} B ArellA] AR 113 719k A vl A Y S(Type
2 27 A3t 7 ikt 71 EF €ASE Bl 1)) FAFCRE AR P TR E W76}
3h9i). &3t} tEE F(multi-class classification) 292 T
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Table 3. Predictor variables used in the LightGBM models.

Category Variable

Description

Current conditions Tso, Tao, RHo

Meteorological conditions at icing onset

Surface temperature change

ATs, (k=1, 3, 6, and 12 h)

Difference in surface temperature between to and t—k

Air temperature change

ATa. (k= 1, 3, 6, and 12 h)

Difference in air temperature between to and t—k

Relative humidity change

ARH, (k=1, 3, 6, and 12 h)

Difference in relative humidity between to and t—k

Antecedent precipitation precip12

Accumulated precipitation during previous 12 h

Note: All predictor variables were derived from RWIS observations (road surface temperature, air temperature, relative
humidity, and precipitation). precipl2 denotes the 12-h accumulated precipitation derived from the increment of RNO5 (daily

accumulated precipitation).

1 Fe] )
gatslond, vl 7t

et £/ S E 71 ¢
Type 1~42 #F7HE 29 AlEHZ g%
A =2 WAYUSE T o= sl sidetA] d=
1|3/ (Unclassified) /\}34]‘:‘ 24 3k 9 5Tt
A AlLskith s A B /‘]7(4—4 EHRE
(Tso), 71-&(Tao), &S (RHo), A 72} = ATs,, ATy
2 ARH, (k = 1, 3, 6, and 12 h), Z&]Z 1247} F+
A7 (precipl2) 0.2 319 3 (Table 3), -‘:-rrl?_@
< LightGBME ©]&ste] #5313t 2d 52
33 WHE 5-fold XA F(repeated 5-fold cross-
validation)2 B3l H71519.9, &= (accuracy), Area
Under the Receiver Operating Characteristic Curve
(macro-AUC), Critical Success Index (macro-CSI)E
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Tk AR F3o] MES 7 B AL Z70lA
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Fig. 3. Road icing occurrence characteristics by highway route. (a) Cumulative icing duration, (b) Observation-period-
normalized icing occurrence rate.

(a) (b)

400
)

|
\ 12h (adopted)

12h (adopted): 85%

Icing events
200
1

100
1

Cumulative capture of precip-related icing (%)
40
1

T T T T T
0123456789 11 13 15 17 19 20 2 0 5 10 15 20

Hours since last precip before onset (h) Precip lead-window size (h)

Fig. 4. Rationale for selecting the 12-h antecedent precipitation window. (a) Distribution of the precipitation-to-icing time lag.
(b) Cumulative detection rate as a function of antecedent precipitation window length. The cumulative detection rate was
computed with respect to the total number of icing events preceded by precipitation.
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AR EIAME AR 54d0] ‘/]'E]"’L‘:]'(Fig. 3b). A% 2 A7kret AR HA 7] AIZHA #AE EA 6t
E2 A A 7P mske ], @ Akl 7t Atk ArE EReE AW AR AR S Al
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Fig. 5. Superposed-epoch analysis of road icing events. (a) Mean 24-h trajectories aligned to icing onset (n = 1,880). Solid lines
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Table 4. Frequency distribution of road icing events classified by formation mechanism.

Type 1 Type 2 Type 3 Type 4 Unclassified Total
Count 490 535 330 216 309 1,880
Percentage (%) 26.1 28.5 17.6 11.5 16.4 100.0
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Fig. 6. Representative temporal evolution of the four road icing formation mechanisms prior to icing onset. The notation (e.g.,
#12103) at the top of each panel indicates the RWIS station ID from which the representative icing event was selected; the first
two digits denote the corresponding expressway. Detailed information for each RWIS station is provided in Appendix A. (a)
Snowmelt-induced refreezing. (b) Rainfall-induced refreezing. (c) High-humidity icing without precipitation. (d) Estimated

freezing-rain icing.
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33] WhE S-fold WAPHE A3 B A== 88.5%
(£0.2), AUCE 0.936 (£0.001), CSIE= 0.610 (+0.006)
2 UeRth A-A Q] WA F A= F = 88.1%,
AUC 09142 T2 2153 FAE A5 B
ok AEAIE B2 AZME HE= 85.7%, AUC
090322 ThAh 7rAsigon, A7 o R SYE 7
SAES e & HFNHE AUC 0.90 o4

Table 5. Performance of the LightGBM multi-class classifier for validating the proposed rule-based icing mechanism

classification.
Validation scheme Accuracy (%) Macro-AUC Macro-CSI
Repeated 5-fold cross-validation (3 repeats) 78.7+ 0.6 0.949 £ 0.002 0.624 + 0.008
Leave-station-out cross-validation 76.4 £ 0.5 0.939 £ 0.003 0.596 + 0.005
Winter-season block validation 69.1 £ 0.0 0.903 £ 0.000 0.507 £ 0.000

Note: Performance of the LightGBM multi-class classifier for validating the proposed rule-based icing mechanism
classification (Type 1~4). Values represent the mean + standard deviation obtained from repeated cross-validation.
Unclassified events were excluded from model training and evaluation.

Table 6. Performance of the binary LightGBM model for road icing prediction.

Validation scheme Accuracy (%) AUC CSI POD
Repeated 3-fold cross-validation 88.5+ 0.2 0.936 % 0.001 0.610 = 0.006 0.72 + 0.01
(3 repeats)
Leave-station-out cross-validation 88.1 £ 0.1 0.914 + 0.003 0.597 + 0.004 0.70 £ 0.00
Winter-season block validation 85.7+0.0 0.903 + 0.000 0.522 + 0.000 0.62 = 0.00

Note: Performance of the binary LightGBM model for road icing prediction under different validation schemes. Values
represent the mean + standard deviation obtained from repeated cross-validation.
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Appendix. Information on the RWIS stations used in this study.

Expressway St?gon Station Name Road Type é?;\)/ Lat. Lon. Installed Events
Jungbu Naeryuk 11102 West Yeoju Service Area General 90 37.2791 127.5796 2022-12 17
Jungbu Naeryuk 11103 Seongju Service Area General 103 36.0081 128.2596 2022-12 10
Jungbu Naeryuk 11202 Sinhwa 2 Bridge Bridge 73 3747 1274713 2022-12 31
Jungbu Naeryuk 11203 Jungwon Tunnel Tunnel 226 37.0865 127.7205 2022-12 25
Jungbu Naeryuk 11204 Daesowon Rest Stop General 100 36.9733 127.8479 2022-12 24
Jungbu Naeryuk 11205 Goesan Service Area General 194 36.8314 127.9591 2022-12 35
Jungbu Naeryuk 11206 Mungyeong Service Area General 176  36.622 128.1506 2022-12 8
Jungbu Naeryuk 11207 Sangju Tunnel Tunnel 133 363164 128.2203 2022-12 12
Jungbu Naeryuk 11208 Gimc(hg)‘(’t‘;r?o?)‘m“el Tunnel 109 36.1181 1282783 2022-12 5
Jungbu Naeryuk 11209 Chai?(l)let:hszi(/)itii;rea General 78 35867 1283176 2022-12 3
Jungbu Naeryuk 11210 Nakd‘)“(%uigl‘;;‘; Bridge Bridge 17 356998 128419 2022-12 7
Jungbu Naeryuk 11211  Changnyeong Rest Stop General 41 355442 128.4762 2022-12 3
Jungbu Naeryuk 11212 Taegok Overpass Bridge 15 35.3518 128.4915 2022-12 2

Seohaean 12102  Maesong Service Area General 32 37.2666 126.8921 2023-10 25
Seohaean 12103 Gunsan Service Area General 33 36.0202 126.7959 2023-10 46
Seohaean 12104 ~ Hampyeong Cheonji General 34 351326 1264812 2023-10 41
Service Area
Seohaean 12202  Hwaseong Service Area General 43 37.1456 126.8804 2023-10 35
Seohaean 12203 Se"ha(‘z;’;aor;‘i}f;ridge Bridge 7369333 1267773 202310 52
Seohaean 12204 Yongyeon Rest Stop General 69 36.8013 126.6468 2023-10 41
Seohaean 12205 Hongseong Service Area General 49 36.5545 126.5803 2023-10 57
Seohaean 12206  Daecheon Service Area General 9 363762 126.5567 2023-10 42
Seohaean 12207  Seocheon Service Area General 69 36.1289 126.6283 2023-10 50
Seohaean 12208 Seocheon Rest Stop General 27 36.0203 126.7959 2023-10 60
Seohaean 12209 West Gimje General 12 35.8347 126.8398 2023-10 63

Atmosphere, Vol. 36, No. 3. (2026)
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Appendix. Continued.

Expressway Station Station Name Road Type (m)

D Lat. Lon. Installed Events

Buan Goryeo Cheongja

Seohaean 12210 Service Area General 10  35.6733 126.7345 2023-10 292
Seohaean 12211 Goindol Service Area General 52 354643 126.673 2023-10 49
Seohaean 12212 Yeonggwang General 29 352998 126.5581 2023-10 65
Seohaean 12213 Seongam Bridge General 64 34.8029 126.3675 2023-10 40
Seohaean 12214 Jungnim Junction General 30 34.8447 126466 2023-10 36
Gyeongbu 13102 Oksan Rest Stop General 32 36.6564 127.3722 2024-08 26
Gyeongbu 13103 Chilgok Service Area General 62 36.0107 128.4293 2024-08 5
Gyeongbu 13104 Yangsan Service Area General 48 353217 129.0574 2024-08 1
Gyeongbu 13202 Giheung Service Area General 59 37.2335 127.1066 2024-08 24
Gyeongbu 13203  Anseong Service Area General 35  37.078 127.1294 2024-08 20
Gyeongbu 13204 North Cheonan General 34 36.8965 127.1889 2024-08 18
Gyeongbu 13205 Ch‘;‘;?ji:f;eg:"ri General 54 367883 127.1723 2024-08 34
Gyeongbu 13206 Jugam Service Area General 63 36.4855 127.4302 2024-08 23
Gyeongbu 13207 Jeungyak General 140 36.3371 127.5268 2024-08 9
Gyeongbu 13208  Cheongseong Rest Stop General 162 362717 127.4099 2024-08 25
Gyeongbu 13209 Cg‘;fé‘;i“ﬁ::g General 230 362006 128002 2024-08 33
Gyeongbu 13210  Gimcheon Service Area General 68 36.1301 128.1668 2024-08 7
Gyeongbu 13211 Geomdan Rest Stop General 38 359159 128.6182 2024-08 4
Gyeongbu 13212 Gyeongsan Service Area General 67 35.8782 128.8098 2024-08 3
Gyeongbu 13213 Yeongcheon Station General 108 35.9304 128.9721 2024-08 4
Gyeongbu 13214  Geoncheon Service Area General 92 35.831 129.1085 2024-08 6
Gyeongbu 13215 Hwalcheon IC General 114 35.7141 129.1919 2024-08 2
Gyeongbu 13216  Eonyang Service Area General 107 35.5993 129.1412 2024-08 5
Honam 23102 Migi‘fg‘:fifeii‘ia General 107 352585 1271519 2024-08 23
Honam 23202 Yeosan Service Area General 70 36.0476 127.1036 2024-08 15
Honam 23203 Samnye Rest Stop General 25 359185 127.071 2024-08 20
Honam 23204  Jeongeup Service Area General 32 35.6002 126.8626 2024-08 36
Honam 23205 Baegyangsa Service Area General 82 35.3932 126.8062 2024-08 54
Honam 23206 East Gwangju General 78 35.1927 126.9292 2024-08 25
%Y Honam 23207 Seokgok A4k General 83 35.1286 127.2472 2024-08 28
Tongyeong-Daejeon-

Jungbu 33102 Eumseong Service Area General 120 37.0206 127.4829 2024-08 16

Tongyeong-Daejeon-

Jungbu 33103 Deogyusan Service Area General 506 35.8182 127.6455 2024-08 32

g=717483 7] #136d 35 (2026)
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Appendix. Continued.
Station . (m)
Expressway Station Name Road Type Lat. Lon.  Installed Events
ID Elev.
Tongyzirfg- l]iaeje"“' 33202 Docheok Rest Stop General 105 373241 1273383 2024-08 42
Tongyeong-Dagjeon- 53, 3 Moga General 100 37.1678 127.4406 2024-08 35
Jungbu
Tongyeﬁfg— l]iaeje"“' 33204  Ochang Service Area General 52 367561 127.4807 2024-08 21
Tongyeong-Dagjeon- 35,5 Geumsan Insam Land General 194 36.1555 127.4953 2024-08 19
Jungbu Service Area
Tongyzzfliﬁlaeje‘m' 33206 Yongpo 1 Bridge Bridge 198 359922 127.6231 2024-08 33
T"“gyej‘;lfg'aaejeon' 33207 Songgye 3 Bridge Bridge 389 35.6514 127.6955 2024-08 34
Tongyzzfliﬁlaejem' 33208 Sudong Rest Stop General 134 355167 127.7977 2024-08 12
T"“gyiﬁi‘aaejeon' 33209 Sancheong Service Area  General 69 353321 127.9382 202408 3
Tongyeong-Dagjeon- 55, Panmun General 60 352008 128.0232 2024-08 3
Jungbu
Tongyeong-Daejeon- Goseong Gongnyongnara
33211 ! General 158 35.0516 1282654 2024-08 4
Jungbu Service Area
Tongyeong-Dacjeon- 5, ,  Tongyeong Starting General 24 34.8718 128.4204 202408 0

Jungbu

Point
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