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Abstract: Ice formation on roads leads to a higher incidence of accidents and increases winter de-
icing/anti-icing costs. This study analyzed 3 years (2019-2021) of Road Weather Information System
(RWIS) sub-hourly measurements collected by the Montana Department of Transportation (MDT) to
understand the first-order factors of road ice formation and its mechanisms. First, road ice is formed
only when the road pavement surface temperature is equal to or below the freezing point (i.e., 32 °F
(i.e., 0 °C)), while the corresponding 2 m air temperature could be above 32 °F. Nevertheless, when
the road pavement was below 32 °F ice often did not form on the roads. Therefore, one challenge is
to know under what conditions road ice forms. Second, the pavement surface temperature is critical
for road ice formation. The clear road (i.e., with no ice or snow) surface pavement temperature
is generally warmer than the air temperature during both day and night. This feature is different
from a natural land surface, where the land skin temperature is lower than the air temperature on
cloud-free nights due to radiative cooling. Third, subsurface temperature, measured using a RWIS
subsurface sensor below a road surface, did not vary as much as the pavement temperature and,
thus, may not be a good index for road ice formation. Fourth, urban heat island effects lead to black
ice formation more frequently than roads located in other regions. Fifth, evaporative cooling from
the water surface near a road segment further reduces the outlying air temperature, a mechanism
that increases heat loss for bridges or lake-side roads in addition to radiative cooling. Additionally,
mechanical lifting via mountains and hills is also an efficient mechanism that makes the air condense
and, consequently, form ice on the roads. Forecasting road ice formation is in high demand for
road safety. These observed features may help to develop a road ice physical model consisting
of functions of hyper-local weather conditions, local domain knowledge, the road texture, and
geographical environment.

Keywords: road weather; air temperature; pavement surface temperature; skin temperature; road
ice formation

1. Introduction

Ice or snow on the roads leads to low speeds, traffic congestion, and accidents [1,2]. The
risk of vehicle crashes significantly increases in the presence of winter precipitation [3-5],
with 18% occurring during snow or sleet, 13% on icy pavements, and 16% on snowy
or slushy pavements among all weather-related car accidents (FHWA, https://ops.fhwa.
dot.gov/weather/ql_roadimpact.htm (accessed on 24 April 2024)). Specifically, a U.S.
federal highway administration report disclosed that, over a 10-year period (2002-2012),
540,000 car collisions—10% of collisions annually—were caused by winter weather, with
150,000 car-related injuries and 1900 car-related fatalities [6]. Furthermore, state Depart-
ments of Transportation (DOT) spent USD 2.3 billion each year for de-icing/anti-icing
treatment operations on the roads. Anti-icing is the process of adding materials on the road
before ice forms to prevent ice from bonding to the pavement and de-icing involves melting
ice from the top down after ice forms [7]. Environmental Protection Agency (EPA) states

Climate 2024, 12, 63. https:/ /doi.org/10.3390/cli12050063 https:/ /www.mdpi.com/journal/climate


https://doi.org/10.3390/cli12050063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/climate
https://www.mdpi.com
https://ops.fhwa.dot.gov/weather/q1_roadimpact.htm
https://ops.fhwa.dot.gov/weather/q1_roadimpact.htm
https://doi.org/10.3390/cli12050063
https://www.mdpi.com/journal/climate
https://www.mdpi.com/article/10.3390/cli12050063?type=check_update&version=1

Climate 2024, 12, 63

20f19

that effective anti-icing treatment for icy road typically requires up to 75% less materials
throughout the storm cycle compared to de-icing after weather events [3]. Consequently,
using the anti-icing approach can save 30% to 90% of winter maintenance costs compared to
using the de-icing approach. The “Winter Parking Lot and Sidewalk Maintenance Manual”
used in Minnesota states that anti-icing treatments applied in advance of stormy weather
often cost only one-tenth of the de-icing operation cost implemented after a storm (source:
Sima.org). Therefore, knowing when and where road ice will occur is highly desired by
state DOTs for both road safety enhancement and winter road maintenance cost reduction.
Moreover, less de-icing chemical used on the road also reduces soil and water pollution [9].
For example, the health of trees is affected by de-icing pollution in soils [10]. Therefore,
state DOTs seek icy road forecasts to perform road ice treatment with the highest efficiency
and least impact.

Unfortunately, few studies have been conducted to understanding road ice forma-
tion mechanisms, partly because of the lack of observations. As a result, forecasting the
occurrence of road ice is challenging since modeling requires a deep understanding of
the ice formation processes and local weather conditions. Water and sub-freezing surface
temperatures seem to be the two key parameters for ice forming on roads; however, wind
is also an important parameter that reduces the surface temperature. Winter storms, which
generally comprise all three of these parameters (temperature, water, and wind) as well as
heavy snow and freezing rain, can lead to icy roads. Apart from the weather conditions,
road texture and geographic conditions also affect ice formation. For example, bridges or
road shoulders with even a slight slope can form ice more easily under optimal tempera-
ture and water conditions due to micro-scale turbulences near the ground [11]. Black ice
formation on roads is a critical issue but has rarely been studied due to extreme limits of
data availability. Dense vegetation nearby the road is reported to delay ice formation [12].
Black ice formation on roads is a critical issue but has rarely been studied due to extremely
rare data availability. Black ice is a thin layer of transparent ice formed on the road surface.
It is almost invisible to the human eye and, therefore, in particular dangerous for drivers.
Toms et al. [13] suggested that hoarfrost may be one of the key mechanisms of black ice,
since hoarfrost occurs when the water vapor pressure of the air is higher than the saturation
vapor pressure at the given air temperature [14] and, thus, deposits onto the road surface.
Furthermore, clouds affect road surface ice formation since, when low clouds are absent,
downward longwave radiation from a minimal high- or mid-level clouds base occurs at a
lower temperature compared to the cloud-base; consequently, surface radiative cooling is
stronger than during a low-cloud-covered night—favorable for ice formation [15-17]. In
addition, shading effects, due to trees, mountains, and buildings, on road surface conditions
have been reported [18].

Three mechanisms have been hypothesized to be responsible for road ice formation
without snowfall: (1) Freezing of pooled rainwater. Rain can be in liquid form during
daytime hours but freezes overnight as temperatures decrease [19-21]. (2) Freezing of
condensed water from the air onto the ground. Water vapor can condense onto rough
road surfaces in sub-freezing temperatures. This process is called frost or hoarfrost [14,22].
(3) An alternative mechanism is that snow accumulating on roads melts and then refreezes
when the temperature drops (e.g., snow melt that refreezes). Crevier and Delage [23], fol-
lowing a few others [18,24-28], developed a road physical model (METRo) from three parts:
road surface energy balance, heat conduction in road materials, and water budget and
energy change in phase change. Toms et al. [13] simulated road ice from three mechanisms:
hoarfrost, freezing fog, and frozen precipitation [12,14,29-31]. Machine learning has re-
cently been used as an independent forecasting model to predict road ice [32]. Nevertheless,
due to limited availability of road weather observations, research on road ice formation
mechanisms is still limited and, thus, analyzing the available observations seems to be the
first step to better forecast road ice. Recently, drone technology was used as a new research
approach to remotely detect road ice [33] at spectral wavelengths.
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Human activities significantly affect the natural climate system, and these effects must
be adequately included in a weather forecast model [34]. Road and traffic are human
impacts that currently are not represented in the NOAA operational weather forecasting
model (Shepherd, personal communication, 2022). To this end, the first step is to learn
from the observations. Ground measurements from the Road Weather Information System
(RWIS) have been analyzed to understand ice formation conditions [35,36]. Our research
presented here analyzed 3-year winter RWIS measurements collected from Montana high-
ways. Key findings of this study include the following: the road pavement skin was equal
to or below the freezing point (i.e., 32 °F) for ice to form. Nevertheless, there were times
when road ice did not occur, even when the road pavement was below 32 °F. In addition,
evaporative cooling effects related to the river and bridge crossings contribute to road
ice formation there. The relative importance of the radiative cooling and the evaporative
cooling processes should be studied. Furthermore, the urban heat island effect may con-
tribute to less rainfall /snowfall at the downwind roads, but black ice frequently occurred
there. These new understandings would be useful to develop a physical model for road
ice forecasting.

This study focuses on the pavement surface and 2 m air temperature relations to assess
the impacts of different land covers (i.e., mountain, bridge, city, and rural), elevation, lakes,
and precipitation variations on road ice formation. Section 2 discusses the research data
and approach. Section 3 presents the results and scientific interpretation. Section 4 presents
the final remarks and future research needs.

2. Research Approach
2.1. Terminology
Road Pavement Surface Temperature, 2 m Air Temperature, and Skin Temperature

There are two kinds of surface temperatures measured using the RWIS sensor and
studied in this analysis. The first is the 2 m air temperature, traditionally measured using
a thermometer at the Stevenson screen-shelter of the weather stations at 1.5 m to 2 m
height from the ground. This variable is predicted using weather forecasting models and
is the normal surface temperature weather forecasting channels report. The second is the
road pavement surface temperature, which is a critical condition to determine whether snow
will accumulate on a road surface. At a RWIS site, the pavement surface temperature is
measured using a thermal conductivity sensor embedded in the road pavement.

Skin temperature—a radiometric temperature, by definition, measured via remote
sensing from thermal infrared emission as a function of the ground temperature [37,38]. On
a clear road, the road surface pavement temperature measured via RWIS is equivalent to
the skin temperature in magnitude. On snow-covered or iced roads, the skin temperature is
the one at the top of the snow layer/ice layer, while the road pavement temperature is the
temperature underlying the snow-cover/ice layer. It is expected that on snow-covered /iced
roads the skin temperature differs from the pavement surface temperature. Nevertheless,
there is no research that has been conducted to identify the detailed relations between skin
temperature and road pavement surface temperature on snow-covered/iced roads [39].

Skin temperature and 2 m air temperature are the variables simulated in the weather
forecasting model in NOAA [40]. Nevertheless, only 2 m air temperature is accessible to the
public. Skin and 2 m air temperatures have high correlation due to surface boundary-layer
energy and momentum distribution processes [41,42]. It is desirable to study the pavement
surface temperature, skin temperature, and 2 m air temperature in an icy road condition.

Black Ice is vaguely defined in the literature. It normally refers to an invisible layer of
ice on the road. In this study, black ice is defined as a road ice occurrence when there is no
precipitation for the previous 48 h. Therefore, the water source for black ice to form most
likely comes from condensation of air moisture or old-snow melting and then refreezing.
Consequently, the ice layer is thin and unexpected. Such a definition of black ice might be
inaccurate and requires further research.
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Refrozen Ice refers to the situation where snow accumulated at the road surface melts
after absorbing solar radiation or heat fluxes via traffic and then refreezes when the air
temperature is reduced.

2.2. Theory Background

The land surface skin temperature and air temperature are the two critical parameters
determining surface-boundary layer energy exchanges [17]:

(1 — )Sq + LWy — e0Tgun* + SH + LE + G = 0. (1)

Equation (1) denotes the land-surface energy budget for bare surface, representing
one of the governing equations for all land-surface models. The parameter « is the surface
albedo; S4 is downward shortwave radiation; LW, is downward longwave radiation from
the atmosphere to the land surface; ¢ is the surface emissivity; o is the Stefan-Boltzmann
constant; Tgy, is the skin temperature; and SH, LE, and G are sensible heat flux, latent heat
flux, and ground heat flux, respectively, which are all functions of Tgy,. As described in
the land-surface energy budget Equation (1), skin and air temperatures are both needed to
calculate sensible and latent heat fluxes. The skin temperature also determines the surface
upward longwave radiation. Consequently, the land-surface modelers must know how skin
and air temperatures vary to be able to efficiently simulate land surface-soil-atmosphere
interactions. Equation (1) does not include the thermodynamic processes related to road
surface snow and ice heat storage, melting, and refreezing. Toms et. al. [13] recommended a
simple road physical model to further consider the mass-change-induced hydrological and
thermal budget [43]. Wang et al. [44] used a snow surface energy model that included snow-
and precipitation-induced energy redistribution. They further simulated the interactions
among the longwave radiation of clouds, turbulence, and snow surface temperature.

The road is a unique human-made surface. A two-lane road with shoulders (Figure 1b),
as an example, shows a slight cross slope and shoulder slope to ensure that water does
not accumulate on the road center. The roadway is covered by an asphalt or concrete layer
(Figure 1a). The thickness of this layer varies between 4 and 12 inches (10-30 cm). In
Montana, 10 percent of the highway system is paved with concrete and a report discloses
that 60 percent of U.S. highway is concrete of 11 inches thick (28 cm, https://pubs.usgs.gov/
fs/2006/3127/2006-3127.pdf (accessed on 24 April 2024)). Below this layer is an aggregate
layer, composed of washed 3/8” minus washed aggregate. This layer ranges from 21 to
36 inches (53 to 91 cm). Under this layer is a compacted natural soil layer. The thickness
of each layer depends on the type of roadway, the loads on the roadway, and whether the
asphalt/concrete is applied over an aggregate base. Roadway friction changes over time
due to surface degradation and many efforts are ongoing to forecast this variable [45,46].
With the age of road and traffic load, cracks occur and new asphalt/concrete may be
placed. Consequently, the pavement surface albedo, emissivity, heat conductivity, and
hydraulic conductivity, which are the parameters important for a road physical modeling,
are changed. These variables, unfortunately, are not well recorded. Road segments and
their underlying modified soil properties are not currently included in land modeling [47].

For the road pavement, all underlined terms in Equation (1) are modified and are, thus,
different from a natural land surface. Specifically, the road pavement surface is essentially
waterproofed (in fact, the road asphalt surface is not completely waterproof, but one might
consider it as waterproof in the first order), and the latent heat flux can be ignored unless
the road surface is covered by water, snow, or ice. Furthermore, the albedo, roughness,
and heat capacity of a road surface are modified, resulting in a very different relationship
between skin and air temperatures than on a natural land surface.

In addition to the natural physical process modified as underlined in Equation (1), a
new process, anthropogenic heat flux, needs to be added into Equation (1) for roads. This
term is a function of traffic load. Various studies have been conducted to collect or simulate
traffic-induced heat [48].
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Figure 1. (a). Concept profile of cross section of highway. (Modified after https://pubs.usgs.gov/fs/
2006/3127/2006-3127.pdf (accessed on 24 April 2024)). (b). A typical section or roadway for two-lane
road with shoulders (Source: https://www.mdt.mt.gov/business/contracting/detailed-drawings.
aspx (accessed on 24 April 2024)).

The skin temperature in Equation (1) determines the upward longwave emission from
the top thin layer of the surface, following the Stefan—Boltzmann law. Over a city, the
skin temperature is significantly changed by human-made surfaces in terms of albedo
(Jin et al. [42], leading to the urban heat island effect [38]. Roads, as part of the urban
system, contribute to the UHI by reducing soil moisture and surface albedo. Roads in
rural regions also have unique surface temperature features that differ from a natural
land surface, as determined by the changed physical parameters (albedo, heat capacity,
emissivity, waterproof, etc.) in Equation (1). In this study, the pavement surface temperature
is employed when discussing the RWIS observations, although skin temperature is used in
the energy budget Equation (1).

2.3. Study Area and RWIS Site Observations

The study area is in the State of Montana, USA, which owns 73 RWIS sites (Figure 2a).
The RWIS is a road-embedded, ground-based sensor network developed by Departments
of Transportation to measure three different types of weather information: atmosphere
information (including air temperature, wind speed and direction, precipitation amount
and type, and visibility), ground pavement information (including road pavement tem-
perature, pavement wet/snow /icy status, and pavement chemical concentration), and
subsurface temperature. In the Montana RWIS network, the subsurface temperature is
approximately 17 inches (43 cm) below the top of the pavement, measured using subsur-
face sensors placed to monitor frost depth. Each state may put their subsurface sensors at
slightly different levels.
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Figure 2. (a) Shows the locations of the 73 RWIS sites with the selected site shown in red. (b) Presents
the observed air temperature (in red) measured using the RWIS sensor and the North American
Mesoscale Forecast System (NAM) model forecasted surface 2 m air temperature (in green). Selecting
different RWIS sites from the window, (a) displays corresponding observations measured at the
selected site and corresponding NAM model forecast. (a) was built based using Google Maps. The
blue dashed line in (b) is 32 °F (i.e., 0 °C).

The Montana Department of Transportation (MDT) has 73 RWIS sites, but only data
from 63 sites were collected due to sensor failures at some sites. These 63 RWIS active sites
observe atmosphere and pavement conditions at an averaged 5 min interval. Definitions of
RWIS variables are given at https://mdt.mt.gov/travinfo/atms-glossary.aspx (accessed
on 20 April 2024). Sensor details can be found at Ewan and Al-Kaisy [35]. This study
analyzed 3 years of data from 2019 to 2021, collected at 63 RWIS sites from rwis.mdt.mt.gov
(accessed 30 April 2024). Observation data were quality controlled by removing errors or
missing values. Data flagged as “chemical wet” were also removed, as this study focused
on real road ice conditions without de-icing chemical material effects. Java script code was
developed to collect data from RWIS sites and process these data automatically. The RWIS
data were then saved in an online cloud-based database, enabling web-based automatic
data analysis for all RWIS sites.

2.4. Modeled Air Temperature vs. RWIS Observations

Figure 2b compares RWIS hourly averaged measurements with a North American
Mesoscale Forecast System (NAM) model forecast in order to show the limits of current
model performance. Site Bearmouth I-90 MP Missoula is selected in red (Figure 2a), and
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hourly averaged 2 m air temperature and model simulations from NAM218 (NAM is
the North American Model; NAM218 represents the 12 km resolution model outputs
publicly available at https:/ /www.nco.ncep.noaa.gov/pmb/products/nam/ (accessed
30 April 2024). In this paper, we only use NAM218 as an example to validate weather
forecasting using RWIS observations. We do not further discuss how to improve NAM218
or other models that are beyond the scope of this paper. The 2 m air temperature was
directly downloaded from the NOAA /NCAR model output publishing website. There-
fore, no special separation on vegetation vs non-vegetation treatment was performed) for
January-March 2020 are compared and visualized (Figure 2b). Evidently, the NAM218
model efficiently simulated diurnal variations in the air temperature using a Pearson’s
correlation coefficient of 0.87. However, it underestimated the air temperature for most
days by an average root mean square (RMS) of 2.2 °F. Such an underestimation may lead
to poor forecasting on road ice formation. Furthermore, NAM model outputs were down-
loaded from the government website for public access. The 2 m air temperature is an
averaged variable for both vegetated and non-vegetated sub-areas within a model grid.
Therefore, the differences between RWIS and NAM air temperature may be induced, in
part, by the vegetation coverage in the model. Consequently, it is inaccurate to directly use
weather-model-forecasted 2 m air temperature to represent the road surface air temperature.

3. Results

Data used in this section are from sensor measurements collected at the RWIS sites in
Montana from 2019 to 2021. The goal is to understand the important factors that contribute
to road ice occurrence and, thus, understand the possible mechanisms of road ice formation.
Due to the limits of observations, the factors disclosed below may only be part of the ice
formation mechanisms and the relative importance of each factor cannot not be assessed.

3.1. Road Ice, Surface Air, and Pavement Surface Temperatures

The MacDonald Pass site in Lewis and Clark County, Montana is located in a high-
mountain region with an elevation above 6320 feet (1926 m). Ice on the road formed
more than 90% of the days in January 2020 (Figure 3a). A total of 77.5% of the time, road
ice occurred at the same time as snowfall, partly due to synoptic weather systems and
partly due to local convection induced by the mountain lifting mechanism. Additionally,
snow blowing from nearby regions onto the RWIS on-ground instrument was also another
common feature. The Pearson’s correlation coefficient between the pavement surface and
the 2 m air temperatures was 0.85. Nevertheless, the air temperatures changed more
rapidly than the road pavement surface temperatures, suggesting that the approaching
weather system more rapidly affected the air than the pavement. When ice occurred on this
high-mountain site (as shown in Figure 3a), the air sometimes was colder but sometimes
warmer than the pavement.

The Bozeman Pass, MT had black ice occurrences more frequently than other regions
(Figure 3b). The elevation of the Bozeman Pass station is 5748 feet (1752 m), which is similar
to the MacDonald Pass. Nevertheless, this site is located in a canyon about 10 miles east of
Bozeman, a city in the southwest of Montana with a population of 49,631 in 2019. Given
that the city affects downwind region precipitation [49], the urban heat island effect in the
Bozeman city might be partly responsible for no rainfall/snowfall at this RWIS site during
January and March 2020. Nevertheless, ice at road surfaces still occurred ~80% of the
time (Figure 3b), due to strong radiative cooling at the surface, low surface temperatures,
and abundant water vapor in the atmosphere. Furthermore, inter-annual variations on
ice formation were evident, with snowfall in March 2019 for only 7 days but black ice
occurring on about 24 days (Figure 3c). This finding suggests that, at this close-to-city site,
road ice formation might be affected by the upwind urban regions. Moreover, road surfaces
were generally warmer than the 2 m air by 1-20 °F (i.e., —17.2 °C to —6.7 °C) with evident
diurnal variations, partly due to anthropogenic heat flux from traffic and partly due to
the modified physical properties of the paved materials (e.g., albedo, thermal emittance,
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thermal conductivity, specific heat, and surface roughness). The road pavement being
hotter than the air during the day and night was an important, unique feature and was in
contrast with the well-established understanding that during a clear night the natural land
surface is colder than the 2 m air temperature due to radiative cooling [22,24]. In addition,
during March 2019, the correlation coefficient between the air and the pavement surface
temperatures was 0.88. When road ice occurred, the precipitation in the last 3 h was 21.8%,
in the last 6 h it was 34.4%, and in the last 24 h it was only 58.4%. Namely, about 40% of
road ice occurred when there was no snowfall/rainfall during the past 24 h.
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Figure 3. RWIS observations on (a) MacDonald Pass, a mountain site, January 2020; the dashed black
line is 32 °F (i.e., 0 °C). (b) Bozeman Pass, MT, a site at canyon 10 miles east of city Bozeman for
March 2020; (c) is the same as (b) Bozeman Pass, MT, except occurring in March 2019; and (d) is Gray
Cooper Bridge, near the city of Great Falls for January 2020. The x-axis gives the temperature data
entries; the y-axis is the 2 m air temperature (unit in °F). The green star marks precipitation. Only
data when the road status was reposted as “ice warning/ice watch” were analyzed here. RWIS data
have intervals of about 5-10 min. The data are available at https://rwis.mdt.mt.gov (URL accessible
on 30 April 2024).

The road surface was very cold at the Gary Cooper bridge (Figure 3d), a site located
above a river, with temperatures below 20 °F (i.e., —6.7 °C) in more than half of the month,
with 6 days even falling below 0 °F (13-17 January 2020). Black ice also occurred during
January 2020, for example, at the 800-1300 time-steps on the x-axis (Figure 3d). Most of
these extremely low temperatures occurred after midnight and lasted to early morning
before sunrise. This was partly due to no ground heat flux being transported from the
underlying air layer to the bridge and partly due to the bridge deck losing longwave
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radiation to the two air layers above and below; consequently, the bridge surface lost heat
more rapidly than other surfaces after sunset. Another cooling mechanism on the bridge
was evaporative cooling, as the water surface of the river under the bridge absorbed energy
from the outlying air layer leading to evaporation, which was an unique mechanism for
bridges above water. The low temperature and abundant water vapor in the atmosphere
above a water bridge were the two favorable factors for ice/black ice to occur on a bridge.
Furthermore, the bridge road surface temperatures are sometimes lower than the 2 m
air temperature, for example, around data record 1000 on the x-axis. On these days, air
temperatures were above 32 °F (i.e., 0 °C), whereas bridge road surface temperatures
were below 32 °F and, consequently, ice formed. This suggested that, even with the air
temperature above the freezing point, the determining factor was the road pavement surface
temperature, which was below 32 °F (i.e., 0 °C). More importantly, on the bridge, 79.5%
of the ice formed when there was snowfall at the same time. The Pearson’s correlation
between the air and pavement surface temperatures was as high as 0.97, indicating a
close coupling.

3.2. Rural Land Effects

Avon North is a rural site at an elevation of 5805 feet (1550 m) in Montana with nearby
land cover of cropland, as shown in the left lower corner of Figure 4a. In the same month
of January 2020, while MacDonald Pass had a 0.85 correlation coefficient between the road
pavement surface and air temperatures (Figure 3a) and Cary Cooper Bridge had a high
correlation of 0.97 (Figure 3d), the Avon North site had a 0.90 correlation coefficient. For
all road ice presenting times, 88.6% of road ice occurred when there was no precipitation
at the same time. A total of 30.3% of the time, precipitation events occurred in the past
6 h and 55% of the time there were precipitation events in the last 24 h. Furthermore, the
2 m air and pavement surface temperatures both had similar diurnal variation patterns
controlled by the surface energy budget (Equation (1)).

At the Avon North location, the road had ice when the road pavement temperature
was equal to or below 32 °F (Figure 4b), regardless of snowfall/precipitation (i.e., the green
markers). Nevertheless, the RWIS instrument reported road “ice” vs. “wet” as a function
of the road surface temperature. Namely, based on the RWIS instrument manual, the road
state is “ice warning” when the road temperature is below or equal to 32 °F (i.e., 0 °C). If
the road is above 32 °F (i.e., 0 °C), the sensor reports “wet” for the road surface status. It
seems that this 32 °F is a designed pre-set threshold in the RWIS engineering algorithm.
This threshold, nevertheless, seems to be consistent with the physics because the ice-water
mixing liquid has a temperature of 32 °F (i.e., 0 °C); when a road surface is next to ice-
water mixing liquid, the road pavement reaches thermal equilibrium and has the same
temperature of 32 °F (i.e., 0 °C). If the road surface is covered by un-melted snow, it may
have an even lower temperature than 32 °F (i.e., 0 °C).

The air temperature could be above 32 °F (i.e., 0 °C; dashed vertical line in Figure 4b),
even when road ice occurred. All other sites analyzed showed a similar pattern, suggesting
that the road pavement temperature may be a better ice index than the air temperature:
when the road pavement surface is warmer than 32 °F (i.e., 0 °C) the road cannot have ice.
Nevertheless, whether this 32 °F threshold is induced by the RWIS sensor built-in reporting
algorithm requires further research using independent instruments.

The pavement surface was normally warmer than the 2 m air (i.e., above the purple
line in Figure 4b), but, from time to time, the former could be colder than the latter.
However, upon snowfall (i.e., the green markers), the pavement was covered by ice/snow
and mostly had the same temperature as the air. In addition, when the air was colder than
10 °F (i.e., —12.2 °C) or the pavement colder than 15 °F the road always had ice.
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Avon North, Butte, MT Icy Road Temperatures
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Figure 4. RWIS observations at Avon North site of Montana. (a) Time series for all ice reported
times with the road pavement surface temperature, 2 m air temperature, and precipitation time for
January 2020. The green star denotes when precipitation occurred. (b) The road pavement surface
temperature vs. the 2 m air temperature, with blue representing all road ice without precipitation
occurrence and green for road ice with precipitation. The vertical and horizontal dashed lines mark
32 °F (i.e., 0 °C) on both axes.

3.3. Urban Heat Island (UHI) Effects and Road Ice in Proximity to a City

At a site 10 miles eastward of 1-90, namely, downwind of city Bozeman, the urban
heat island effect (UHI) may affect this location in two ways: first, the road pavement was
warmer than the air most of the times, since most of the observations fell on the left side
of the purple line (Figure 5). The minimum pavement temperature was as low as 14 °F
(i.e.,, —10.0 °C). This result is consistent with the previously observed feature in March 2019
(Figure 3c). Second, there was no precipitation at any time in March 2020, but the road
still had ice. Cities alter the frequency and intensity of precipitation [43] and lead to black
ice occurrence.
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Bozeman Pass, Bozeman, MT, Icy Road, March 2020
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Figure 5. The road pavement surface temperature and the 2 m air temperature relations in March 2020
for icy roads on Bozeman Pass site, Montana. The sub-hourly measurements from the RWIS site
road-embedded sensor are analyzed. Dashed line marks 32 °F (i.e., 0 °C).

Cold surface air does not always guarantee road ice formation. On some days in
March 2019, the air temperatures were below 20 °F (i.e., —9.4 °C) and still no ice formed
at the Bozeman Pass site (Figure 6). During these times, the pavement temperatures were
close to or above 32 °F (i.e., 0 °C). This suggests, again, that the pavement temperature
may be the determining threshold for road ice to form. Furthermore, on these no ice
but cold days, there was a clear decoupled phase between the 2 m air and the pavement
temperature diurnal variations, compared to the icy days (Figure 3c) when the pavement
and air temperatures had similar diurnal variations in terms of diurnal variation and
diurnal range. More importantly, even when the pavement temperature was below 32 °F
(i.e., 0 °C), the road did not form ice (for example, around the time point 470 on the x-axis
of Figure 6, the pavement temperature was even around 20 °F (i.e.,, —6.7 °C) but no ice
occurred). A decoupling of diurnal variations of the pavement and the air temperatures
found for no ice roads, if confirmed by other sites, might be an important feature. Such
a decoupling feature might be due to DOT anti-icing treatment. Therefore, it would be
important to include anti-icing/de-icing impacts in the road ice forecast.

3.4. Icy Bridge Temperatures with Monthly Variations

The bridge pavement can be significantly colder than other non-bridge sites (Figure 3d).
When precipitation occurred (i.e., green markers in Figure 7) the pavement surface was con-
sistently warmer than outlying 2 m air temperatures but was always below 32 °F (i.e., 0 °C).
Furthermore, the air temperature changed more than the pavement. For example, the
air temperatures varied from 0 to 45 °F (i.e., 7.2 °C) in February and from 0 to 32 °F
(i.e., 0 °C) in March, while the pavement temperature was always between 5 and 32 °F
(i.e., =15.0 C to 0 °C) in March (Figure 7b). Such monthly variations in these two tempera-
tures were evidently due partly to synoptic weather systems.
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Gary Cooper Bridge, MT, Icy Road, February 2020
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Figure 6. The road pavement surface temperature (blue line), 2 m air temperature (purple dash line),
and precipitation (green marker) for no ice road during March 2019 for Bozeman Pass, MT. The data
are RWIS sub-hourly observations. Only no ice times are sampled and analyzed.
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Figure 7. Gary Cooper Bridge for ice-occurrence cases in (a) February 2020 and (b) March 2020. Data
are from RWIS site Gary Cooper Bridge, Montana. Only icy road cases were analyzed. The green
markers depict precipitation-occurring times and blue markers depict no precipitation occurring at
the same time.

3.5. Subsurface Temperature Variations and Effects

The subsurface temperature varied by a significantly smaller magnitude than the
pavement surface temperature and the 2 m air temperature, in both the diurnal range
and on the monthly scale (Figure 8). This was due to the large heat capacity and hydro-
conductivity of the top concrete/asphalt layer as well as the natural aggregate layer; thus,
little heat energy transported to the subsurface layer. During January 2020, the subsurface
temperature varied by about 25-30 °F (i.e., —3.9 °C to —1.1 °C) on the MacDonald Pass
site (Figure 8a), with the similar range at the Bozeman Pass site (Figure 8b). Bozeman
is a near-city site and had no precipitation during January 2020. MacDonald Pass is a
mountain site where 77.5% of the time there was precipitation when road ice formed. This
small change in the subsurface temperature seems to be consistent across RWIS sites and
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indicates that this variable cannot reflect the rapid changes in the road surface and, thus,
should not be used as a good index to forecast road ice formation.

MacDonald Pass, Butte, MT Icy Road Temperatures
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Figure 8. Subsurface temperature, pavement surface temperature, air temperature, and precipitation
for (a) MacDonald Pass, MT in January 2020 and (b) Bozeman Pass, MT in January 2020. Observations
were from RWIS sites for only road-ice-occurring times.

3.6. Relative Humidity (RH) and Road Ice Formation

The MacDonald Pass site, a mountain site with an elevation above 6000 feet, showed
clear diurnal variations in pavement temperature, air temperature, and dew point as
functions of solar radiation, precipitation, and cloud cover (Figure 9) upon the occurrence
of ice at this site. The relative humidity (RH) varied from 23 to 100%, indicating that, on this
road segment, ice formed on the road no matter whether the RH was high or low. Therefore,
RH and the dew point were not strong indicators of road ice occurrence. Similar results
for RH were also observed at other RWIS sites. In addition, when the road surface was
covered by snow or ice the pavement was occasionally colder than the air. Nevertheless,
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this colder-than-air pavement temperature did not seem to be related to RH, subsurface
temperature, or wind speed.

MacDonald Pass, Butte, MT Icy Road Temperatures
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Figure 9. Ice cases for MacDonald Pass site, MT, in January 2020. The road pavement surface
temperature, 2 m air temperature, dew point, RH, and precipitation presence are shown. Dashed
black line depicts 32 °F (i.e., 0 °C). This figure is similar to Figure 2a, except that RH and dew point
data are displayed.

3.7. Lake Effect

The Georgetown Lake site (Site ID: 267009) is a next-to-lake RWIS site at Montana
Highway 1 MP 25.4, with an elevation of 6339 feet (1932 m, Figure 10). This site has both the
lake effect and high elevation effect. From 1 November 2020 to 31 March 2021, there were
6719 total data points collected using the RWIS, with 2675 for road ice cases and 4044 for
no road ice cases. Among these data, the Pearson’s correlation coefficient between the
2 m air temperature and the pavement surface temperature for no ice cases was 0.86 and
for ice cases it was 0.85. Further analyses with the road surface as ice vs. no ice, day vs.
night, respectively, were conducted to disclose day and night differences. For ice cases,
road pavement temperatures at Georgetown Lake site were, again, consistently equal to or
below 32 °F (i.e., 0 °C, Figure 10), suggesting that no ice formed when the road pavement
temperature was above 32 °F.

The least-square linear relationship between the road pavement temperature (Tsg)
and 2 m air temperature (T,;;) was calculated (unit in °F):

Tets = 1.31 X Ty +0.45, for daytime; (2)

Tt = 1.20 X Tair + 0.86, for nighttime. 3)

Equations (2) and (3) disclosed Ty and T, relations for daytime vs. night, respectively.
Once T,i; dropped below 14 °F, road ice always formed on this lake site. Furthermore, when
all ice and non-ice data were included, the pavement temperature changed faster than the
2 m air (1.31 X T, for day time (Figure 11a) and 1.20 x Ty for nighttime, Figure 11b).
Nevertheless, these were the only statistical relationships obtained using sub-hourly RWIS
observations during November 2020-March 2021. Different sites have different equations
due to local land cover types and micro-meteorological conditions for each site.
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Figure 10. Georgetown Lake RWIS site (Site ID: 267009) at Montana Highway 1 MP 25.4 and Highway
1. (a) No ice: the lake is clear at the right side of the road. (b) 15 April 2020: the lake is covered by ice
and snow.
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Figure 11. The 2 m air temperature and road pavement surface temperature relationships for
1 November 2020 to 31 March 2021, for Georgetown Lake (263000). The blue dots represent no ice
and the red dot represents ice. The green line represents the least-square regression for all ice and no
ice cases (1.31 x Ty, for day time (a) and 1.20 x Ty, for nighttime, (b)).

When analyzing only icy cases (i.e., the red dots in Figure 11), the least-square linear
relationships are as follows (unit in °F):

Tgts = 0.89 x Tuir +17.21,  for daytime icy cases; 4)

Tsfe = 0.89 x Ty + 15.86, for nighttime icy cases. (5)
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This suggests that during both daytime and night, with 1 °F (i.e., 0.55 °C) Ty, reduction,
Tt reduced by only 0.89 °F (i.e., 0.49 °C). Namely, when the road was covered by snow/ice
the pavement got cold slower than the upper air layer. This relation suggests that around
a lake the evaporative cooling effect, a process whereby water evaporates from lake to
the outlying atmosphere, may reduce T, further than a site in a non-lake area. This lake
evaporative cooling effect might be important for accelerating road ice formation.

4. Final Remarks

The road pavement temperature can be used to forecast the road ice status. The
difference between the pavement and air temperature is determined via net radiation,
sensible and latent heat fluxes, and the ground heat flux, including anthropogenic flux
due to traffic, as shown in Equation (1). A road physical model needs to re-produce the
pavement—2 m air temperature relation and understand under what conditions the road
ice can form. The key conclusions from this observation analysis study are listed as follows:

(@) The pavement surface is warmer than the road air in daytime and nighttime during
clear days and nights. During a sunny day in winter, the pavement temperature can
be higher than the air by 20 °F (i.e., —6.7 °C). When the road pavement is covered by
snow or ice, the pavement could be occasionally colder than the air. Nevertheless,
this colder-than-air pavement temperature does not seem to be due to RH, subsurface
temperature, or wind speed. The water evaporative cooling effect might contribute
to this. More research is needed to understand under which conditions the road
pavement is colder than the outlying air.

(b) For a clear road (i.e., a road pavement that has no snow or ice), the pavement surface
temperature is equivalent to the skin temperature in terms of magnitude, although
these two variables are measured differently and have different physical meanings.
When the road is covered by snow or ice, the pavement temperature differs from the
skin temperature, since the pavement temperature is measured using a thermal con-
ductivity sensor embedded in the pavement, while the skin temperature is measured
from the top snow/ice layer.

(c) While synoptic weather processes determine the overall precipitation, heat, and wind
variations, local conditions such as the land cover type, geographic features, and
river/lake distribution affect road ice formation. Consequently, the hyper-local scale
model with local domain knowledge is essential to forecast the ice formation on a
specific road segment.

(d) Ice can form at various RHs from 20-100%. Therefore, RH seems not to be a critical
index for ice formation.

(e) The subsurface temperature varies less significantly than the pavement surface and
air temperatures, suggesting that it is not a good indicator to determine whether
road ice forms or not. The subsurface temperature, measured using MDT RWIS in
highways, does not reflect the soil temperature since it is within the sub-layer of road
construction. Note that different RWIS sites built by different U.S. states may bury the
subsurface sensor at different depths from the road surface.

(f) The road pavement surface temperature may be the key parameter for road ice to
form. When the road is icy, the pavement temperatures are always below 32 °F
(i.e., 0 °C), even when surface air temperature is above 32 °F (i.e., 0 °C). Therefore,
a 32 °F (i.e., 0 °C) pavement temperature may be the most critical threshold for de-
termining the absence of road ice (e.g., if the road pavement temperature is above
32 °F (i.e., 0 °C), no ice would form). However, the RWIS data might be designed to
report “ice” when the pavement temperature is below or equal to 32 °F (i.e., 0 °C).
If this is the case, then this 32 °F (i.e., 0 °C) threshold is pre-set in the RWIS sensor
engineering algorithm. Independent observations must be collected to further confirm
this road ice formation condition. Furthermore, it is equally urgent to study why
sometimes ice did not occur even when the pavement temperatures were below 32 °F
(i.e., 0 °C, Figure 5).



Climate 2024, 12, 63

17 of 19

(g) When there is precipitation, the pavement and air temperatures are close to each other.
This is similar to a previous observed feature: in cloudy conditions, the skin and air
temperatures are similar [50]; during sunny days, the skin temperature is higher than
the air temperature.

(h) Urban and nearby regions seem to have black ice more frequently than other regions.
Bozeman Pass, MT, for example, is 10 miles east of the city. No rainfall/snowfall
occurred in the city and surrounding region during January and March 2020, while
road ice occurred ~80% of the time. In addition, this close-to-urban road surface
(i.e., Bozeman Pass) was almost always warmer than the outlying 2 m air temperature
by up to 30 °F (i.e., —1.1 °C) and had clear diurnal variations. However, the air
temperature varied more rapidly than the pavement temperature, partially due to
synoptic atmospheric advection.

Analyses on road weather variables are urgently needed. RWIS data are extremely
valuable and should be investigated in depth. Each DOT has RWIS sites and observations
are free to the public. Highways are built across large heterogeneous land surfaces. The
surface-layer wind is highly heterogeneous. Pavement temperature also varies with surface-
layer turbulence. In addition, more research is needed to understand wind effects on
road ice formation. In addition, black ice is one critical challenge and, currently, the
understanding of its formation is very limited due to little observations.

It is desirable to justify and describe the classification of ice on the roads according to
the leading natural factor—for example, daily, seasonal, and weather anomalies. We need
to analyze multiple-year observations to obtain the averaged status of ice conditions. In
addition, we may need to simulate roads for different surrounding settings, for example,
Jacobs and Raatz [28] developed a road surface energy budget model for unobstructed
roads with regular traffic and little traffic, respectively, shaded roads, bridges, and roads in
urban systems. It would be logical to eventually create a schematic model of ice after clear
research on the importance of factors for ice formation on roads.

In a national weather service forecasting model (NWS), the pavement surface tempera-
ture is not simulated since roads beyond the cities are not part of the scheme. Nevertheless,
the land-surface skin and air temperature are simulated, although the skin temperature
is not output for the public to access. Forecasting the surface skin and air temperatures
still has larger uncertainties in all models. The NOAA Global Forecast Model, for example,
shows a 0.5-2 °C bias on the 2 m air temperature and even larger error in skin temper-
ature [40]. Even if the skin temperature is well simulated, how to derive the pavement
surface temperature from skin, air, and other weather variables remains a challenge to
be studied.

The pavement and air temperature statistical relations presented in this study
(i.e., Equations (2)—(5)) were only based on RWIS observations for 1 January-31 March 2021.
Multiple-year data are necessary to build a more robust statistical model.

Forecasting road ice formation would have broad societal impacts [14]. If the DOT has
accurate ice formation predictions in advance, they can use less de-icing material and keep
the roadway wet rather than icy, which is safer for the traveling public. Individual drivers
could also be rapidly alerted, if the road ice forecast is accurate.
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