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1.	Purpose and Objectives of
Study

ice on e.g., national expressways (including privately

1.1 Purpose of Study

comprising a majority of all roads in Korea3), are

funded expressways) and general national highways.
However, guidelines for black ice on municipal roads,
scarce. The most influential factor in the formation

Road management agencies

1)

take charge of

of black ice is the surface temperature of roads (Kim

systematic snow removal from pavement pursuant

Insoo et al. 2016; Kim Baekjo et al. 2020a; MDT

to relevant guidelines. For example, agencies

2001).4) Road management agencies cannot readily

determine the intensity of snow removal efforts and

utilize pavement surface temperature data, which is

the amount of ice removal chemicals according to

not generally available. Because response to black

2)

estimated precipitation. Recently, agencies have

ice depends on the judgment of road management

drafted and effectuated revised guidelines for black

agencies, it is necessary to supplement this response.
Practical, rapid diagnostics for black ice on the spot

1) “The term ‘road management authority’ means an authority
responsible for the planning, construction, and management of a
road” (Road Act, Art. 2, Art. 23, 2021.02.05.). In Korea, roads are
classified into seven categories, including national expressways,
general national highways, special metropolitan city roads and
metropolitan city roads, local highways, Si roads, Gun roads, and
Gu roads (Road Act, Art. 10). National expressways are managed by
Korea Expressway Corporation; privately funded expressways by the
respective corporations; general national highways by the Ministry
of Land, Infrastructure and Transport; municipal roads by their
respective municipalities.
2) Ministry of Land, Infrastructure and Transport (2020b), Road Ice
Removal Guidelines, pp. 27-51; City of Seoul (2019), ’19/’20 Winter
Deicing Strategy, p. 7; New Airport Hiway (2021), Field Response
Manual for Road Hazards, p. 99.

3) The 2019 total road length of municipal roads (special
metropolitan city roads and metropolitan city roads, local highways,
Si roads, Gun roads, and Gu roads) is 92,517km, while the total
road length of national expressways and general national highways
is 18,797km (Ministry of Land, Infrastructure and Transport 2020a,
p. 64). Municipal roads comprise approximately 83% of all roads in
Korea.
4) Kim, In Soo et al. (2016), Pavement Management Strategy for
Traffic Safety in Winter Season, p. 4; Kim, Baek-Jo et al. (2020a),
Impact of Temperature and Humidity in Environmental Chambers
upon Pavement Surface Temperature, p. 1; Minnesota Department of
Transportation (2001), I-35W & Mississippi River Bridge Anti-Icing
Project, p. 7.
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accidents (TAAS 2021).9) Significant variation is

are of vital importance.

found in the annual number of traffic accidents
with ice or frost on pavement surface, but data

1.2 Objectives of Study

indicate a recent trend of increase in numbers.10)

Our main objective is to identify a predictive model

Because the fatality rate of traffic accidents with

for pavement surface temperature based on machine

ice or frost on pavement surface is 3.0%11), which

learning, so that road management agencies may

is 1.6-fold higher12) compared to the traffic accident

estimate surface temperature from widely available

fatality rate on dry pavement (1.9%), we must pay

meteorological measurements. 5) To develop this

close attention to these accidents. We expect that

predictive model, we obtained meteorological and

the fatality rate of black ice accidents will be similar

road surface measurements from data collection

to, or higher than, that of the traffic accidents with

agencies. We identified classification and regression

ice or frost on pavement surface.13) One of the main

models using meteorological information as

priorities of transportation policy is the reduction

independent variables and pavement surface

of traffic accident deaths. It is therefore vital that

6)

temperature as dependent variables.

black ice accidents, likely of a high fatality rate,
should be prevented.

2. Accidents Involving Black Ice
2.1	Descriptive Statistics

2.2	Characteristics of Black Ice Accidents from
News Reports
Major black ice accidents are reported by the

2,209,962 traffic accidents have occurred in the

media. Accordingly, we obtained news reports

7 ) 8)

concerning black ice accidents from major Korean

recent ten years (2011-2020) (TAAS 2021).

16,280 accidents occurred with ice or frost on the
pavement surface, approximately 0.7% of total
9) Ibid.
5) Our final goal for the development of estimation models for
pavement surface temperature is to determine the formation of black
ice based on meteorological data. The data we obtained do not
contain information on black ice. Instead, we used meteorological
data as an independent variable to estimate pavement surface
temperature, based on the assumption that the necessary condition
for black ice formation is an estimate of below-freezing pavement
surface temperature.
6) In a classification model, any above-freezing value of the dependent
variable is shown as 0, and any below-freezing value shown as 1. In
a regression model, the dependent variable is shown in the estimated
pavement surface temperature.
7) We obtained data from police records. Data including additional
information from private insurance companies report greater number
of accidents.
8) Traffic Accident Analysis System (TAAS), Traffic Accidents
According to Pavement Surface Condition, http://taas.koroad.
or.kr/sta/acs/exs/typical.do?menuId=WEB_KMP_OVT_UAS_
PDS(2021.04.05).

10) Police database reports 229,600 occurrences of traffic incidents,
while the integrated database reports 1,292,864 (KoRoad Internal
database, 2021). The integrated database includes information from
private organizations such as insurance companies and mutual aid
societies, and reports approximately 5.6-fold greater occurrences of
traffic accidents. This database does not include information on the
number of traffic accidents according to pavement surface conditions.
11) A more accurate interpretation of the traffic accident fatality rate
is the number of deaths per 100 traffic accidents.
12) We estimated fatality rates based on the number of traffic
accidents and deaths according to pavement surface condition,
available on the Traffic Accident Analysis System (TAAS, 2021).
13) We obtained our data on black ice accidents from news articles.
22 total deaths occurred in 69 accidents potentially associated with
black ice, with approximately 32% fatality rate. This indicates that
approximately 32 deaths will result from 100 black ice accidents.
This estimate is considerably higher than the fatality rate of traffic
accidents with the pavement surface condition of ice or frost (3.0%).
However, with no information available on the total number of black
ice accidents, we expect that this rate is overestimated.
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Source:	Traffic Accident Analysis System (TAAS), Traffic Accidents According to Pavement Surface Condition, http://taas.koroad.or.kr/sta/acs/exs/typical.
do?menuId=WEB_KMP_OVT_UAS_PDS(2021.04.05.).

Figure 1. Number of accidents with ice or frost on pavement surface between 2011 and 2020
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Figure 2. Black ice accidents by month
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Figure 3. Black ice accidents by time of day
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Figure 4. Number of vehicles involved in black ice accidents

search engines through relevant keywords.14) We

are later in the morning, it is possible that black

estimated that 69 total black ice accidents have

ice formed earlier in the morning remains on the

occurred between 2008 and 2020.

pavement up to the rush hour.

2.2.1	Black ice accidents by month

2.2.3 Magnitude of black ice accidents

We found that black ice accidents occur primarily

Among 69 black ice accidents, 27 (39%) involved

during winter, between November and the

single vehicular collisions, while 42 (61%) involved

following February. As black ice accidents occurred

more than two vehicular collisions, more than 1.6-

more frequently between December and January

fold the number of accidents that only involved a

compared to November or February, it is likely that

single collision. Among the 42 incidents, 23 of the

these accidents occur more frequently in mid-winter

incidents involved at least 10 vehicular collisions.

months.

The extent of black ice accidents can quickly
increase after its initial occurrence.

2.2.2 Black ice accidents by time of day
We found that black ice accidents occur mostly in

2.2.4 Fatality rate of black ice accidents

15)

the morning. 40 out of 55 (approximately 73%)

The fatality rate of traffic accidents in the recent

black ice accidents occurred during the first rush

ten years (2011-2020) is approximately 2.0%

hour of the day.16) Because winter sunrise times

(TAAS 2021).17) The fatality rate of traffic accidents

14) Because news reports rely on the statements of drivers, witnesses,
and police officers for potential causes of accidents, it is not
confirmed that these accidents are caused by black ice.
15) We excluded 14 accidents that we were not able to time.
16) Between 6:00 and 9:00 AM

17) We obtained the estimate based on traffic accident data
available on TAAS (Traffic Accident Analysis System (TAAS), Traffic
Accidents According to Pavement Surface Condition, http://taas.
koroad.or.kr/sta/acs/exs/typical.do?menuId=WEB_KMP_OVT_UAS_
PDS(2021.04.05))
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Table 1. Fatality rate of traffic accidents according to pavement surface condition (including black ice)
(Unit: Number of accidents, number of deaths, percentage)

Category

Pavement surface condition1)
Total

Dry

Frost/ice

Black ice

2,209,962

1,946,036

16,280

693)

Deaths

43,784

36,663

485

223)

Fatality rate4)

2.0

1.9

3.0

31.9

Relative fatality rate5)

1.0

1.0

1.5

15.9

2)

Accidents
2)

Notes:	1) Pavement surface condition: dry (dry pavement surface), frost/ice (frost or ice on pavement surface)
	2) The number of accidents and deaths are the total numbers between 2011 and 2020.
	3) Cited in Table 2-3, based on media reports of black ice accidents between 2008 and 2020.
	4) Number of deaths per 100 accidents.
	5) Relative fatality rate of accidents on other pavement surface condition compared to those on dry surfaces
	6) Cited in Table 2-1.
	7) The sample size for fatality rate in black ice accidents is small, and may be inaccurate.
Source:	Traffic Accident Analysis System (TAAS), Traffic Accidents According to Pavement Surface Condition, http://taas.koroad.or.kr/sta/acs/exs/typical.
do?menuId=WEB_KMP_OVT_UAS_PDS(2021.04.05.).

with ice or frost on pavement surface is 3.0%,

of it. 15(3.0%) responses indicated that they had

approximately 1.6-fold higher compared to the

never heard of black ice.

traffic accident fatality rate on dry pavement
(1.9%).

18)

Drivers with shorter driving records were less

The traffic accident fatality rate of the

likely to respond that they were familiar with black

19)

ice. While 53.8% of the drivers who have been

black ice accidents reported on media was 31.9%.

driving for less than a year responded that they

2.3	Survey Results on Driver Perception of Black
Ice

were familiar with black ice, 79.0% of the drivers
who have been driving for more than ten years
chose this option (25.2%p difference).

We conducted a survey on drivers’perception of
black ice. From the survey, we intented to examine

2.3.2 Source of information for black ice

awareness and experience of drivers regarding black

60.2% of responses indicated that they learned of

ice, and drivers’opinion on the policies for effective

black ice through news reports. 31.1% indicated

black ice prevention.

learning of black ice through direct experience,
26.8% through signs and markings on the roads

2.3.1 Driver awareness of black ice

and roadsides, 15.7% through navigation software,

Among 500 responses, 359(71.8%) indicated

and 15.7% through driver’s license tests. We found

that they are familiar with black ice. 126(25.2%)

that news reports are effective in informing drivers

responses indicated that they have heard of the

of black ice.

phenomenon, but did not have detailed knowledge
2.3.3 Month of black ice exposure
18) Cited in p.22 of the main text.
19) Because the total number of black ice accidents and of deaths
from these accidents is unknown, it is likely that this number is an
overestimate. Caution must be taken before citing this estimate.

The greatest number of drivers experienced black
ice in January (93 drivers; 61.6%). 30 drivers
(19.9%) experienced black ice in December, 18
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Table 2. Survey results on driver perception of black ice
Category

Responses

Familiar
with black ice

Heard of black
ice; no detailed
knowledge

Never heard
of black ice

Total
Sex

Age

Driving
experience

(Unit: Number of people, %)

500

359 (71.8)

126 (25.2)

15 (3.0)

Men

257

195 (75.9)

56 (21.8)

6 (2.3)

Women

243

164 (67.5)

70 (28.8)

9 (3.7)

20-29

97

60 (61.9)

33 (34.0)

4 (4.1)

30-39

98

69 (70.4)

24 (24.5)

5 (5.1)

40-49

125

93 (74.4)

29 (23.2)

3 (2.4)

50-59

124

90 (72.6)

33 (26.6)

1 (0.8)

60-

56

47 (83.9)

7 (12.5)

2 (3.6)

< 1 yr

39

21 (53.8)

16 (41.0)

2 (5.1)

1-3 yr

65

39 (60.0)

23 (35.4)

3 (4.6)

3-5 yr

45

28 (62.2)

16 (35.6)

1 (2.2)

5-10 yr

75

53 (70.7)

18 (24.0)

4 (5.3)

> 10 yr

276

218 (79.0)

53 (19.2)

3 (1.8)

Note: Numbers inside parentheses correspond to percentages

359

(Unit: Number of responses)
(N=485, multiple answers permitted per person)

60.2%

(71.8%)

15

(3.0%)

31.1%

Familiar with black ice
Heard of black ice;
no detailed knowledge
Never heard of black ice

26.8%
15.7%

15.7%

126

1.4%

(25.2%)
News
reports

Direct
experience

Signs and
markings

Navigation
Driver’s
software
license test

others

Accidents

Note: we surveyed 485 respondents who indicated that they knew of black ice, and multiple answers per person were permitted.

Figure 5. Survey results for awareness of black ice (pie chart) and source of information (bar chart)

(11.9%) in February, and 7 (4.6%) in November.

2.3.4 Time of day for black ice exposure

Our examination of news reports and surveys

60 (39.7%) responses indicated that they

indicate that drivers experience black ice the most

experienced black ice in the morning between

frequently in January.

05:00 and 09:00, and 35 (23.2%) before daybreak
between 00:00 and 05:00. 30 (19.9%) responses
indicated nighttime exposure to black ice between
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(Unit: Number of responses)
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Note: We surveyed 151 respondents who indicated that they directly witnessed black ice.

Figure 6. Survey result for month of black ice exposure

(Unit: Number of responses)

60

(39.7%)

35

30
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(19.9%)

14

Before daybreak
(00:00-05:00)

Early morning
(05:00-09:00)

12
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(12:00-18:00)

Night
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Note: We surveyed 151 respondents who indicated that they directly witnessed black ice.

Figure 7. Survey result for the time of day of black ice exposure

18:00 and 24:00, and 14 (9.3%) in late morning

71.8% (28 responses) of drivers with less than a

between 09:00 and 12:00.

year of driving experience answering that they were
not familiar with the driving techniques, a higher

2.3.5 Familiarity with driving techniques on black ice

figure than in any other group.

249 drivers (49.8%) indicated that they were
familiar with driving techniques on black ice, while
251 drivers (50.2%) indicated that they were not.

2.3.6	Effective responses for the prevention of black
ice accidents

Approximately half the total respondents were

We permitted three ranked options for each

unfamiliar with driving techniques in black ice, with

response. 245 respondents indicated that adding
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Table 3. Survey results for familiarity with driving techniques on black ice

(Unit: Number of responses, %)

Category

Responses

Familiar

Not familiar

Total

500

249 (49.8)

251 (50.2)

Men

257

143 (55.6)

114 (44.4)

Women

243

106 (43.6)

137 (56.4)

20-29

97

45 (46.4)

52 (53.6)

30-39

98

48 (49.0)

50 (51.0)

40-49

125

54 (43.2)

71 (56.8)

50-59

124

67 (54.0)

57 (46.0)

60-

56

35 (62.5)

21 (37.5)

< 1 yr

39

11 (28.2)

28 (71.8)

1-3 yr

65

28 (43.1)

37 (56.9)

3-5 yr

45

24 (53.3)

21 (46.7)

Sex

Age

Driving experience

5-10 yr

75

41 (54.7)

34 (45.3)

> 10 yr

276

145 (52.5)

131 (47.5)

Note: Numbers inside parentheses correspond to percentages

Heating cables under affected roads

245

Spraying of ice removal chemicals on affected roads

209
170

Road markings on affected roads

166

Lower speed limits for affected roads

161

Roadside signs by affected roads

142

Variable message signs by affected roads

123

Notification through text messaging

103

Grooves on affected roads

88

Notification through navigation software

40

Promoting awareness of driving techniques on black ice

34

Research and development
Inclusion of driving techniques on black ice in driver’s license tests

19

(Unit: Number of responses)

Note: We permitted three options for response.

Figure 8. Survey results for effective responses for the prevention of black ice accidents

heating cables under affected roads would be the

inclusion of relevant information in driver’s license

most effective, followed by spraying of deciding

tests effective. Generally, drivers indicated that

agents, installing road markings, and lowering speed

adding physical structures to affected parts of the

limits. On the other hand, fewer respondents found

road would be effective.

promoting awareness, research and development, or
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Table 4. Major measures for the prevention of black ice
Category

Measures
1)

•Intensive monitoring of tire surfaces
Increased
•Increased nighttime (23:00-07:00) patrol frequency (6 per night)2)
monitoring and
management of
•Expansion of designated high-risk areas for black ice (410 total areas)3)
areas prone to black •Pavement surface temperature sensor attachment to patrol vehicles4)
ice
•Reduced speed limits for designated areas5)
•LED signs for black ice2)
•Automatic Saline solution spraying device2)
•Road surface grooving2)
Increased quantity
and quality of safety •Ice prevention technology, including pavement drainage and heating cables2)
devices
•Warning lights and sounds on variable message signs2)
•Smart CCTV5) and video analysis system6)
•Vehicle speed monitoring on high-risk areas for black ice6)
Research and
development

•Collection of pavement surface slip data based on digital tachograph (DTG)7)
•Pavement lights responding to external stimuli7)
•Safety devices responding to external stimuli7)

Information and
awareness

•Accident information through navigation software within 30 seconds after accident2)
•Designated periods for safe driving campaigns (Signs, leaflets, television, social media, and safety
education programs for black ice)6)

Note:	Automatic detection and notification of unexpected vehicular breakdowns and reverse driving through CCTV video record analysis based on artificial
intelligence
Sources:	1)	Press release, Ministry of Land, Infrastructure and Transport (2019.12.25.), Enhanced Traffic Safety Measures in Winter, Including Coordinated
Field Inspections, p.2
	2)	Press release, Ministry of Land, Infrastructure and Transport (2020.01.07.), Government Releases Enhanced Winter Safety Measures for Road
Traffic, p. 2.
	3)	Press release, Ministry of Land, Infrastructure and Transport 2020.11.11.), Readiness for Winter Ice Removal in Response to Snowfall and Ice, p. 2.
	4)	Internal report, Ministry of Land, Infrastructure and Transport (2020.08), Planning of Enhanced Responses for Black Ice, p. 2.
	5)	Press release, Ministry of Land, Infrastructure and Transport (2020.02.12.), Safe Driving Speeds Available on High-risk Areas for Black Ice, p. 2.
	6)	Ministry of Land, Infrastructure and Transport and other relevant agencies (2020.01), Enhanced Winter Safety Measures for Road Traffic, p. 3.
	7)	Internal report, Ministry of Land, Infrastructure and Transport (2020.02), Current Progress on Research and Development of Traffic Safety
Technology for Prevention of Black Ice, pp. 2-4.

3.	Responses to Black Ice Across
Countries

released by the Ministry of Land, Infrastructure and

3.1 	Black Ice Protocols in Korea According to
Road Management Authority

and Transport designated 410 high-risk areas for

Compared with ice removal protocols, black ice

and Transport 2020b).20) These areas are those

protocols focus more heavily on prevention of

“with a high probability of black ice formation,

black ice formation. Because black ice formation

according to the characteristics and physical

is difficult to predict, ex post mitigation of traffic

structure of roads, climate, and operation of

Transport.
Currently, the Ministry of Land, Infrastructure
black ice on national expressways and general
national highways (Ministry of Land, Infrastructure

accidents is difficult. In Table 4, we summarized
the current major black ice protocols according to
press releases and Road Ice Removal Guidelines

20) Ministry of Land, Infrastructure and Transport (2020b), Road Ice
Removal Guidelines, pp. 124-145.
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Table 5. 2020 High-risk areas for black ice according to road management agency

(Unit: km)

Road management agency
Korea
Private
expressway
corporations
corporation

Category
National expressways
(public)

Seoul

Daejeon

Iksan

Busan

Wonju

240.974

National expressways
(private)

Total

240.974
36.617

36.617

General national
highways

63.0

63.5

69.4

111.65

146.6

454.15

Delegated national
highwaysNote)

12.0

8.87

20.0

54.7

14.0

109.57

75.0

72.37

89.4

166.35

160.6

841.311

Total

240.974

36.617

Note:	National highways delegated to governors as road management agencies due to limited interregional functionality (Enforcement Decree of the Road
Act, Presidential Decree No. 31380, Article 29).
Source: Ministry of Land, Infrastructure and Transport (2020b), Road Ice Removal Guidelines, pp. 124-145

Table 6. Examples for ice removal plans outside of Korea
Country

United Kingdom

United States

Major deicing plans
•Highways England responsible for ice removal duties: spraying of ice removal agents; operation of ice
removal vehicles; weather monitoring
•Department of Transport producing and releasing the Highway Code
•Pilot project for real-time availability of pavement surface photographs taken from ice removal vehicles
(Iowa State Department of Transportation)
•Black ice forecasting (regional broadcasting stations)
•Real-time black ice information (National Weather Service)

•Pilot projects for measurement of the effects of anti-freezing pavement construction
Japan
Sources:	United Kingdom: GOV.UK, “Highways England prepares for first cold snap”, https://www.gov.uk/government/news/highways-england-preparesfor-first-cold-snap(2021.04.01); UK DfT(2019), The Highway Code, pp. 118-123; United States: Iowa Data, “Track a Plow”, https://data.iowa.gov/
Roads/Track-a-Plow/k8ki-krve(2021.04.01); Holt Enterprise News, “Black ice a possibility tonight”, https://holtenterprisenews.com/2021/02/15/
black-ice-a-possibility-tonight/(2021.04.01); National Weather Service, “TRAVEL ALERT: Black Ice and Slick Road Conditions Being Reported
Across Parts of Southeast Wyoming This Morning”, https://www.weather.gov/cys/BlackIce(2021.08.01.).; Japan: (Original Text) Kubo, Uchiyama,
and Takemi (2015), Construction of Anti-Freezing Pavement in the Kawaguchi District, Nagaoka, 13th Hokuriku Road Paving Conference; cited in
Seo Hong-gwan et al. (2016), Anti-Freezing Pavement Construction Method Development, Korea Expressway Corporation, p. 2.

transportation”(Ministry of Land, Infrastructure
and Transport 2020b).

21)

In 2020, these areas

comprise 277.591(=240.974+36.617)km on

21) Ministry of Land, Infrastructure and Transport (2020b), Road
Ice Removal Guidelines, p. 6.

national expressways, and 563.72(=454.15+109.57)
km on general national highways (Ministry of
Land, Infrastructure and Transport 2020b).22)23)

22) Ibid. pp. 124-145.
23) National expressways include privately funded expressways.
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3.2 Ice Removal Plans Outside of Korea

on the pavement surface. On below-freezing

Road management agencies are responsible for

surfaces without water on it. Water on pavement

road ice removal in United Kingdom (GOV.UK,

surface will not form black ice if the surface

2021)24), and the Department of Transport produces

temperature is above freezing.

and distributes the Highway Code (UK DfT,
25)

2019).

conditions, black ice would not form on pavement

Therefore, we need two datasets to predict the

Some parts of the United States introduced

formation of black ice. It will be necessary to obtain

pilot projects for the tracking of pavement surface

pavement surface temperatures on the relevant

through photographs (Iowa Data, 2021) 26) , or

locations. Additionally, we must confirm that a

forecasting for black ice (Holt Enterprise News,

number of causes30) leading to water on pavement

2021). 27) Assessment of anti-freezing pavement

surfaces were present. Before the development of

construction techniques had been made in Japan

a diagnostic model for black ice, we examined

(Kubo, Uchiyama and Takemi 2015; Seo et al.

the availability of these data, and found that only

28)

2016).

the dataset for pavement surface temperature was
available.31) We expect that it will be difficult to
obtain any data indicating whether either water or

4.	Development of a Diagnostic
Model for Black Ice Based
on Big Data and Artificial
Intelligence

black ice was present on the pavement surface.32)
Considering the limitations in obtaining data, we
developed a diagnostic model to estimate pavement
surface temperature according to meteorological
conditions33) from the meteorological and pavement
surface temperature data available to us. To predict

Black ice requires two conditions. First, the

the formation of black ice from our model, it is

pavement surface temperature must be below

necessary to examine if water was present on the

freezing.

29)

Additionally, water must be present

24) GOV.UK, “Highways England prepares for first cold snap”,
https://www.gov.uk/government/news/highways-england-preparesfor-first-cold-snap(2021.04.01).
25) UK DfT(2019), The Highway Code, pp. 118-123.
26) Iowa Data, Track a Plow, https://data.iowa.gov/Roads/Track-aPlow/k8ki-krve(2021.04.01).
27) Holt Enterprise News, “Black ice a possibility tonight”, https://
holtenterprisenews.com/2021/02/15/black-ice-a-possibility-tonight/
(2021.04.01).
28) Kubo, Uchiyama, and Takemi (2015), Construction of AntiFreezing Pavement in the Kawaguchi District, Nagaoka, 13th
Hokuriku Road Paving Conference; cited in Seo et al. (2016), AntiFreezing Pavement Construction Method Development, Korea
Expressway Corporation, p. 2.
29) Black ice can form on pavement surface even under abovefreezing temperatures (Kim et al. 2020b). However, we only addressed
the more common conditions under which the pavement surface
temperature would be below freezing.

30) Water may be present on pavement surfaces due to reasons other
than precipitation.
31) As of 2020, 18 corporations in total manage privately funded
roads (Internal report, Ministry of Land, Infrastructure and
Transport, 2020.05). Among these, New Airport Highway Co.,
operating the Incheon International Airport Expressway (Sinbul ICBukro JC), New Daegu Busan Expressway Co. Ltd., operating the
Jungang Expressway (Dongdaegu JC-Daedong JC), and Cheonan
Nonsan Expressway Co., operating the Nonsan-Cheonan Expressway
(Cheonan JC–Nonsan JC) provided us with meteorological and
pavement surface data, as elaborated in Chapter 4, Section 2 of the
main text. We would like to thank them for their assistance.
32) While it is also possible to use the data from accidents that may
have been caused by black ice, only 69 accidents were recorded,
making it difficult to use any big data analysis techniques. To train an
artificial intelligence diagnostic model, it is necessary to use both the
data collected with black ice on the road and without.
33) We used three meteorological variables: ambient temperature (℃);
humidity (%); wind speed (㎧).
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pavement surface.34)

Portal37) by Korea Meteorological Administration,
we organized the data in one-hour intervals.38)
The data were collected from twelve different

4.1 Description of Independent Variables

locations. Eleven out of twelve locations, except

We o b t a i n e d o u r d a t a f r o m t h r e e p r i v a t e

for the location around Charyeong Tunnel, were

corporations operating national expressways. All

elevated as bridges. 39) Data from bridges were

of these corporations collect ambient temperature,

grouped together as a single dataset in our model.

humidity, wind speed, and pavement surface

We conducted data matching methods to match

temperature (New Airport Highway Co. 2016; New

the data collected on each location (meteorological

Daegu Busan Expressway Co. Ltd. 2021; Cheonan

and pavement surface temperature data) and the

Nonsan Expressway Co. 2021).

3 5 ) 36)

To match

meteorological data from nearby automatic weather

the data to the data released on Open MET Data

systems. Time of data collection was used as the

34) Road management agencies will be able to determine the
presence of water on surface according to weather data and
surrounding conditions. Further research will be necessary for
modelling of water presence on pavement surface.

37) Korea Meteorological Administration Open MET Data Portal,
https://data.kma.go.kr/(2021.02.01).

35) New Airport Highway Co. (2016), Operation of Disaster
Responses, p. 11; New Daegu Busan Expressway Co. Ltd., Weather
Information, http://www.dbeway.co.kr/(2021.02.01); Cheonan
Nonsan Expressway Co., Transportation Information System, http://
www.cneway.co.kr/(2021.02.01).
36) Three corporations collect their data in slightly different formats,
as shown in Table 4-3 to 4-5.

38) Open MET Data Portal releases data collected from automatic
weather systems at different time intervals (Open MET Data Portal
2021). The smallest interval available is one minute; intervals of one
hour, one day, one month, and one year are available.
39) While it may not be intuitively obvious that New Airport JC or
Incheon Airport TG are classified as bridges, satellite and roadside
photographs indicates that these areas did not have earth packed
beneath the surface of the road, with elevation through bridge-like
structures.

Table 7. Data collection by private road management corporations
Collected data
Corporation

New Airport
Highway

New Daegu
Busan
Expressway
Cheonan
Nonsan
Expressway

Ambient
temperature
(℃)

○

○

○

Humidity
(%)

○

○

○

Wind speed
(㎧)

○

○

○

Data
collection
period

Data
collection
interval

○

① Sindosi JC
② Yeongjong-daegyo
③ Incheon Airport TG
④ Gyulhyeon 3-gyo
⑤ Banghwa-daegyo

20152020

10
minutes

○

① Nakdong-daegyo
② Milyang-daegyo
③ Namcheon-daegyo

20162020

1
minute

○

① Pungse-gyo
② Ungjin-daegyo
③ Nonsancheon-gyo
④ Charyeong Tunnel

20102020

10
minutes

Pavement
surface
temperature
(℃)

Data collection location

Note: Table constructed from records
Source:	New Airport Highway Internal Report, Weather and Pavement Surface Temperature Data; New Daegu-Busan Expressway Internal Report, Weather
and Pavement Surface Temperature Data; Cheonan Nonsan Expressway Internal Report, Weather and Pavement Surface Temperature Data
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Table 8. Data storage format for weather and pavement surface records
Corporation
Data type

New Airport
Highway Co.

New Daegu Busan
Expressway Co.

Location

String (e.g., Gyulhyeon 3-gyo)

Date and time

String (yyyy-mm-dd-hh:mm)

Ambient temperature (℃)

Rational number (±00.0)

Humidity (%)

Rational number (00.0)

Wind direction

String (e.g., NNW)

Integer (000˚)

Wind speed (㎧)

Rational number (00.0)

Visibility (m)

Integer (00,000)

Pavement surface temperature (℃)

Rational number (±00.0)

Cheonan Nonsan
Expressway Co.

Rational number (000.0˚)

Source:	New Airport Highway Internal Report, Weather and Pavement Surface Temperature Data; New Daegu-Busan Expressway Internal Report, Weather
and Pavement Surface Temperature Data; Cheonan Nonsan Expressway Internal Report, Weather and Pavement Surface Temperature Data

Table 9. Category of highway structure by location of data collection
Corporation

Location

Structure

① Sindosi JC
② Yeongjong-daegyo
New Airport Highway

③ Incheon Airport TG
④ Gyulhyeon 3-gyo
⑤ Banghwa-daegyo
① Nakdong-daegyo

New Daegu Busan Expressway

Bridge

② Milyang-daegyo
③ Namcheon-daegyo
① Pungse-gyo

Cheonan Nonsan Expressway

② Ungjin-daegyo
③ Nonsancheon-gyo
④ Charyeong Tunnel

Packed Earth

Note: Table constructed from records
Source:	New Airport Highway Internal Report, Weather and Pavement Surface Temperature Data; New Daegu-Busan Expressway Internal Report, Weather
and Pavement Surface Temperature Data; Cheonan Nonsan Expressway Internal Report, Weather and Pavement Surface Temperature Data

standard under which these data were matched.

of all data points in the data field. The finalized

Table 10 represents the finalized dataset

number of measurements in the dataset after pre-

through pre-processing. We received 36,349,368

processing was 1,687,007, approximately 4.6% of

measurements in total from all three corporations.

the raw data.

The number of measurements is the total number
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Table 10. Comparison of raw and pre-processed data
Data
Corporation

New Airport
Highway2)

New Daegu Busan
Expressway2)

Cheonan Nonsan
Expressway2)

Total

Period of
collection

15-20 yr

16-20 yr

10-20 yr

-

Data received

Interval of
collection

10 minutes3)

1 minute

10 minutes

Number of data points
after pre-processing1)

Sindosi JC

841,728

Sindosi JC

129,668

Yeongjong-daegyo

841,728

Yeongjong-daegyo

72,779

Incheon Airport TG

841,728

Incheon Airport TG

72,968

Gyulhyeon 3-gyo

841,728

Gyulhyeon 3-gyo

131,047

Banghwa-daegyo

841,728

Banghwa-daegyo

131,208

Subtotal

4,208,640

Subtotal

537,670

Nakdong-daegyo

8,767,080

Nakdong-daegyo

100,926

Milyang-daegyo

8,767,080

Milyang-daegyo

102,494

Namcheon-daegyo

8,767,080

Namcheon-daegyo

101,024

Subtotal

26,301,240

Subtotal

304,444

Pungse-gyo

1,459,872

Pungse-gyo

201,649

Ungjin-daegyo

1,459,872

Ungjin-daegyo

201,614

Nonsancheon-gyo

1,459,872

Nonsancheon-gyo

239,981

Charyeong Tunnel

1,459,872

Charyeong Tunnel

201,649

Subtotal

5,839,488

Subtotal

844,893

-

36,349,368

1,687,007

Notes: 1)	Data points used in analysis after removing missing data and pre-processing
	2)	New Airport Highway and New Daegu Busan Expressway provided us with yearlong data, while Cheonan Nonsan Expressway provided data
between November and February. We only used measurements between November and February.
	3)	While data were collected every ten minutes, the data provided to us had an interval of one hour.
Source:	New Airport Highway Internal Report, Weather and Pavement Surface Temperature Data; New Daegu-Busan Expressway Internal Report, Weather
and Pavement Surface Temperature Data; Cheonan Nonsan Expressway Internal Report, Weather and Pavement Surface Temperature Data

4.2 Variables

nearby automatic weather systems.

Our estimation model for pavement surface

variables and dependent variables were significantly

temperature has the objective of modelling

connected through a correlation heatmap

the relationship between meteorological and

between independent and dependent variables.

pavement surface temperature variables. We

In both packed-earth and bridge areas, ambient

therefore used meteorological measurements

temperature, humidity, and wind speed were

such as ambient temperature, humidity, and wind

significant. Ambient temperature and wind speed

speed as independent variables, and pavement

were positively correlated with temperature change,

surface temperature as the dependent variable.

while humidity was negatively correlated. As a

For estimation, our input was the data matched

result, we included all three variables in our model.

between those collected from specific locations and

Then, we examined whether the independent
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Packed earth

Bridge

Source:	New Airport Highway Internal Report, Weather and Pavement Surface Temperature Data; New Daegu-Busan Expressway Internal Report, Weather
and Pavement Surface Temperature Data; Cheonan Nonsan Expressway Internal Report, Weather and Pavement Surface Temperature Data.
Correlation heatmap was constructed from data analysis.

Figure 9. Correlation heatmap between variables in packed-earth and bridge areas

Note: Figure constructed from the dataset after pre-processing40)

Figure 10. Correlation between variables in packed-earth (top half) and bridge (bottom half) areas

40)

40) This table describes each variable presented in the figure.
Variable name

temp_l

Variable
description

ambient
temprature
at site

humi_l
humidity
at site

wspd_l
wind speed
at site

temp_a

humi_a

wspd_a

rd_temp

ambient temperature
humidity collected
wind speed collected pavement surface
collected from nearby from nearby automatic from nearby automatic temperature at
automatic weather system
weather system
weather system
site
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Table 11. Type and characteristics of each classification model
Model formatNote)
Single model

Ensemble
models

Characteristic of classification model

DT

•Estimation of a single decision tree

RF

•Majority rule between multiple estimated decision trees

GBM
LightGBM

•Stepwise estimation of multiple decision trees
•Misclassification in earlier decision trees penalized before estimating following decision
trees
•Longer learning time compared to other models
•Designed to reduce the training time for GBM while retaining performance

Note: DT-Decision tree model; RF-Random forest model;, GBM-Gradient boosting machine.
Source: Kwon Cheolmin (2020), Perfect Guide to Machine Learning with Python, Wikibooks, pp. 211-213

4.3 Type and Format of Model

4.4 Model Estimation

In a classification model, surface temperature as

We used 70% of the data in our training dataset,

a dependent variable has the output of ‘0’ when

and 30% in the testing dataset.43) In the packed-earth

the temperature is above freezing, and ‘1’ when

area, the dataset contained 28,807 data points, and

the temperature is below freezing. In a regression

8,662 (approximately 30%) of these had a response

model, the dependent variable would be the surface

of 1, with the pavement surface temperature above

temperature.

zero. In the bridge area, 31% of the dataset had a

We evaluated four types of classification

response of 1. When the dependent variable is not

models: a single decision tree model, and ensemble

regularly distributed, a simple split of the dataset

models including the random forest model, gradient

may result in specific values being overrepresented

boosting machine model, and LightGBM model.

in either the training or the testing dataset, resulting

We evaluated multiple models to compare their

in reduced model performance. As a result, we used

performance. In a fully trained classification

the stratified split method to split the dataset.

model, we may identify the threshold value of each

The four types of classification models in our

independent variable for the pavement surface

research are based on the decision tree model. For

temperature to be below freezing.

optimal performance of the model, we included

We evaluated a linear regression model.41) In

parameter tuning in the machine learning process.

a fully trained regression model, we may identify

Learning for the four classification models was

the coefficients for the magnitude of the effect of

conducted after parameter tuning. Model learning

change in each independent variable on pavement

is the estimation of a classification model describing

surface temperature.42)

the relationship between independent and dependent
variables from the training data.

41) We expected a linear relationship between independent and
dependent variables, as seen in Figure 10.
42) Coefficient for each independent variable

43) Generally, a dataset is subdivided into training and testing
datasets with a ratio of 7:3 or 8:2 (Kwon, 2020, p. 101)

17

Discovering and Preventing Black Ice Using AI and Big Data

Table 12. Number and ratio of data points in packed-earth and bridge areas
Area

Number of data points

Ratio (%)

Total (A)

0(B)

1(C)

B/A

C/A

Packed-earth

28,807

20,145

8,662

70

30

Bridge

212,194

146,414

65,780

69

31

Table 13. Dataset split for packed-earth and bridge areas
Area

Packedearth

Number of data points

Dataset

Subtotal

0

1

28,807

20,145(70)

8,662(30)

Training

20,165

14,102(70)

6,063(30)

Testing

8,641

6,043(70)

2,599(30)

183,425

146,414(69)

65,780(31)

Training

148,536

102,490(69)

46,046(31)

Testing

63,658

43,924(69)

19,734(31)

Total

Total
Bridge

Notes:	1) 0 refers to above-freezing and 1 refers to below-freezing pavement surface temperatures.
2) Numbers inside the parentheses are the ratios to subtotal.
3) Training and testing datasets comprised of respectively 70% and 30% of the total dataset.

Model validation is the evaluation of model

outputs may be similarly interpreted.45)

performance through input of testing data on the

Accuracy for the decision tree model in packed-

trained model. Several metrics may be used to

earth areas was approximately 92-93% when

evaluate the performance of classification models.

the data collected on the site was used as the

We used accuracy, precision, and recall as the

independent variable, and 90% when the nearby

metrics.

automatic weather station data was used as the
independent variable. The difference was negligible.

4.5 Model Estimation Results

For the bridge areas, accuracy for the decision tree

From model estimation, we obtained the threshold

collected on the site was used as the independent

values for below-freezing pavement surface

variable, and 82% when the nearby automatic

temperature and the coefficients for all independent

weather station data was used.

model was approximately 89% when the data

variables. The threshold ambient temperature
was –1.75℃. 44) Every 1% change in ambient
temperature corresponds to a 1.03% change
in pavement surface temperature. Other model

44) This result corresponds to the classification model using only the
ambient temperature on the site as the independent variable.

45) The threshold condition applies only to the decision tree model,
and the coefficient value only to the linear regression model.
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Table 14. Model estimates for the packed-earth area
Independent variable
Automatic
weather station2)

Collection site1)

Area

Temperature Humidity Wind speed Temperature Humidity Wind speed
●
●

●

●

●

●

Packed
earth

●
●

●

●

●

Threshold
condition from
the classification
model3)

Coefficient value
Automatic
weather station2)

Collection site1)

intercept

Temperature Humidity Wind speed Temperature Humidity Wind speed

Temperature ≤ -1.75℃

2.7761

1.0312

Temperature ≤ -1.75℃
Humidity ≥ 43.9%

7.4043

1.0113 -0.0721

Temperature ≤ -1.75℃
Humidity ≥ 43.9%
Wind speed ≤ 3.05㎧

5.7774

1.0063 -0.0576 0.6109

Temperature ≤ -3.85℃

3.6727

0.9506

-5.35℃ ≤ Temperature ≤
-2.85℃
7.7697
Humidity ≥ 45.3%
●

-5.35℃ ≤ Temperature ≤
-2.85℃
Humidity ≥ 45.3%

0.9293 -0.0640

-4)

-4)

-4)

-4)

Notes:	1) The site used by each road management corporation
2) The closest automatic weather station to the site
3) Refers to the decision tree model.
4) We did not include wind speed in the linear regression model because it was not included as a significant factor in the decision tree model.

Table 15. Model estimates for the bridge area
Independent Variable
Automatic
weather station2)

Collection site1)

Area

Temperature Humidity Wind speed Temperature Humidity Wind speed
●

Bridge

●

●

●

●

Threshold
condition from
the classification
model3)

intercept

Temperature Humidity Wind speed Temperature Humidity Wind speed
1.0676

Temperature ≤ -0.75℃
5.0438
Humidity ≥ 34.9%

1.0598 -0.0503

-4)

Temperature ≤ -2.55℃ 3.1085

●
●

●

●

●

●

Automatic
weather station2)

Collection site1)

Temperature ≤ -0.75℃ 1.9073

Temperature ≤ -0.75℃
Humidity ≥ 34.9%

●

Coefficient value

-4)

-4)

-4)
0.9266

Temperature ≤ -2.55℃

-4)

-4)

-4)

Temperature ≤ -2.55℃

-4)

-4)

-4)

-4)

Notes:	1) The site used by each road management corporation
2) The closest automatic weather station to the site
3) Refers to the decision tree model.
4)	We did not include humidity or wind speed in the linear regression model because they were not included as significant factors in the decision tree
model.
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Table 16. Performance evaluation for the classification model in the packed-earth area (1)

Area

Metric

Variables:
Temperature at collection site1)
DT2)

RF2)

GBM2) LightGBM2)

Accuracy 0.9167 0.9212 0.9212
Packed
Precision 0.8437 0.8696 0.8696
earth
Recall 0.8934 0.8736 0.8736

Variables:
Temperature and humidity at
collection site1)
DT2)

RF2)

GBM2) LightGBM2)

Variables:
Temperature, humidity, and wind
speed at collection site1)
DT2)

RF2)

GBM2) LightGBM2)

0.9212

0.9214 0.9259 0.9271

0.9273

0.9200 0.9294 0.9280

0.9302

0.8696

0.8804 0.8758 0.8758

0.8747

0.8593 0.8911 0.8911

0.8946

0.8736

0.8600 0.8832 0.8832

0.8900

0.8832 0.8764 0.8764

0.8753

Notes:	1) The site used by each road management corporation
2) DT-Decision tree model; RF-Random forest model; GBM-Gradient boosting machine.

Table 17. Performance evaluation for the classification model in the packed-earth area (2)

Area

Metric

Variables:
Temperature at automatic weather
station1)
DT2)

RF2)

GBM2) LightGBM2)

Accuracy 0.9011 0.9004 0.9012
Packed
Precision 0.8852 0.8619 0.8619
earth
Recall 0.7778 0.8033 0.8033

0.9006
0.8674
0.7971

Variables:
Temperature and humidity at
automatic weather station1)
DT2)

RF2)

GBM2) LightGBM2)

0.9004 0.9063 0.9073
0.8423 0.8705 0.8705
0.8299 0.8152 0.8152

0.9092
0.8749
0.8209

Variables:
Temperature, humidity, and wind
speed at automatic weather station1)
DT2)

RF2)

GBM2) LightGBM2)

0.90043) 0.9134 0.9184

0.9176

3)

0.8785 0.8785

0.8839

3)

0.8322 0.8322

0.8413

0.8423
0.8299

Notes:	1) The closest automatic weather station to the site.
2) DT-Decision tree model; RF-Random forest model; GBM-Gradient boosting machine.
3) The effect of wind speed on pavement surface temperature was not evaluated.

Table 18. Performance evaluation for the classification model in the bridge area (1)

Area

Metric

Variables:
Temperature at collection site1)
DT2)

RF2)

GBM2) LightGBM2)

Accuracy 0.8905 0.8895 0.8895
Bridge Precision 0.8452 0.8223 0.8223
Recall

0.7950 0.8241 0.8241

0.8895
0.8223
0.8241

Variables:
Temperature and humidity at
collection site1)
DT2)

RF2)

GBM2) LightGBM2)

0.8922 0.8958 0.8980
0.8163 0.8368 0.8368
0.8450 0.8279 0.8279

0.8979
0.8400
0.8314

Variables:
Temperature, humidity, and wind
speed at collection site1)
DT2)

RF2)

GBM2) LightGBM2)

0.89223) 0.8983 0.8997

0.9003

3)

0.8394 0.8394

0.8438

3)

0.8341 0.8341

0.8353

0.8163
0.8450

Notes:	1) The site used by each road management corporation
2) DT-Decision tree model; RF-Random forest model; GBM-Gradient boosting machine.
3) The effect of wind speed on pavement surface temperature was not evaluated.

Table 19. Performance evaluation for the classification model in the bridge area (2)
Area

Metric

Variables:
Temperature at automatic weather
station1)
DT2)

RF2)

GBM2) LightGBM2)

Accuracy 0.8238 0.8342 0.8342
Bridge Precision 0.7364 0.7872 0.7872
Recall

0.6787 0.6431 0.6431

0.8337
0.8114
0.6091

Variables:
Variables:
Temperature and humidity at automatic Temperature, humidity, and wind speed
weather station1)
at automatic weather station1)
DT2)

RF2)

GBM2) LightGBM2)

0.82383) 0.8497 0.8497
3)

0.7364

3)

0.6787

0.7877 0.7877
0.7104 0.7104

Notes:	1) The closest automatic weather station to the site.
2) DT-Decision tree model; RF-Random forest model; GBM-Gradient boosting machine.
3) The effect of humidity or wind speed on pavement surface temperature was not evaluated.

DT2)

RF2)

GBM2) LightGBM2)

0.8494

0.82383) 0.8544 0.8536

0.8553

0.7960

0.73643) 0.7856 0.7856

0.7983

0.6962

3)

0.6787

0.7343 0.7343

0.7180
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5. 	Conclusion and Policy
Implications

the data according to road characteristic, we

5.1 Conclusion

data input, data subsetting, parameter setting, model

Black ice is fatal to drivers. Our analysis indicates

evaluation. We found that while the models using

that the fatality rate of black ice accidents is 31.9%,

data obtained from the collection sites had higher

15-fold higher than the fatality rate of all traffic

performance, increasing the quantity of automatic

accidents. Moreover, black ice accidents led to an

weather station data allowed for acceptable

average 7.5 deaths per accident, suggesting that

model performance. Under similar meteorological

black ice accidents are typically large in scale. While

conditions, it is more likely that black ice will form

it is difficult to predict or respond to black ice, it is

in bridge areas compared to packed-ice areas.

necessary to devise effective solutions.

Additionally, below-freezing ambient temperatures

prepared the dataset to be used for analysis. For
model estimation, we employed the procedure of
learning, model validation, and model performance

First, we collected basic information on black

do not necessarily lead to below-freezing pavement

ice accidents through media reports and surveys.

surface temperatures. Increasing the quantity of data,

The characteristics of black ice accidents are that

furthermore, resulted in similar performance between

they tend to be the most frequent in January

decision tree models and ensemble models. While our

(approximately 52%), and that approximately 73%

model was developed only from the data collected

of these accidents occurred in the early morning.

on national expressways, it is necessary to improve

These accidents tended to be large in scale.

the model using data collected from general national

Then, we developed an estimation model to be

highways and regional roads as well. For enhanced

used in detecting black ice. We obtained our datasets

model performance, data collected from tunnel must

from three private corporations that collect both

also be included.

meteorological and pavement surface data, and
the automatic weather station data from the Open
MET Portal operated by the Korea Meteorological

5.2 Policy Implications

Administration. Through pre-processing, including

We propose eight policy solutions to prevent black

matching the data collection times and subsetting

ice accidents, as presented below in Table 20.

Table 20. Policy solutions to prevent black ice
Category
Systemic improvements
Introduction of new systems
Information dissemination
and campaigns

Policy
•E
 nhanced measures to collect basic data on black ice (including improvements on the
statistical data collected for traffic accidents)
•D
 ifferent standards for deicing agent use according to road characteristics
• I mproved training and testing for driver’s licenses
• I ntroduction of a comprehensive black ice management system
• I ntensive management in January and in early morning
•B
 lack ice forecasts
•D
 etailed black ice guidelines within traffic safety guidelines
•D
 issemination of black ice maps

