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Abstract: Road icing can cause large traffic accidents on highways because, unlike snowy roads, its
location is difficult to identify and it can occur rapidly, even during rainy weather. In this study,
the amount and location of road icing were modeled and simulated over time based on the system
dynamics theory. The simulation is expressed on the geographic information system (GIS) and
facilitates advance detection of the location and amount of road icing that occurs unexpectedly
unlike previous studies. Modeling was designed to process spatial and meteorological data after
combining them. The spatial data used for modeling were Hillshade, Water System, Bridge, and
Road (Highway). Air temperature, cloudiness, vapor pressure, wind speed, and precipitation were
used as meteorological data. The amount of road icing was estimated by scientifically designing
the parameters related to its occurrence between spatial and meteorological data. Based on this,
the amount of road icing by location was simulated per 1m2 using the GIS. The simulation results
showed that the amount of road icing that began to increase from AM 08:00 reached its peak (an
average of 213.62 g/m2) at noon and then slowly decreased. Additionally, when simulated with GIS,
the sum amount of road icing between AM 12:00 and PM 13:00 was a maximum of 1707.292 (g/14 h)
and a minimum of 360.082 (g/14 h) for each location. Hypothesis testing was conducted on whether
road icing significantly occurs at actual points vulnerable to traffic accidents. Based on the results, the
average significance level was calculated to be less than 0.05. Therefore, the alternative hypothesis
that the model can estimate road icing in vulnerable areas was adopted. The verified simulation can
be useful data to government agencies (e.g., road traffic authority) in their programs to prevent traffic
accidents caused by road icing.
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1. Introduction

Road icing happens when “thin layers of ice are generated on roads”. It usually occurs
in shady and cold places, such as the top of bridges, tunnel entrances, shady roads, sides
of mountains, and shady places. It is difficult for drivers to recognize road icing because
it resembles asphalt, as ice is thinly coated on black asphalt. Road icing can cause large
traffic accidents as it occurs rapidly—even in rainy weather—and its location cannot be
easily identified [1]. In this study, highways in South Korea in wintertime were modeled.
Korea has four seasons with a wide annual temperature range, with the temperature in
winter dropping to −10 ◦C or less. Korea in general is prone to the occurrence of road
icing because it is surrounded by the sea on three sides and there are many waterfronts
and mountainous areas on land. In the morning of 6 January 2020, a 41-vehicle chain
collision occurred on National Highway 33 in Gyeongsangnam-do, leaving ten people
injured [2]. At dawn on 14 December 2019, a chain collision occurred on the northbound
lane of the Sangju-Yeongcheon Highway due to road icing, leaving seven people dead and
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42 injured [3]. In the morning of 15 November 2019, a 20-vehicle chain collision occurred
on the 2nd Yeongdong Highway due to road icing [4]. Road icing has continuously caused
extensive property damage and human casualties each year [5]. Table 1 shows the average
conditions for the occurrence of road icing. Scenarios were selected and data were acquired
based on these figures.

Table 1. Road accidents occurred due to road icing in Korea.

Factor Average Unit Implication

Type of Analysis Result

Minimum temperature −2.0 ◦C Occurrence tendency Occurs below 0 ◦C
Average cloud cover 5.8 - Degree of occurrence Five or more
Daily precipitation 4.3 mm/day Occurrence/non-occurrence Occurrence

Sunrise (time) 07:28 H:MM Occurrence tendency Faint sunlight
Accident (time) 07:04 H:MM Occurrence tendency Morning occurrence

Various studies have been conducted on the occurrence of road icing and some of the
causes have been identified. These causes include nighttime freezing of rain that fell in
the daytime, freezing of moisture on the road surface during wet weather due to fog, and
freezing of water that flowed down the slope on roads. The main cause, however, is the
“freezing rain” generated by the application of a weak impact in the unfrozen supercooling
state despite temperatures below 0 ◦C when it rains on roads at sub-zero temperatures [6].
As freezing rain instantly occurs as soon as rain falls on roads, its generation and location
are difficult to estimate [1,7,8]. Therefore, fast and efficient responses to prevent traffic
accidents due to road icing is important, but it is also important to select vulnerable sections
where road icing is expected through modeling and to prevent it through structural and
non-structural measures.

To establish such measures, research is required to estimate the occurrence time,
amount, and location of road icing. Spatial and meteorological data were used to model
road icing in this study, then road icing was estimated and verified by constructing scenarios
focused on “freezing rain”. The modeling was performed using the system dynamics
theory to estimate the time of occurrence and amount of road icing [9]. After modeling,
the target road section was divided into multiple areas and each of them was substituted
into the model. In addition, the amount of road icing by location was simulated using the
geographic information system (GIS).

For further understanding of the modeling and simulation employed in this study,
the following three items are summarized.

• Factors

Factors that affect road icing are mainly divided into spatial and meteorological data. Hill-
shade is the factor that represents spatial information and is calculated by DEM [10,11]. This
factor accelerates road icing by preventing solar radiation from reaching the ground [12,13].
The main factor of meteorological data is precipitation. In particular, the freezing rain
phenomenon instantaneously accelerates road icing and causes accidents [14].

• Methods

System dynamics is a method of simulating a certain phenomenon by connecting block
diagrams based on causality. In particular, it is strong in time-series expressions that are
difficult to estimate for humans, while road icing is a phenomenon that continue to vary
over time [15].

• Study Contributions

The existing case studies are not complete. GIS simulation is particularly insufficient. This
study addressed this insufficiency and is described later in detail.
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Prior to performing road icing modeling using spatial and meteorological data, previ-
ous studies in various cases were analyzed. In general, to estimate the occurrence of road
icing, the warning system is remotely controlled by monitoring the sensor information on
GIS [16]. There is also a method of providing road icing information on WebGIS [17]. This
method enables efficient preparation by visualizing the occurrence of road icing on the
map, but has limitations in preventing them because it cannot perform prior estimation
prior to occurrence [18].

Without the use of GIS, the amount of road icing can be estimated according to the
weather conditions by developing a numerical model and calculating the road surface
condition values according to the parameters [19]. When a numerical model is designed
and meteorological data are entered, various factors can be estimated. The contents and
limitations of major cases are as follows.

• Lee et al. performed numerical modeling related to road icing in Jeju Island, Korea.
They estimated the air temperature and wind speed through the WRF model, but
estimation of the accurate amount and location of road icing is insufficient [19].

• Kangas, Heikinheimo, and Hippi performed numerical modeling on factors related
to road icing. They estimated the road surface condition and traffic condition by esti-
mating road surface temperature, storage, and friction through the NWP model [20].
Estimation of the accurate amount and location of road icing is insufficient.

• Bezrukova, Stulov, and Khalili performed numerical modeling to estimate the oc-
currence of road icing. They developed a block diagram model to estimate the Ice
Index through the road surface temperature, air temperature, and humidity. They
could simply estimate the occurrence of road icing, and estimation of the amount and
location of road icing is insufficient [21].

• Chapman, Thornes, and Bradley estimated the road surface temperature through
numerical modeling from parameters. They analyzed the relationships between the
“latitude, altitude, sky-view factor, screening, roughness length, road construction,
traffic density, and topography” with the road surface temperature. Estimation of the
accurate amount and location of road icing is insufficient [22].

• Park, Joo, and Son developed a model capable of estimating the road surface tempera-
ture by combining the Unified Model of the Korean Meteorological Administration
(KMA) and the physical characteristics of the road surface. Although it is possible to
estimate the road surface temperature with various factors, estimation of the amount
and location of road icing is not sufficient [23].

• In other studies, road icing or related factors were also estimated mainly through
simple numerical modeling. Road icing was estimated by analyzing heat conduction
through the air temperature and humidity [24], measuring and analyzing road surface
salinity and temperature [25], and developing short-term road icing estimation algo-
rithms for sensors [26,27]. As in the above cases, however, estimation of the amount
and location of road icing is insufficient.

These methods make it possible to systematically estimate factors related to the
occurrence of road icing. Such occurrence, however, is estimated using only meteorological
data, excluding spatial data, and there is no simulation stage for the occurrence location. In
this study, previous insufficient cases were supplemented through system dynamics and
GIS. The amount of road icing was modeled using the system dynamics theory. In addition,
a section of the Honam Highway, which has a total length of 27 km, was divided into
18,583 points, and the amount and location of road icing were simulated for each point.

Numerical modeling for estimating the occurrence of road icing will make it possible to
prepare for wintertime traffic accidents more efficiently if the location estimation step based
on the modeling results is added [28,29]. There have been many studies on GIS simulation
for disaster assessment [30]. They detect topographic hazards using GIS models [31] or
analyze hazards on slopes in cold regions [32]. In addition, they evaluate and estimate the
size of a hazard in high-risk areas, such as roads in hazardous ranges, using spatial data on
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GIS [33,34]. This method was referred to and reflected in research for the simulation of the
amount and location of road icing.

After deriving implications by referring to previous studies, the amount of road icing
over time was modeled by adding spatial data to meteorological data. Based on this, the
amount of road icing by location was simulated using GIS. The results of estimating the
amount and location of road icing through the simulation performed using appropriate
scenarios can be used by government agencies (e.g., road traffic authority) as data to
identify areas vulnerable to wintertime traffic accidents in advance and to prevent such
traffic accidents [35].

This paper consists of five main sections. In Section 2, procedures and detailed research
methods to model, simulate, and validate road icing are introduced. In addition, the study
area, research data types, estimation methods, and theories are described in detail. In
Section 3, the results for road surface temperature, road surface moisture, and the amount
and location of road icing are presented. In Section 4, the simulation results and the actual
accident points are compared and analyzed using a hypothesis testing technique. Finally,
in Section 5, the results of this study are summarized and future plans to supplement
shortcomings are described.

2. Materials and Methods

Research was conducted in six steps as shown in Figure 1. The first step is the
selection of a scenario for model testing. The numerical results of the model were derived
by selecting a scenario that shows freezing rain, which is the main cause of road icing [36].
The second step is the acquisition of spatial and meteorological data. Data that affect the
generation of road icing were acquired from the Korea Meteorological Administration and
topographic information-related platforms and were utilized [23]. Third, the types and
values of parameters to be included in the model were designed. Fourth, modeling was
performed to estimate road icing using the data and parameters selected by the scenario.
It was designed to calculate road icing after calculating the road temperature and road
moisture. The amount of road icing by location was then simulated by expressing the
results of the modeling in GIS. Finally, it was analyzed whether road icing significantly
occurred in actual areas vulnerable to traffic accidents [37].
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validation.

2.1. Location of Study Area

Suncheon city in Jeollanam-do, South Korea is adjacent to the southern coast. It is
associated with a large amount of rainfall, with mountainous areas formed mainly in the
northern area. It also has high humidity and frequent fog formation due to the presence of
many waterfront areas (e.g., lakes, rivers, and streams). Compared with nearby areas in
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Jeollanam-do, Suncheon had lower temperatures than the average in summer and winter.
Its annual precipitation (1531.3 mm) was highest in the Jeollanam-do region. These were
judged to be favorable conditions for the occurrence of road icing. Table 2 shows the
summer and winter temperatures in Suncheon and Jeollanam-do over the last ten years.

Table 2. Annual temperature in Suncheon (in summer and winter over the last ten years).

Year
Average Summer

Temperature
(Suncheon, ◦C)

Average Summer
Temperature

(Jeollanam-do, ◦C)

Average Winter
Temperature

(Suncheon, ◦C)

Average Winter
Temperature

(Jeollanam-do, ◦C)

Annual
Temperature Range

(Suncheon, ◦C)

2020 23.67 24.00 1.67 3.39 22.0
2019 23.07 23.63 3.05 4.87 20.0
2018 24.53 25.32 2.07 3.12 22.9
2017 24.23 24.60 −0.50 1.17 24.7
2016 24.15 24.60 1.80 3.39 22.4
2015 23.17 23.25 2.20 3.40 21.0
2014 22.77 23.18 0.90 2.65 22.6
2013 24.73 25.16 1.83 3.22 23.4
2012 24.27 24.51 −0.03 1.50 24.3
2011 24.03 24.00 0.13 1.34 23.9

Road icing mainly occurs in roads in mountainous areas with frequent shadows, roads
close to waterfront areas with high relative humidity, and roads in areas with a large
amount of rainfall [1]. The Honam highway, which stretches through the mountainous
areas in Suncheon, is vulnerable to road icing because shadows frequently occur in the
morning hours and it has many bridges. In addition, waterfront areas are also adjacent
to some sections. Therefore, a section of the Honam highway in Suncheon with these
characteristics was selected as the study area. Figure 2 shows the Honam highway in
Suncheon.
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2.2. Acquisition of Study Data

This study sought to model and simulate road icing, and appropriate data were
required for this purpose. First, data types for the model construction were selected,
and actual data to perform simulation were acquired. Spatial data included the Digital
Elevation Model (DEM), river system, roads, and bridges. DEM has a resolution of 5 m,
and it was used through interpolation into a resolution of 1 m. Meteorological data were
acquired from the Automated Synoptic Observing System (ASOS, Suncheon), and included
air temperature, cloudiness, vapor pressure, wind speed, and precipitation [22,38,39].
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Tables 3 and 4 show the contents of the spatial and meteorological data. The spatial
data were acquired from the 18,583 points obtained by dividing the 27 km section of the
Honam Highway in Suncheon. Meteorological data were assigned to these road points by
multiplying the ASOS data by a random number generated in the ∓2% range.

Table 3. Major spatial data of the model and their contents.

Data Name Data Source Resolution Content

DEM Lidar Satellite 5 m
(Interpolation, 1 m) Hillshade formation

Hillshade DEM 1 m Scenario input
Evolution algorithm train set

River System National Spatial Data
Infrastructure Portal 1 m Scenario input

Road, Bridge National Spatial Data
Infrastructure Portal 1 m Scenario input

Table 4. Major meteorological data of the model and their contents.

Data Name Data Source Range Content

Air Temp ASOS (Suncheon) AM 00:00–PM 13:00 Scenario input
Evolution algorithm train set

Cloudy ASOS (Suncheon) AM 00:00–PM 13:00 Scenario input
Evolution algorithm train set

Vapor Pressure ASOS (Suncheon) AM 00:00–PM 13:00 Scenario input
Wind Speed ASOS (Suncheon) AM 00:00–PM 13:00 Scenario input
Precipitation ASOS (Suncheon) AM 00:00–PM 13:00 Scenario input

2.3. Scenario Selection

The weather and spatial scenarios used the data of Suncheon ASOS on 11 December
2008 as the main samples. Traffic accidents caused by road icing actually occur under
various conditions, especially at night, dawn and early morning. It takes a long time
to simulate all these cases, and the efficiency of simulation also decreases. Thus, it was
necessary to select a representative weather situation in which road icing may occur. 11
December 2018, was the day when the largest number of freezing rain-related traffic
accidents occurred during the period from 2018 to 2020 in Jeollanam-do, Korea. On that
day, freezing rain phenomenon occurred, in which supercooled rain in the air at room
temperature is frozen upon hitting the ground at sub-zero temperature [36]. In this study,
the data of the day were set as a scenario, and the formation of road icing caused by freezing
rain was modeled and simulated. The model was also verified through a comparison with
actual areas vulnerable to traffic accidents.

The data of 11 December 2018 were used as a scenario because they were the latest
among the freezing rain observation data of days when freezing accidents occurred, but
there are a number of precipitation scenarios that can be applied to modeling. Table 5
shows a list of such scenarios. The model and simulation are versatile for scenarios related
to ordinary rain or freezing rain and can be applied to situations where the moisture in
the air near waterfront areas condenses at the dew point in the cold morning even if it
is not precipitation. In addition to freezing rain, the model deals with various types of
precipitation in cold weather. Even when snow falls, the model can estimate the location
of road icing. However, when snow is set as input, it is necessary to translate the melting
time into the model when estimating the road surface moisture [40].



Appl. Sci. 2021, 11, 8537 7 of 22

Table 5. Past scenarios from precipitation history in winter (Suncheon, last three years).

Date Road Surface
Temperature Air Temperature Freezing Rain

Occurrence Time Precipitation Type

2020/12/29 Afternoon below 0 ◦C Afternoon above 0 ◦C PM 20:00~PM 21:00 Freezing Rain
2019/01/31 Morning below 0 ◦C Morning below 0 ◦C AM 3:00~PM 15:00 Snow
2018/12/16 Morning below 0 ◦C Morning above 0 ◦C AM 9:00~AM 15:00 Freezing Rain
2018/01/16 Morning below 0 ◦C Morning above 0 ◦C AM 9:00~PM 12:00 Freezing Rain
2018/01/12 Morning below 0 ◦C Morning below 0 ◦C AM 11:00~AM 12:00 Snow
2018/01/10 Morning below 0 ◦C Morning below 0 ◦C AM 3:00~PM 18:00 Snow

Figure 3 shows the trends in air and road temperatures acquired from ASOS (Sun-
cheon) on 11 December 2018. In Figure 3b, precipitation occurred approximately from AM
9:00 to PM 12:00. Precipitation generally does not lead to road icing, but the freezing rain
phenomenon occurred during the same time in Figure 3a because the air temperature was
higher than 0 ◦C and the road temperature was lower than 0 to 1 ◦C.
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Figure 3. Freezing rain analysis for scenario feasibility: (a) road (and air) temperature of ASOS (Suncheon, 2018/12/11);
(b) precipitation of ASOS (Suncheon, 2018/12/11).

The time range was set to 14 h from AM 12:00 to PM 13:00. As can be seen from the case
analysis in the introduction, road icing traffic accidents mostly occur in the morning while
air temperature reaches its peak at PM 13:00 on average. In other words, it is necessary
to simulate the time period from the morning hours with low air temperature and solar
radiation intensity as well as heavy traffic to PM 13:00, when frequency of road icing
occurrence decreases due to high solar radiation intensity. This tendency was reflected,
and the time range was set to 14 h including the morning for efficiency of the simulation.

2.4. Modeling Road Icing

The system dynamics theory was used for modeling to estimate the location of road
icing. This theory lists the elements that cause a specific phenomenon in a block diagram
and reveals relationships among them over time [9,19]. When a natural phenomenon, such
as road icing, is modeled based on the system dynamics theory, natural scientific equations
can show changes in the phenomenon over time [19]. Figure 4 shows the system dynamics
model structure (Please refer to the Appendix A).
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Figure 5 shows the logic flow of data that expresses only the relationship between the
input and output factors in Figure 4 and summarizes the overall flow of the model. The
main output factors are (1) road temperature, (2) road moisture, and (3) road icing (g/m2).
The main equations of the model are constructed to derive these three factors. The model
is based on (1) road temperature and (2) road moisture and derives (3) road icing (g/m2)
for GIS simulation.
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The road icing model consists of various input and output factors. These factors
and their information are shown in Table 6. Each symbol is the expression method of the
corresponding factor in the equation in the numerical model, and the numerical expression
represents the range and unit of values. This information was used, and the derivation
process and equations for (1) road temperature, (2) road moisture, and (3) road icing (g/m2),
which are the main output factors, were explained at the end of Section 2. All the factors
have a range of 14 h from AM 00:00 to PM 13:00.
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Table 6. Main input and output factors of the model.

Factor Category Symbol Value Range Unit

Hillshade (from DEM)

Input
(t = 0~13 h)

Data

H 0~254 -
River System RS 0~1 -

Bridge Location Lb 0 or 1 -
Air Temp Ta −15~10 ◦C
Cloudy Vc 0~10 -

Vapor Pressure Pv 0 or more Pa
Wind Speed Sw 0 or more m/s
Precipitation P 0 or more mm

Evaporation Intermediate
(t = 0~13 h)

E 0 or more g/m3

Condensation C 0 or more g/m2

Road Temperature Output
(t = 0~13 h)

Tr −15~10 ◦C
Road Moisture Mr 0 or more g/m2

Road Icing RI 0 or more g/m2

2.4.1. Road Temperature

Road temperature is one of the important factors in road icing occurrence. This is
because the moisture present on roads freezes at sub-zero temperatures [41]. For traditional
road temperature calculation, a large number of input factors are required, including
“weather variables, such as solar radiation energy, air temperature, atmospheric pressure,
and wind, as well as thermal characteristic values according to the material of the road
surface” [23]. This, however, is not appropriate due to the nature of simulation, which must
exhibit the highest efficiency with limited input. In this study, a method of producing the
highest estimation performance with a small number of input factors through an evolution
algorithm was devised [42–46]. The input factors used were hillshade, air temperature,
cloudiness, and bridge location as shown in Figure 5 and Table 3.

A multiple linear regression equation was constructed using these four factors as
shown in Equation (1), and the parameters (A, B, C, D, and E) were optimized using the
evolution algorithm [42–46]. In the case of parameter D, the initial value was set to −1
to −2 over time through literature survey because its optimization through the evolution
algorithm was estimated to be insignificant.

Tr= f(Ta, H, Vc, Lb)= A ∗ Ta+B ∗H ∗C∗{(Vc − 10)∗ − 1}+D ∗ Lb+E (1)

The air temperature in Equation (1) is an integral value obtained by adding the
differential value over time to the initial value (Ta)t=0. The air temperature is calculated
using Equation (2).

Ta =
∫

(T a
′ )tdt + (T a)t=0 (2)

Hillshade in Equation (1) is an integral value obtained by adding the differential value
over time to the initial value Ht=0. Hillshade is calculated using Equation (3).

H =
∫

H′ tdt + Ht=0 (3)

Cloudiness in Equation (1) is an integral value obtained by adding the differential
value over time to the initial value (Vc)t=0. Cloudiness is calculated using Equation (4).

Vc =
∫

(Vc
′ )tdt + (Vc)t=0 (4)

The evolution algorithm mainly goes through the processes of initial set setting,
crossbreeding or mutation, fitness calculation, roulette model, and termination condition
checking. In this study, the termination condition of the evolution algorithm is when
the fitness function F(t) has the minimum value [42,46]. F(t) is the formula for the mean
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absolute percentage error value within modeling and expressed as Equation (5). At is the
actual value and Ft is the estimated value.

F(t) =
100%

n

t=13

∑
t=0

∣∣∣∣At − Ft

At

∣∣∣∣ (5)

Genes whose fitness was calculated are selected through the roulette function. When
selecting three chromosomes to select offspring, the global optimal solution cannot be
found if simply three chromosomes with the highest fitness are selected because it damages
chromosome diversity. The roulette function, a concept of probabilistic chromosome
selection, was used to address this problem. It is a concept of probabilistically selecting
certain chromosomes based on P(t) defined as shown in Equation (6). In Equation (6), N is
the number of chromosomes and F(t) is a function for obtaining fitness [42].

P(t) =
F(t)

∑N
i F(t)

(6)

The standard for estimating the minimum value of the fitness function F(t) for the
genes selected using the roulette function is when the value of F(t) is repeated within
0.000000001, which is the set value of minimum convergence. Figure 6 shows the schematic
of the evolution algorithm used for parameter optimization. The process of forming
chromosome groups Cc(t) and Cm(t) through crossbreeding and mutation of the first
three parent chromosomes, the fitness function, the roulette function, and the process of
determining the termination condition are shown [42,46]. For parameter training, a total of
98 train data of Suncheon, Jeollanam-do from 12 to 18 December 2018 were used. While
training was performed using the train data, the optimized parameters of A, B, C, D, and E
were derived when the termination condition was satisfied.
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The road temperature on 11 December 2018, which is the test set, could be obtained
by applying the optimized parameters, and it was compared with the meteorological data
(ground surface temperature) of the actual ASOS for verification. For the comparative
verification, the mean absolute percentage error of Equation (7), which was also used for
the fitness function, and the reliability of Equation (8) were used.

MAPE =
100%

n

t=13

∑
t=0

∣∣∣∣At − Ft

At

∣∣∣∣ (7)
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Reliability(%) = (1 − MAPE)∗100(%) (8)

2.4.2. Road Moisture

Road moisture is an important factor in the formation of road icing along with road
temperature [47]. When moisture forms on a road, a decrease in road temperature below
zero forms road icing. There are two cases in which moisture is formed on a road as follows.
Based on these, two input factors were derived. The input factors that affect the formation
of road moisture are precipitation (mass) and condensation.

• Case (1) when water is collected on a road by precipitation (Precipitation)
• Case (2) when water vapor condenses on a road as the road temperature drops below

the dew point (Condensation)

The formula to obtain road moisture using precipitation (mass) and condensation is
as follows. C is the condensation, MoP is the mass of precipitation, and Fr is the amount of
freezing water. The road moisture formed by precipitation and condensation freezes and
decreases.

Mr =
t=13

∑
t=0

(MoP + C − Fr)t (9)

The mass of precipitation in Equation (9) is the actual mass of precipitation per hour
on an area of 1 m2. This is expressed in Equation (10). P is the precipitation (mm) and MoP
is the mass of precipitation (g/m2).

MoP
(

g/m2
)
=

π r2P
10

(10)

The condensation in Equation (9) is calculated using the equation between the current
amount of water vapor in the atmosphere and the amount of saturated water vapor on the
road. The temperature of the water vapor contained in the atmosphere drops below the
dew point near the road surface, and condensation occurs. The content on condensation is
shown in Equation (11). C is the condensation (g/m2), E is the evaporation (g/m3), V is
the amount of vapor (g/m3), and Vs is the amount of saturated water vapor (g/m3).

C =
t=13

∑
t=0

(E + V − V s) (11)

For the evaporation in Equation (11), Dalton’s law formula based on Dalton’s aerody-
namic was used. It is a theory that the movement of water molecules from a free surface is
proportional to the vapor pressure gradient in the vertical direction [48]. This is expressed
in Equation (12). E is the amount of evaporation from the reservoir, es is the saturated
vapor pressure at the air temperature (mmHg), Pv is the actual vapor pressure at the air
temperature (mmHg), and Sw is the wind speed (m/s) at a height of 2 m from the water
surface (m/s) [48].

E = 0.345 ∗ (e s − Pv) ∗ (0 .5 + 0.54Sw) (12)

The amount of vapor (V) in Equation (11) is obtained using Equation (13). Pv is the
vapor pressure and Ta is the air temperature [49].

V = 217∗ Pv

Ta+273.15
(13)

Pv in Equation (12) is the vapor pressure, and it is entered into the model as an integral
value to which the differential values over time are added. This is expressed in Equation
(14). The integrated value Pv was obtained by adding the amount of change per time to
the initial value (Pv)t=0.

Pv =
∫

(P v
′ )tdt + (P v)t=0 (14)
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Sw in Equation (12) is the wind speed. It is entered into the model as an integral value
to which the differential values over time are added. This is expressed in Equation (15).
The integrated value Sw was obtained by adding the amount of change per time to the
initial value (Sw)t=0.

Sw =
∫

(S w
′ )tdt + (S w)t=0 (15)

2.4.3. Road Icing

When road temperature and road moisture are derived, road icing per hour can be
calculated [47]. The road icing model is basically expressed as an integral value for the
amount of change in freezing and thawing [50,51]. For freezing, the road temperature
and road moisture calculated above are involved. In the presence of road moisture, the
amount of change in freezing occurs if the road temperature satisfies certain conditions.
For thawing, Hillshade and air temperature are involved. A higher value of Hillshade
means larger exposure to sun energy [29,52]. In addition, when road moisture freezes, it
is affected by the air temperature because it rises to the top due to a reduction in density,
and more thawing occurs as its value increases. This is expressed in Equation (16). Ft is
the amount of change in freezing over time and Tht is the amount of change in thawing
over time.

RI =
∫
(F t

′ − Tht
′ )dt (16)

Contents on the amount of change in freezing, Ft, are shown in Equation (17). Ft is a
function of the road temperature (Tr), road moisture (Mr), and precipitation (P). The value
of Ft is determined according to the conditions of the precipitation and road temperature.
In the presence of precipitation, road moisture freezes when road temperature is below
1 ◦C. In the absence of precipitation, road moisture freezes when road temperature is below
0 ◦C.

Ft= f(Tr, Mr, P)t =

{
Mr ∗ −Tr+1

5 , (if P > 0 and T r < 1)
Mr ∗ −Tr+1

5 , (if P = 0 and T r < 0)
(17)

Contents on the amount of change in thawing (Tht) are shown in Equation (18). Tht is
a function of Hillshade (H) and air temperature (Ta). Tht is determined according to the
conditions of the air temperature. If air temperature is higher than 0 ◦C, thawing occurs in
proportion to the amount of Hillshade (0 to 254). If it is lower than 0 ◦C, no thawing occurs.

Tht= f(RI, H, Ta)t =

{
RIt−1 ∗ H

254 , (T a > 0)
0, (T a ≤ 0)

(18)

2.5. GIS Simulation of Road Icing

The amount of road icing generated per hour is modeled for all the sections of the
target highway in the unit of 1 m2. The total amount and location of road icing were
estimated and simulated on GIS by adding all generated values per hour from AM 00:00
to PM 13:00. The total amount of road icing is calculated using Equation (19). RIt=0..13 is
expressed in g/m2 and displayed in GIS, making it possible to estimate sections with a
number of road icing.

RIt=0..13 =
t=13

∑
t=0

FRt (19)

Road icing per hour is calculated by the Stock Flow Model as shown in the modeling
section of Figure 7. Calculated road icing is superimposed by hour on GIS, and the total
amount for 14 h, RIt=0..13, is obtained for each section of the highway.
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3. Results

Road temperature and road moisture were modeled for the Honam Highway in
Suncheon. Road icing was subsequently modeled, and the amount and location of road
icing were simulated on GIS. The modeling results for road temperature and road moisture
are shown in Section 3.1, while the results of modeling and simulating the amount and
location of road icing are presented in Section 3.2.

3.1. Modeling Results for Road Temperature and Moisture

Road temperature and road moisture are important factors in calculating the amount
of road icing generated per hour. Road temperature was trained using the evolution
algorithm. The results of the corresponding training set and test set are shown in Figure 8.
December 12th to 18th exhibited a degree of training of 95% on average. The accuracy of
the test set was found to be 91.88%. This was estimated to be a significant value because it
far exceeded the target value of 80% set in this study.
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Figure 9 shows the results of the road temperature. The average of the estimated
values at 18,583 road points was calculated and expressed as a graph along with the actual
road temperature values acquired from ASOS in Figure 9a. The reliability between the
estimated and actual values was calculated over time and expressed in Figure 9b. As
confirmed in Figure 8 above, reliability was calculated at 91.88%.
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Figure 10 shows the results of the road moisture. Average road moisture for 18,583
road points and the precipitation and condensation value that generate it were expressed.
Road moisture significantly increased from AM 9:00 at which point it began to rain and a
total amount of more than 700 g was maintained until PM 13:00. The average condensation
value was low because there were not many waterfront areas adjacent to the highway, but
high values were observed in some sections.
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3.2. Modeling and Simulation Results for Road Icing

The amount of road icing, which is the final result, was derived based on the results
of road temperature and road moisture obtained above. Figure 11 shows a graph on the
amount of road icing. It exhibited a maximum value of 213.62 g/m2 at noon and then
decreased. Thawing and freezing happened simultaneously, and the amount changed over
time due to the factors that cause road icing.
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The total amount of road icing was simulated on GIS [53] by reflecting the results
of Figure 11. The results are shown in Figure 12. These are the results of simulating the
total amount of road icing that occurred for 14 h on the Honam highway in Suncheon by
location. The generation of 360.082 to 1707.292 road icing was observed by location.
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4. Discussion

In this study, the road temperature and road moisture per hour were modeled, and
the amount of road icing generated per hour was obtained through these two factors. The
obtained amount of road icing per hour was added, and the sum of the amount for 14 h was
simulated by location on GIS. The road moisture formed a relationship with the freezing
road according to the road temperature. The freezing temperature of the road moisture
ranged from 1 to −10 ◦C depending on the presence of precipitation. In addition, as the
temperature decreased, road icing formed at a higher rate per unit time.

As can be seen from the cases in the introduction section, previous studies on road
icing estimation use simple numerical modeling to estimate the road surface temperature
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or weather conditions. In this study, however, the amount and location of road icing were
estimated as shown in Figure 12. Table 7 below compares the results of this study with
data of previous cases. All studies basically estimate road surface temperature, but they do
not estimate road moisture and road icing or estimate at the level of an index. In this study,
both road temperature and road moisture were estimated in numerical values along with
the location information, and the amount and location of road icing were simulated on GIS.

Table 7. Comparison of the results of this study with previous cases.

Case Road Temperature Road Moisture Road Icing GIS simulation
Estimation Form Estimation Form Estimation Form Performance Form

Case 1© [19]
√ Occurrence/non-

occurrence – – – – – –

Case 2© [20]
√

Value – Index
√

Index – –
Case 3© [21]

√
Value – Index

√
Index – –

Case 4© [22]
√

Value – – – – – –
Case 5© [23]

√
Value – – – – – –

This study
√ Value, location

information
√

Value,
location

infor-
mation

√
Value,

location
infor-

mation

√ GIS
layer

√
performed, – not performed.

To verify the validity of the model, road icing occurrence tendencies in vulnerable
sections with freezing traffic accident records were analyzed. Four sections were analyzed
as shown in the table below, and these are part of the Honam highway in Suncheon. The
names of each section were Jeobchijae (1), Jeobchijae (2), Ssangamjae (1), and Ssangamjae
(2). The four sections belong to line 25 of the Honam highway in Jeollanam-do, Korea. Each
of them has one to four freezing accident records attributed to morning shading [54]. The
related contents are shown in Table 8.

Table 8. List of sections vulnerable to freezing traffic accidents in Honam highway in Suncheon.

Section Name Management
Number Line Freezing Accidents

(Morning)
Regional

Characteristics
Minimum

Temperature

Jeobchijae (1) 287 Honam highway
line 25 3 to 4 Morning shading −3~0 ◦C

Jeobchijae (2) 288 Honam highway
line 25 1 to 2 Morning shading −3~0 ◦C

Ssangamjae (1) 289 Honam highway
line 25 1 to 2 Morning shading −3~0 ◦C

Ssangamjae (2) 290 Honam highway
line 25 1 to 2 Morning shading −3~0 ◦C

Figure 13 shows the locations of each section vulnerable to freezing traffic acci-
dents [53]. The corresponding zone was expressed by extracting the related areas and
dividing the road icing into 1 to 10 steps.

For all four sections, it was set in the scenario that freezing rain occurred from AM
9:00 to AM12:00. The monitoring period was set to the period between AM 10:00 and
AM 13:00 because the generation of road icing in the model was examined one hour
after the occurrence of freezing rain. As for the model validity verification method, the
upper tailed test method that uses the p-value after establishing the null and alternative
hypotheses was adopted [55]. The p-value is a test static probability value for judging that
the null hypothesis is wrong in the research model, i.e., a probability that a certain research
hypothesis (alternative hypothesis) exhibits a type 1 error (error that the null hypothesis
is wrong). If the research hypothesis is tested at the 95% confidence level, 0.05 (α, 5%) is
set as the significance level. If the p-value is lower than 0.05 (significance level, i.e., the
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probability that a type 1 error is allowed), the null hypothesis is rejected and the research
hypothesis is adopted. The null and alternative hypotheses were established as follows,
and the adoption of the alternative hypothesis was confirmed by calculating the P-value of
each section and comparing it with 0.05 (significance level) [56].

• H0: (null hypothesis) the model does not generate thin ice in the vulnerable area
(RI < 3 g/m3).

• H1: (alternative hypothesis) the model generates thin ice in the vulnerable area
(RI >= 3 g/m3).
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For null and alternative hypothesis testing, the p-value was calculated by conducting
the upper tailed test on the road icing formed under conditions below 1 ◦C after the
occurrence of freezing rain. The formula to obtain the Z-score that standardized the
performance value, X, is shown in Equation (20). X is the variable related to the amount of
freezing roads generated, µ is the average amount, σ is the standard deviation, and n is the
number of variables [56].

Z =
X − µ

σ√
n

(20)

When the p-value was calculated using the Z-score value in Table 9, the p-value was
lower than 0.05 in the four sections, so the null hypothesis was rejected and the alternative
hypothesis was adopted. In the upper tailed test results, the model estimated the amount of
road icing generated in the vulnerable sections where freezing accidents occurred, thereby
verifying the validity of the model.
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Table 9. Upper tailed test through the p-value in the sections vulnerable to freezing traffic accidents.

Section Name Freezing Rain Average Amount
(Freezing Rain) Z-Score p-Value

(One-Tailed)
Test

Results

Jeobchijae (1) AM9:00~PM12:00 135.77 (g/m2) 13.61 0.000010 (<0.05) H1 adoption
Jeobchijae (2) AM9:00~PM12:00 208.37 (g/m2) 2.01 0.022216 (<0.05) H1 adoption

Ssangamjae (1) AM9:00~PM12:00 142.56 (g/m2) 8.23 0.000010 (<0.05) H1 adoption
Ssangamjae (1) AM9:00~PM12:00 152.81 (g/m2) 2.08 0.018763 (<0.05) H1 adoption

5. Conclusions

In this study, modeling was performed through the system dynamics theory to es-
timate the amount and location of road icing, and the results were simulated on the
geographic information system (GIS). In the system dynamics model, the amount of road
icing per unit area (1 m2) was modeled by combining block diagrams in the causal order.
In this model applied per unit area, the amount and location of road icing for 14 h were
simulated by calculating numerical values differently depending on the specific values
(spatial and meteorological data) of each road section.

The upper tailed test through the p-value was then conducted in vulnerable areas
where actual freezing traffic accidents occurred, and the alternative hypothesis that the
model properly simulates the generation of thin ice in vulnerable areas was adopted.
Through this hypothesis testing, it could be estimated that the model properly simulates
the actual occurrence of road icing. Research was conducted on estimating the occurrence
of road icing through modeling in vulnerable areas, but freezing traffic accidents are caused
by many factors, such as the presence of slopes, signals, and curves, as well as a simple
degree of freezing on the road. In other words, although the model estimates the amount
and location of road icing, it has limitations in accurately selecting places vulnerable to
traffic accidents due to the omission of additional vulnerability factors. If calculation is
performed by adding the factors described above, such as slopes, signals, and curves, it
will be possible to estimate traffic accident vulnerability more accurately. The results can
also be compared with the data of actual points where traffic accidents occurred.

In the future, it is necessary to conduct further research on vulnerability by superim-
posing these factors in the form of a layer on GIS or calculating them along with parameters
in the system dynamics theory. This study is significant, as the location and amount of
road icing are simulated prior to risk evaluation. In addition, the results of this study can
be useful data for government agencies (e.g., road traffic authority) in managing traffic
accidents caused by road icing. If factors are reinforced and more accurate vulnerability
assessment is performed in the future, it will be possible to reduce manpower wasted
for surveys on vulnerable sections by selecting points where damage from road icing
is expected in advance. It will also be possible to efficiently implement structural and
non-structural measures at more accurate points.
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Appendix A

Table A1. The primary definition of a model.

Number Name Definition

1 RMSE ASOS SQRT(RUNSUM((‘Actual Road Temperature’[18583] −
’Estimated Road Temperature’[18583])ˆ2)/14)

2 RMSE SQRT(RUNSUM((‘Actual Road Temperature’ − ’Estimated Road
Temperature’)ˆ2)/14)

3 Condensation MAX(0, Atmospheric Moisture_1m above- Saturated Water Vapor
_Road)

4 Road Moisture MAX(0,RUNSUM(Condensation + Mass_Preci-Fr_Delay))

5 Lake Evaporation per Hour (mm) MAX(0,(0.345*(‘ Saturated Vapor Pressure_Air_mmhg’ − ’ Vapor
Pressure _Air_mmhg’)*(0.5 + 0.54*’Wind Speed’))/24)

6 Freezing

IF(‘Road Moisture’ < 0,0,1)*IF(Precipitation>0,’Road
Moisture’*IF(‘Road Temp’<=1,MIN(1,(−1*’Road Temp’ +
1)/5),0),’Road Moisture’*IF(‘Road Temp’<=0,MIN(1,(−1*’Road
Temp’ + 1)/5),0))//IF(‘Road Moisture’ < 0,0,1)*IF(Precipitation >
0,’Road Moisture’*IF(‘Road Temp’ < 1,1,0),’Road
Moisture’*IF(‘Road Temp’ < 0,1,0))

7 Thawing IF(‘Air Temp’ > 0,’Freezing Road’*(Hillshade/254),0)

8 MAPE
FOR(i = 1..18583|RUNSUM(ABS( (‘Actual Road
Temperature_Nor’ [i] − ’Estimated Road Temperature_Nor’
[i])/(‘Estimated Road Temperature_Nor’ [i]))/14))*100%

9 Mass of Precipitation FOR(i = 1..18583|RANDOM (0.98, 1.02, 0.5/i)) *
(100*100*Precipitation*0.1)

10 Road Temperature

FOR(i = 1..18583|RANDOM (0.98, 1.02, 0.5/i)) * (‘Air
Temp’*’Weigh_Air Temp’ +
Weight_Hillshade*Hillshade*(((‘Cloudy’-10)* −
1)*’Weight_Cloudy’) + Weight_Bridge*Loacation_Bridge +
Constant)

11 Saturated Vapor Pressure (Road) 6.1078*10ˆ(7.5*’Road Temp’/(‘Road Temp’ + 237.3))

12 Saturated Vapor Pressure
(Air) 6.1078*10ˆ(7.5*’Air Temp’/(‘Air Temp’ + 237.3))

13 Saturated Water Vapor
(Air) 217*(‘Saturated Vapor Pressure _Air’/(‘Air Temp’ + 273.15))

14 Saturated Water Vapor
(Road) 217*(‘Saturated Vapor Pressure _Road’/(‘Road Temp’ + 273.15))

15 Atmospheric Moisture
(1m above)

217*(‘Vapor Pressure’/(‘Air Temp’ + 273.15)) + ‘Evaporation g
per m3’

16 Evaporation
(g/m3) 100*100*’ Lake Evaporation per Hour _mm’*0.1*’River Sys’

17 Weight_Bridge −1 − (1*(TIME/13))//−(((TIME+3)/16)*2)//
//IF(TIME<9,−1,IF(TIME<14,−2,0))

18 Relative Humidity (‘Vapor Pressure’/ ‘Saturated Vapor Pressure’)*100
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