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Abstract: Based on the pavement temperature observation data of the transportation meteorological
stations along the Xianyang Airport Expressway, China, as well as the datasets of precipitation and
sunshine hours obtained from the nearby weather stations, the variation characteristics of local
pavement temperatures are investigated for winter in this study. Results indicate that during the
daytime, the pavement temperatures are always higher on sunny and cloudy days than those on
rainy and snowy days, while during the nighttime, the temperatures on sunny and cloudy days are
higher than those on the days with freezing rain and snow, and with the temperatures on rainy and
snowy days without icing being further higher. In general, the pavement temperatures in winter
features significant periodic oscillations with cycles of roughly 24 h, 12 h, 8 h, 6 h, 5 h and 4 h, which
differ slightly at different times for different stations. Moreover, the nowcasting experiments on
the local pavement temperatures are also carried out using a regression model via extracting the
corresponding periodic features. It shows the mean absolute errors of about 0.6 ◦C, 1.2 ◦C, and 1.5 ◦C
for lead times of 1 h, 2 h, and 3 h, respectively. The nowcasting skills are higher on rainy and snowy
days, while are inferior on sunny days. For nowcasting cases initialized at nighttime (daytime), the
mean absolute errors are 0.4 ◦C (0.7 ◦C) and 0.9 ◦C (1.4 ◦C) for lead times of 1 h and 2 h. Examinations
suggest that the nowcasting system could be well utilized in plain areas of China, whereas it shows
relatively larger biases in plateau areas with complex terrain.

Keywords: pavement temperature; nowcasting; variation characteristics; forecast validation

1. Introduction

In winter, the low temperature combined with the rain and snow tend to trigger
freezing events and lead the road to be slippery. It increases the braking distance and
reduces the anti-sideslip ability of vehicles, which poses severe threats to transportation
safety. Previous statistics have revealed that the collision and scraping accidents of vehicles
in snowy weathers are roughly 14 times of those in sunny weathers [1]. In China, the traffic
accidents in snowy days account for 6.93% of the total, thus being the second most crucial
meteorological factor for inducing traffic accidents. On 7 December 2001, slight snowfall in
Beijing caused a severe traffic jam in the city due to its coincidence with the off-duty traffic
peak [2,3].

The pavement temperature forecast is one of the most important parameters for
predicting road icing and snow. It directly affects the effectiveness of road icing and snow
state identification in the near future. The current study focuses on the Xi’an Xianyang
Airport Expressway in China, which is the traffic artery leading to the airport in Xi’an
with large traffic flows. However, its safe and smooth operation is certainly threatened by
weathers of low temperature, rain, snow and freezing. Therefore, it is of great significance to
investigate the temporal variation characteristics of local pavement temperature in winter
and its nowcasting, which is favorable for effective forecasts of snow and icing on the
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airport expressway. At the same time, the nowcasting method established for this region is
helpful to improve the pavement temperature prediction for other areas [4].

With respect to the prediction techniques of pavement temperatures, the physical
models have already been developed based on the surface energy balance earlier in the
United States and several countries in Europe [5–9]. Additionally, these models have
also been continuously improved and optimized by revealing the interactions between
meteorological and pavement conditions [10,11]. Generally, the mechanisms of pavement
temperature predictions have been studied well, and multiple numerical models have
been used worldwide [12]. Meanwhile, on this basis, combined with the multi-source data
fusion analysis and forecasting system, several methods have been developed on refined
predictions of pavement temperatures, which could be scrolled at high frequencies and
could better meet the requirements of transportation users [13,14].

In China, investigations on pavement transportation meteorology started relatively
late. In recent decades, some provinces such as Jiangsu, Beijing and Hebei have organized
transportation meteorological operational businesses to deal with the severe effects of low
temperature, rainy, snowy and freezing weathers on pavement traffic [15–17]. Multiple
physical and statistical models have been established to automatically predict the pavement
temperatures, which are examined and demonstrated to be effective in local forecast
businesses [18]. These models are generally combined with the applications of numerical
prediction products and the lead times mainly range from 0 to 24–48 h [19,20]. It is of great
significance for the identification of low temperature, rainy, snowy and freezing events
in the short term [21,22]. The predictions of pavement conditions are affected by plenty
of factors including not only the accuracy of meteorological forecasts but also the initial
observation of transportation road surfaces, the shading effect of surrounding obstructions,
the emission of human activities, and the pavement heat conductions, etc. Therefore, the
forecast accuracy of pavement conditions such as temperatures is generally limited and
less skillful than that of the conventional meteorological elements [23,24].

The accurate perception and prediction of pavement status play crucial roles in the re-
alization of vehicle–road coordination and establishment of the smart highway. The refined
meteorological services on hundred-meter-level and minute-level resolutions are becoming
an important guarantee for smart transportation capacities at all weather conditions. In
recent years, the departments of public security, transportation and meteorology have coop-
erated on the joint prevention and mitigation of severe weather impacts, which brings about
the increasing demands for forecasts of low temperature and icing pavements with higher
resolution and accuracy. In general, the forecast skills tend to decrease (increase) with
longer (shorter) lead times. Tang and Guo [25] used the autoregressive summation moving
average method to explore the fluctuation pattern of winter pavement temperature in the
near future under the impacts of external factors, and constructed a short-term forecast
model of winter pavement temperature with lead times of 3 h based on the transporta-
tion meteorological observations at minute-by-minute intervals. Further, Wang et al. [26]
carried out the nowcasting experiments using the random forest regression method for
transportation meteorological stations alongside the Ning-Su-Xu Expressway in Jiangsu
Province, detecting the influences of different input schemes and parameters of different
observation stations on the pavement temperature forecasts. On the basis of the physical
METRo model with surface energy balance principles, Qu et al. [27] conducted studies on
the 0–6 h forecasts of pavement temperatures for the Beijing–Zhangjiakou Olympic Winter
Games-associated expressway, revealing that the forecast during nighttime is characterized
by root-mean-square errors of ~1 ◦C and is superior to that during daytime. Comparisons
indicate that the statistical methods constructed on the observation analyses show generally
higher forecast skills than the physical models based on the surface energy balance for the
nowcasting of pavement temperatures [25–27].

In the current paper, the variation characteristics of observed pavement temperature
in winter are to be investigated for two transportation meteorological stations along the
Xianyang Airport Expressway in Xi’an, China. On this basis, a pavement temperature
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nowcasting method is proposed via extracting the periodic features of the temperature
temporal series and constructing the associated regression model, which is examined for
pavement temperature nowcasting experiments at a 10 min rolling update and a 10 min
interval. Meanwhile, the impacts of different sample amounts, different weather conditions,
and different initialization times on the nowcasting effects are also investigated in detail.
In addition, similar examinations on pavement temperature nowcasting are carried out
for multiple expressways to further verify the applicability of the proposed method for
different regions.

2. Dataset and Methodology
2.1. Dataset

The hourly observation datasets of the two transportation meteorological stations
(V0001 (108.92◦ E, 34.37◦ N) and V0002 (108.90◦ E, 34.43◦ N), as shown in Figure 1) along
the Xianyang Airport Expressway in Xi’an, China were obtained for the two winters of
2018/2019 and 2019/2020 from the data platform of China Meteorological Administration.
The two stations are located at the two ends of the No. 2 Grand Bridge over the Weihe
River. Station V0001 is in the suburban area. There are many building facilities around,
and the traffic flow is relatively complex. Station V0002 is located in the outer suburbs. It
is surrounded mainly by farmland, and there are also a few buildings. The altitudes of
Stations V0001 and V0002 are 37.1 m and 40.7 m, respectively. The observation elements
include pavement temperature, surface air temperature, wind speed, wind direction and
relative humidity. The pavement temperature was measured by using embedded thermal
sensor with platinum rod-shaped probe. It was noted that most transportation meteoro-
logical stations have not yet been equipped with weighing precipitation sensors due to
the maintenance difficulties and the solid precipitation such as snowfall could hardly be
monitored. Therefore, the hourly precipitations over the two transportation meteorological
stations were approximately substituted by the observations of the neighboring national
weather station (Station 57131), which is 10.1 km and 7.3 km far from Stations V0001 and
V0002, respectively. In addition, comprehensive observations such as sunshine hours from
Station 57131 were also employed to determine weather conditions (sunny, cloudy, rainy,
and snowy, etc.) at the transportation meteorological stations. Based on these hourly
observation datasets, the basic characteristics of pavement temperature variations on the
expressways were analyzed for the wintertime.
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In order to verify the rationality of taking the national station observation (e.g., pre-
cipitation, sunshine hours, etc.) as substitutions for the two transportation meteorological
stations, Table 1 shows the statistics of observed temperature and wind among the three
stations for the total of 181 days in the two winters of 2018/2019 and 2019/2020. It is
indicated that the temperatures at Station V0001 (V0002) are slightly higher (lower) than
those at Station 57131, with their differences in daily mean, maximum and minimum
temperatures being 0.65 ◦C (1.19 ◦C), 0.76 ◦C (1.03 ◦C) and 0.58 ◦C (1.35 ◦C), respectively.
Such spatial differences might be associated with the urban heat island effects and the
local environment of these stations. Besides, the correlation coefficients between the daily
mean temperature series of the two transportation meteorological stations and the national
observation station are both greater than 0.97, with that of Station V0001 being higher than
V0002 and reaching up to 0.99. As for the wind speed, the daily averages and maximums
at the two transportation meteorological stations are all lower than those at the national
observation station. The daily average and maximum wind speeds at Station V0001 (V0002)
are characterized by values of 0.77 m/s (1.13 m/s) and 1.00 m/s (1.41 m/s) lower than those
of Station 57131, respectively, and show correlation coefficients of 0.95 (0.80) and 0.95 (0.68)
with the observations from the national station. The comparison analyses demonstrate
that the meteorological conditions at the two transportation meteorological stations are
generally similar to those of the neighboring national meteorological station. Therefore,
the observations of precipitation and sunshine hours at Station 57131 could be reasonably
taken as the corresponding status of the two transportation meteorological stations.

Table 1. Statistics of observed temperature and wind speed for Station 57131 and Stations V0001
and V0002 in the two winters, including the respective temporal averages (TAs, units: ◦C for
temperature and m/s for wind speed) and the correlation coefficients (CCs) of the two transportation
meteorological stations V0001 and V0002 to the national station 57131.

Station ID
Daily Average
Temperature

Daily Maximum
Temperature

Daily Minimum
Temperature

Daily Average
Wind Speed

Daily Maximum
Wind Speed

TA CC TA CC TA CC TA CC TA CC

57131 3.22 - 3.61 - 2.83 - 2.05 - 2.62 -
V0001 3.87 0.99 4.37 0.99 3.41 0.99 1.28 0.95 1.62 0.95
V0002 2.03 0.98 2.58 0.98 1.48 0.97 0.92 0.80 1.21 0.68

Observations with high frequency and high accuracy are the most basic fundamentals
to carry out effective early warnings and predictions of pavement low temperature and
road icing. In this study, the pavement temperature observations at the two transportation
meteorological stations were obtained every 10 min during the winter in 2018/2019 (90 days
in total, composing 12,960 samples for each station) for investigations of pavement tem-
perature nowcasting. In general, they had relatively complete datasets, except the period
of 7:00 to 13:00 on 30 December 2018 and several other missing observations, which were
further supplemented with linear interpolations. Calculations on the observations show
that the mean pavement temperature and the corresponding mean square deviation are
3.31 ◦C (3.17 ◦C) and 4.54 ◦C (3.73 ◦C) for Station V0001 (V0002), respectively. Significant
differences (at the 95% confidence level according to the Student’s t-test) are observed
between the two stations.

Based on the nowcasting experiments on pavement temperatures for the two trans-
portation meteorological stations along the Xianyang Airport Expressway, the proposed
method was further promoted and examined towards three stations in three different-
climate regions (Beijing, Hubei and Tibet). The method applicability was verified for the
three different places via pavement temperature nowcasting experiments at a 10 min rolling
update and a 10 min interval for the winter of 2021/2022. The geographical information of
the three transportation meteorological stations is displayed in Table 2.
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Table 2. Geographical information of the three transportation meteorological stations in Beijing,
Hubei and Tibet, respectively.

Station ID Region Expressway Longitude Latitude Altitude

A1412 Changping, Beijing West Sixth Ring Road
(G4501) 116.11◦ E 40.13◦ N 75 m

Q0007 Enshi, Hubei Shanghai-Chongqing
Expressway (G50) 109.37◦ E 30.24◦ N 708 m

U1801 Lhasa, Tibet Ya’an–Yecheng
Expressway (G4218) 90.95◦ E 29.45◦ N 3610 m

2.2. Methodology
2.2.1. Classification of Weather Types

Using the precipitation and sunshine hour observations from Station 57131, the
weather conditions were classified into several categories, which represented the weather
of the two transportation meteorological stations along the airport expressway. The varia-
tion characteristics and nowcasting skills of pavement temperatures were subsequently
analyzed towards different weather conditions. Following Wu et al. [28] and Ma et al. [29],
the days with sunshine hours of ≥3 h and no precipitation were defined as sunny days,
while those with sunshine hours of <3 h and no precipitation were defined as cloudy days,
and the others are rainy and snowy days. It is noted that the observations of pavement
conditions were not included in the transportation meteorological stations. Therefore,
the pavement icing on rainy and snowy days needed to be recognized via the associated
elements, e.g., the simultaneous conditions of low pavement temperature (≤0 ◦C) and
precipitation occurrence at the neighboring national meteorological station [30], which
have been examined and demonstrated to be effective in previous studies on transportation
meteorological information at Lianyungang–Khorgos Expressway (G30) [31].

2.2.2. Nowcasting of Pavement Temperature

In this paper, the nowcasting of pavement temperature was constructed via the ex-
traction of periodic features of local pavement temperature series and the subsequent
regression procedures. Firstly, the power spectrum was employed to analyze the periodic
oscillation characteristics of the local pavement temperature series. It is a frequency domain
analysis method based on Fourier transform, which decomposes the total energy of the
time series into components at different frequencies, and diagnoses the main cycle of the
series according to the corresponding variance contributions, so as to determine the implied
main frequency and cycles of the series [32,33]. The calculation formula of power spectrum
intensity is as follows:

ŝk =
1
m

[
r(0) + 2

m−1

∑
j=1

r(j)cos
kπ j
m

+ r(m)coskπ

]
, k = 0, 1, . . . , m (1)

r(j) =
1

n − j

n−j

∑
t=1

 xt −
−
x

s

 xt+j −
−
x

s

 (2)

where k is the wave number,
−
x is the mean value of the sequence, s is the standard deviation

of the sequence, and m is the maximum lag time length. The value of m is generally taken
as n/3, where n is the sample.

On this basis, the red noise power spectrum test was utilized to examine the signif-
icance of the obtained periodic characteristics. The calculation formula of the red noise
standard spectrum is as follows:

s0k =
−
s

[
1 − r(1)2

1 + r(1)2 + 2r(1)cos πk
m

]
, k = 0, 1, . . . , m (3)
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−
s =

1
2m

(s0 + sm) +
1
m

m−1

∑
k=1

sk, k = 0, 1, . . . , m (4)

The power spectra ratio is defined as ŝk/s0k to detect the significant period. The
significant periodic functions of the pavement temperature time series were then extracted
using the mean-generation function model.

The mean-generation function was derived from the mean values at certain time
intervals of the time series. The domain of the function definition was extended to the
entire axis, which is called the periodic extension. The mean-generation function model
could be well used in multi-step forecasts as well as extreme predictions and has been
widely exploited in long-term weather forecasts and short-term climate predictions [34,35].

The sequence stationarity is one of the important prerequisites for analysis and mod-
eling of the temporal series, while previous studies have revealed the significant non-
stationary characteristics of the pavement temperature [25]. Therefore, the first-order
difference method was used in this study to make the original sequence of pavement
temperatures stabilized, in which the differential sequence of pavement temperature was
taken as the dependent variable and all periodic function sequences passing the confidence
level were used as the independent variables. The nowcasting model of pavement tem-
perature can be constructed by the multiple linear regression method with the significant
periodic function extended to the entire axis. The inversed differential calculation was,
hence, carried out to obtain the forecast results of pavement temperatures for the next 6 h
by every 10 min. Similar methods have achieved considerable effects in wind-nowcasting
experiments [36].

For the two transportation meteorological observation stations V0001 and V0002, the
pavement temperatures of every 10 min during the past 3 days before the current moment
were used as the training dataset to predict the pavement temperatures at intervals of
10 min in the next 6 h. The forecast framework was updated with real-time observations
with a rolling frequency of 10 min. Taking the first forecast experiment in this study
(initialized at 23:00 3 December 2018) as an example, the pavement temperature series
during 00:00 1 December to 23:00 3 December by every 10 min were firstly preprocessed
by the first-order difference. Afterwards, the periodic functions passing the significance
test were extracted through procedures of the power spectrum analysis, the red noise test,
and the mean-generation function to construct the nowcasting model of the pavement
temperature. The pavement temperature forecasts for the next 6 h at 10 min intervals
since 00:00 4 December 2018 were then obtained based on the extended series of periodic
functions and the inversed differential calculation.

Moreover, the same framework of nowcasting was also carried out and examined
towards Station V0002 in Shanxi and the three transportation meteorological stations in
Beijing, Hubei and Tibet using the 10-by-10 min observations in the winter of 2021/2022 to
further investigate the applicability of the nowcasting method in multiple areas.

3. Results
3.1. Characteristics of Pavement Temperature Variations
3.1.1. Diurnal Variation Characteristics

In the two winters of 2018/2019 and 2019/2020 except the day with serious data
deficiency (30 December 2018), there were 88 sunny days and 78 cloudy days. As for the
rainy and snowy days, there were 2 (1) days with and 12 (13) days without icing at Station
V0001 (V0002). Figure 2 shows the diurnal variations of pavement temperature on sunny
days, cloudy days and rainy and snowy days (with unfrozen and frozen road surfaces).
Under the multiple weather conditions, the pavement temperature is characterized by
significant diurnal variations, showing the highest values in the early afternoon and lowest
at around 07:00–08:00 in the morning. Furthermore, the sunny (rainy and snowy) days are
featured by the highest (smallest) diurnal ranges of pavement temperature, and those in the
cloudy days are located in between. The pavement temperature on sunny days is generally
higher than cloudy and rainy and snowy days in the daytime. However, it decreases rapidly
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and becomes lower than that on cloudy and rainy and snowy days without icing in the
nighttime and early morning but still higher than that on rainy and snowy days with icing.
This is due to that the clouds on cloudy and non-icing rainy and snowy days tend to block
the solar shortwave radiation reaching the surface, leading to relatively lower pavement
temperatures in the daytime, while in the nighttime, they suppress the longwave radiation
releasing out of the atmosphere from the surface, which induces the higher pavement
temperatures than the sunny days with clear sky. On the other hand, the rainy and snowy
days with icing show obviously lower pavement temperatures than the other conditions
in both daytime and nighttime, which could be attributed to the joint impacts from the
systematic cooling processes of the atmosphere and the reflection of solar radiation by
snow or ice on the pavement surface. It may also be related to the definition of weather
type in Section 2.2.1.
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Figure 2. Diurnal variations of pavement temperatures at Stations V0001 (a) and V0002 (b) under
different weather conditions.

Table 3 further displays the temporal averages and mean square deviations of pave-
ment temperatures in the daytime and nighttime at Stations V0001 and V0002 under
different weather conditions. According to the local characteristics of sunrise and sunset
in winter, the daytime and nighttime are determined as 08:00–18:00 and 19:00–07:00 of
the next day, respectively. It verifies the highest pavement temperatures in the daytime of
sunny days among the several cases, which is meanwhile accompanied with the largest
variability in temperature. In the nighttime, the pavement temperature is highest in non-
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icing rainy and snowy cases, and is the lowest (maintaining at around 0 ◦C) in icing rainy
and snowy ones with the corresponding variability also being the smallest. Additionally, in
the daytime, the pavement temperatures in the sunny days are significantly different from
those under the other weather conditions passing the Student’s t-test at the 95% confidence
level, while the pavement temperatures in cloudy days and rainy and snowy days do not
differ significantly. As for the nighttime, the differences in pavement temperatures among
these several weather conditions are all non-significant according to the Student’s t-test.

Table 3. Temporal averages (AVE; units: ◦C) and mean square deviations (MSD; units: ◦C) of
pavement temperatures in the daytime and nighttime at Stations V0001 and V0002 under different
weather conditions.

Weather
Condition

V0001 V0002

Daytime Nighttime Daytime Nighttime

AVE MSD AVE MSD AVE MSD AVE MSD

Sunny 8.68 4.84 3.64 1.98 6.44 2.81 2.59 1.28
Cloudy 6.55 2.39 3.82 1.15 5.11 1.76 2.92 0.91

Rainy and snowy
(unfrozen) 6.20 1.51 4.67 1.04 5.15 1.11 4.05 0.82

Rainy and snowy
(frozen) 2.40 2.20 −0.36 0.61 1.98 1.04 0.45 0.69

3.1.2. Power Spectrum Features

In order to investigate the detailed periodic features of pavement temperature vari-
ations, the power spectrum analysis (Figure 3) was carried out towards the 12,960 data
samples which consisted of the pavement temperature observations by every 10 min in
the winter of 2018/2019 for Stations V0001 and V0002, respectively. The horizontal axis
denotes the length of cycle period, and the vertical axis is the power spectral density of the
corresponding cycle divided by the red noise standard spectrum at α = 0.05 as described
in Section 2.2.2. The spectral ratio of >1.0 represents the periodic significance at the 95%
confidence level. The greater the ratio, the more significant the cycle.

As shown in Figure 3, the power spectra of pavement temperatures at the two stations
display several significant peaks, locating at the cycle lengths of roughly 24 h, 12 h, 8 h,
6 h, 5 h and 4 h, which are all characterized by power spectrum ratios of >1.0. The first
two leading cycles reflect the diurnal and semi-diurnal variations of pavement temperature,
which are similar to the variations of surface air temperature and have been well revealed
by previous studies. The obvious periodic pattern shows a single peak at noon and a
single valley in the early morning [37]. However, the pavement temperatures are also
characterized by significant intra-diurnal high-frequency periodic oscillations with periodic
cycles of 8 h, 6 h, 5 h and 4 h, which have been seldom mentioned.

The change in the pavement temperature is affected by many factors, such as solar
radiation, cloud cover, air temperature, wind speed, relative humidity, pressure, etc. Power
spectrum analysis has been conducted for temperature, wind speed and humidity variables,
and it was found that these variables also have significant short-period oscillation, especially
for temperature and humidity. Studies on periodic variation of wind speed based on
Morlet wavelet transformation indicates that on the daily time scale, the wind speed has
a significant period of 8 h, 12 h and 24 h [38]. Smaller scale oscillations of the pavement
temperature may be related with the short-period variation of other weather variables or
the interaction of multiple variables. More comprehensive observation data are needed for
a deeper analysis of this problem.

In order to study the intra-diurnal variations of pavement temperatures in more
detail, taking the period from 1 December 2018 to 28 February 2019 as an example, power
spectrum analysis is performed on the daily pavement temperature series by every 10 min
(composing 144 samples in total). With reference to the intraseasonal oscillation analysis on
the persistent heavy rainfall in Southern China by Wei et al. [35], the daily power spectral
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density is divided by the red noise standard spectrum at α = 0.05, which are plotted as the
distributions of daily power spectrum ratios of pavement temperatures (Figure 4).
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It is indicated that there are both significant periodic oscillations with cycles of
6–12 h in the pavement temperature variations of the two transportation meteorologi-
cal stations. The distribution of power spectrum ratios suggests that certain but limited
differences exist in the periodic characteristics of pavement temperatures between the
two stations and among different days. The significant periodic oscillations of 6–12 h are
relatively stable throughout the winter. Among them, during the periods of 45th–46th days
(14–15 January 2019), the 59th–60th days (28–29 January 2019), and the 70th day (8 February
2019), the periodic characteristics of pavement temperatures are generally weaker than
those during other periods. The weather conditions are checked to be mainly cloudy during
the above periods. In addition, the two pavement temperature series are also featured
with periodic oscillations of 4–5 h, with more significant characteristics in Station V0002
than Station V0001 from the perspective of the power spectrum ratio. That is, although
the two stations are located in the same climate region, obvious differences might occur
between their periodic characteristics of pavement temperatures due to their differences
in local environments. Therefore, it is of great importance to grasp the precise periodic
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features based on the observations of the station, which play a crucial role in the accurate
predictions of local pavement temperature.
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3.2. Nowcasting of Pavement Temperatures and the Validation
3.2.1. Impacts from Sample Sizes on Forecast Results

In this study, the nowcasting model is constructed based on the oscillation analysis of
the pavement temperature series over certain periods in the past. Theoretically, it could
describe more details of the pavement temperature variations with more observation sam-
ples used and provide more accurate predictions. However, the larger sample size would
definitely result in greater computational complexity. Meanwhile, such a nowcasting model
consisting of observations has high requirements for data quality and integrity. Due to
the lack of maintenance with standardized processes, the transportation meteorological
stations generally lack in quality compared with the normal meteorological observation
stations, with the missing or abnormal data occurring more frequently. The data measures
of quality control and numerical interpolation are necessary to improve the data application.
Therefore, the workload of data preprocessing would also increase in correspondence with
the larger sample size. In order to examine the impacts from sample sizes on the pave-
ment temperature nowcasting, we used the 10-by-10 min observations of the first 3 days
(432 samples), 4 days (576 samples), and 5 days (720 samples) for model constructions,
respectively, with their forecast errors displayed and compared in Figure 5.

It can be seen that, for the two transportation meteorological stations, the increase in
the sample sizes does not have obvious influences on the pavement temperature forecasts
in the first 2 h. At Station V0001, the increasing sample sizes bring about only slight
improvements on the forecasts in the first hour. After that, the forecast error even increases
with more samples included, showing greater rising magnitudes at longer lead times. As
for Station V0002, the forecast shows slightly higher skills in the first 4 h with the increase in
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sample numbers, while the effect of sample sizes becomes unstable at lead times longer than
that, playing positive roles with 576 samples but negative roles with 720 samples. Overall,
the optimal sample size is determined as 432 (i.e., 3 days before the forecast initialization
moment) in the subsequent nowcasting experiments.
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3.2.2. General Evaluations of the Forecasts

Based on the methodology introduced in Section 2.2.2, rolling experiments of pave-
ment temperature nowcasting were carried out for 23:00 on 3 December 2018 to 23:00 on
27 February 2019 using the pavement temperature observations in the previous 3 days.
A total of 12,384 nowcasting experiment samples were obtained. Figure 6 displays the
overall evaluations of pavement temperature nowcasting experiments for Stations V0001
and V0002 within lead times of 6 h by every 10 min. Forecasts for the two stations both
show considerable skills within lead times of first few hours, while the forecast skills
decrease significantly with the increasing lead time. The absolute errors of forecasts for
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Stations V0001 and V0002 are no greater than 1 ◦C within lead times of 90 min and 120 min,
respectively. Additionally, they show errors of <2 ◦C until lead times of 200 min and
330 min.
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Moreover, the statistics of ratios between the mean square deviations of the forecast
errors at different lead times and those of the observed pavement temperature series are
provided in Table 4. It is normally considered that the forecasts have practical application
values with the ratio of <0.5. Forecasts for the two stations show similar skills with the
ratios being no greater than 0.14, 0.26 and 0.36 for lead times of shorter than 1 h, 2 h and
3 h, respectively. It is implied that the proposed method could be well utilized in the
nowcasting of pavement temperatures along the expressway.

Table 4. Ratios between the mean square deviations of the forecast errors at different lead times and
those of the observed pavement temperature series.

Station
Lead Times (Units: 10 min)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

V0001 0.04 0.05 0.08 0.10 0.12 0.14 0.17 0.19 0.21 0.23 0.25 0.26 0.28 0.30 0.31 0.33 0.35 0.36
V0002 0.04 0.05 0.07 0.10 0.12 0.14 0.16 0.19 0.21 0.22 0.24 0.26 0.28 0.29 0.30 0.32 0.33 0.34

As for the forecast accuracy, when the pavement temperature observation and forecast
are both positive (>0 ◦C) or both negative (<0 ◦C), it is considered a success, otherwise it
is recorded as a failure. In general, the forecast accuracy rate for pavement temperatures
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above 0 ◦C reaches 90% at even lead times of 360 min, which is much higher than that below
0 ◦C. Although the two stations both show accuracy rates greater than 85% for negative
pavement temperatures within lead times of the first hour, it decreases rapidly from 96%
to 50% from lead times of 10 min to 360 min. It may be related to the small number of
cases with temperatures below 0 ◦C. For the climate of the area where Xianyang Airport is
located, the condition of temperature below 0 ◦C is very rare. This may affect the prediction
accuracy of the statistical model based on the variation characteristics of observation data.

In terms of the previous studies on pavement temperature nowcasting, Wang et al. [26]
used the random forest regression method to predict pavement temperatures in the next
one hour at three transportation meteorological stations along the Ning-Su-Xu Expressway
in Jiangsu province, with the obtained nowcasting results showing mean absolute errors
of 0.92 ◦C, 0.61 ◦C, and 0.52 ◦C, respectively. Tang and Guo [25] examined the pavement
temperature nowcasting experiments for the next 3 h at the Dongling Station on the
Shenyang Third Ring Road (G1501) using the autoregressive summation moving average
method with observations of the previous 23 h, exhibiting the mean absolute error of
0.26 ◦C. However, only 8 groups of experiments in 16 days are considered, and the forecast
times mainly concentrate in the early morning, which might lead to some uncertainties of
the results.

With respect to the current study with 12,384 sets of nowcasting experiments, the
prediction results at Station V0001 (V0002) for lead times of every 10 min in 1 h show
absolute errors of 0.17 ◦C (0.13 ◦C), 0.24 ◦C (0.20 ◦C), 0.35 ◦C (0.28 ◦C), 0.46 ◦C (0.36 ◦C),
0.57 ◦C (0.45 ◦C) and 0.68 ◦C (0.53 ◦C), respectively. Comparisons suggest that the pavement
temperature nowcasting skills derived from the mean-generation function model in this
study are generally equivalent to those of Wang et al. [26] using the random forest method.
However, the experiment location of Xianyang Airport Expressway is characterized by
a great complexity in the local environment, including the dense traffic flow and large
amount of people as well as the heat island effect, making the corresponding nowcasting
more difficult than the ordinary expressways. Moreover, the proposed nowcasting method
provides the temporally refined results with the time interval being only 10 min in the
present study.

Regarding the evaluations on forecast accuracy, the study follows the discrimination
in Dong et al. [39] for intuitional comparisons of the forecast skills. They conducted
a kind of qualitative categorized prediction on pavement temperatures using several
statistical methods and revealed that the multivariate regression method is fairly effective
in predicting the low pavement temperatures of <0 ◦C in northern Jiangsu with the forecast
accuracies mostly being greater than 85%, while the support vector machine model is
determined as the optimal for southern Jiangsu, and the corresponding accuracies reach
almost 95%. By contrast, here in the current paper, the proposed nowcasting method
for pavement temperatures using the mean-generation function model not only supplies
effective and accurate nowcasting results for the decision makers, but also gives quantitative
prediction results of pavement temperatures.

3.2.3. Nowcasting Skills Influenced by Weather Conditions and Initialization Time

To a great extent, the weather conditions have crucial impacts on not only the pavement
temperature itself but also the corresponding nowcasting effect. Figure 7 displays the
nowcasting evaluations of pavement temperatures under different weather conditions for
the two stations. At the early stages, the forecast skills are generally similar with mean
absolute errors being <0.2 ◦C for all the three conditions. When the lead time increases,
the forecast errors increase significantly. The largest growing rates occur on sunny days,
followed by the cloudy days, while the growing rates are slower on rainy and snowy days,
which might be associated with the relatively small variability of pavement temperatures
on rainy and snowy days. As the effect of the direct solar heating on the thermal sensors
is not considered, the measurement error of pavement temperature on sunny days may
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increase. This might also be one reason for the lower accuracy of pavement temperature
forecast on sunny days.
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Meanwhile, prediction results in Wang et al. [26] based on the random forest regression
method also indicate the highest forecast skills of pavement temperatures on rainy and
snowy days, followed by cloudy days, and the worst on sunny days. When the pavement
is covered by snow, or ice, etc., the heat exchanges between the ground and the atmosphere
become weak or even disappears. The pavement temperature is rarely influenced by
external factors and is relatively stable [2,31]. Such a phenomenon is also demonstrated by
analyses on the transportation meteorological observations on roads and bridges [40,41].

Due to the significant diurnal variation characteristics of the pavement temperature,
the nowcasting skills differ obviously among experiments initialized at different times
(Figure 8). The mean absolute errors at the lead times of 1 h and 2 h for the two stations
both show generally larger (smaller) values when initialized in the daytime (nighttime).
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Figure 8. Errors of the pavement temperature nowcasting experiments initialized at different times
for Stations V0001 (a) and V0002 (b), respectively.

For Station V0001, the absolute errors of the pavement temperature nowcasting ini-
tialized at the daytime (nighttime) at the lead time of 1 h range between 0.4 ◦C and 1.5 ◦C
(0.3 ◦C and 0.7 ◦C), while they are distributed between 0.2 ◦C and 1.3 ◦C (0.2 ◦C and 0.6 ◦C)
for Station V0002. The plot also suggests that the nowcasting errors of pavement tempera-
ture rise rapidly with the increase in lead times. At the lead time of 2 h, the nowcasting
experiments initialized at daytime and nighttime show absolute errors of 0.8–3.0 ◦C and
0.6–1.5 ◦C, respectively, for Station V0001, while 0.4–2.4 ◦C and 0.4–1.2 ◦C for Station V0002.

3.2.4. Nowcasting Experiments at Different Regions

Aiming at exploring the applicability of the proposed method in different regions,
similar nowcasting experiments on pavement temperature have been carried out towards
the typical transportation meteorological stations in Beijing, Hubei and Tibet for the winter
of 2021/2022. The nowcasting skills are compared with Station V0002, which are all
displayed in Figure 9.
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The results show that the three stations in plain areas with lower altitudes (75 m,
41 m, and 708 m for Stations A1412, V0002, and Q0007, respectively) do not show much
difference in the nowcasting errors within lead times of 4 h. Among them, Station A1412 in
Beijing is characterized by the highest skills of pavement temperature nowcasting, with
the absolute errors being 0.6 ◦C, 1.2 ◦C, 1.7 ◦C, and 2.1 ◦C for lead times of 1 h, 2 h, 3 h,
and 4 h, respectively. However, the nowcasting errors of pavement temperature at Station
U1801 in Tibet with the altitude of 3610 m display significantly larger values than the
abovementioned three, which have already reached 1.6 ◦C at the lead time of 1 h. On the
other hand, in terms of the ratios between the mean square deviations of the forecast errors
and those of the observed pavement temperature series, the values are relatively small
for Station U1801, i.e., 0.16, 0.25, and 0.34 at lead times of 1 h, 2 h and 3 h, respectively.
It implies that although the pavement temperatures over the plateau area with complex
terrain are generally more difficult to be predicted due to their larger variabilities, the
proposed nowcasting method using the mean-generation function model in this study has
certain reference values for the practical businesses of local early warnings and predictions
of the low pavement temperature.

4. Conclusions

Using the pavement temperature observation data of the two transportation meteoro-
logical stations along the Xianyang Airport Expressway in Shanxi, China, as well as the
datasets of precipitation and sunshine hours obtained from the nearby weather stations,
the variation characteristics of local pavement temperatures were investigated for winter
in this study. On this basis, a nowcasting method was proposed using a regression model
via extracting the corresponding periodic features. Nowcasting experiments were then
conducted and analyzed on the local pavement temperatures for the next 6 h with a rolling
frequency of 10 min and a time interval of 10 min. The conclusions could be summarized
as follows:

(1) Regardless of the weather condition, the observed temperature series are always
characterized by significant diurnal variation characteristics, with the highest and lowest
values occurring at around 14:00 and 07:00, respectively. Among the different weather
conditions, during the daytime, the pavement temperature is the highest on sunny days,
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followed by the cloudy days, with those on rainy and snowy days being the lowest. As
for the nighttime, it shows highest pavement temperatures on non-icing rainy and snowy
days, followed by the cloudy days, and the temperatures on sunny days are further lower,
with those on icing rainy and snowy days being the lowest.

(2) The pavement temperatures at the Xianyang Airport Expressway are revealed
with not only a significant 24 h periodic oscillation, but also high-frequency oscillation
characteristics of about 12 h, 8 h, 6 h, 5 h and 4 h. The nowcasting based on the extraction of
these periodic features using the mean-generation function model are demonstrated with
considerable skills on predicting the local pavement temperatures. Examinations show the
mean absolute errors of 0.2 ◦C, 0.6 ◦C, 1.2 ◦C and 1.5 ◦C for lead times of 20 min, 1 h, 2 h
and 3 h, respectively.

(3) Comparisons among the pavement temperature nowcasting under different weather
conditions indicate that the errors are smallest on rainy and snowy days, followed by cloudy
days, and the skills are lowest on sunny days. This could be attributed to the more complex
influence processes from factors such as clouds and radiation during the sunny days, as
well as the larger variability of pavement temperatures. Furthermore, it also shows different
nowcasting skills for different initialization times. The errors are generally higher (lower)
for nowcasting experiments initialized in the daytime (nighttime), with the mean absolute
errors of 0.7 ◦C and 1.4 ◦C (0.4 ◦C and 0.9 ◦C) for lead times of 1 h and 2 h, respectively.

(4) The expanded experiments for multiple transportation meteorological observation
stations in Beijing, Hubei and Tibet demonstrate considerable universality and applicability
of the method on pavement temperature nowcasting. It could achieve skillful nowcasting
results in plain areas with lower altitudes but shows relatively insufficient performances
in plateau areas with complex terrain. Nevertheless, considering the generally lower
ratios between the mean square deviations of the forecast errors and those of the observed
pavement temperature series, the nowcasting strategy can provide certain reference values
for the practical businesses of local early warnings and predictions of the low pavement
temperature.

5. Discussion

Changes in weather will affect the accuracy of the nowcast model. Two precipitation
processes were picked to analyze the impact of weather change on the forecast skills. The
results indicated that if the weather changes during the night, the impact on the forecast
skill is smaller. However, if the weather changes during the day, the impact is larger,
especially for the first several hours of weather change. With the rolling update of the
nowcast model, the forecast results become closer to the observation, whereas the results
need to be verified by more tests.

The statistical modeling method based on the extrapolation of high-frequency observa-
tions in pavement temperatures is demonstrated to be effective in the accurate nowcasting
of pavement temperatures, which could provide an important basis for the identification of
icing and snow covers on the pavement. In the road maintenance business, the advantages
of an increase in accuracy of nowcasting products and a longer lead time of short-range
forecast products are usually combined to arrange the road snow and ice removal. The
prediction errors grow rapidly with the increase in lead times. Therefore, more detailed
diagnoses and analyses on nowcasting errors are to be carried out in the future and would
be favorable for more skillful nowcasting on the pavement temperatures [42,43]. Moreover,
the statistical models could also be combined with the physical and dynamic models in the
future [44,45].
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