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To facilitate proper snow and ice control operations, it is essential to identify and forecast

road surface temperature (RST) and/or road conditions. Our research group has directed e orts

towards developing a RST model by utilizing a heat balance method that can account for the

e ects of vehicular tra c. The basic model closely reproduces the RST variation, but it tends

to underestimate RST relative to measured RST. We thought this underestimation might be

due to not considering the e ect of structures along the roadway, and we developed a revised

model that incorporates the shielding e ect of roadside structures and long-wave radiation

(LWR) emission from such structures. The revised model’s validity was examined by onsite

measurement of LWR. The LWR estimated by the revised model showed a root mean square

error (RMSE) of . W m . The RMSE of RST estimated by the revised model was . degrees

Celsius for the whole day, . degrees Celsius in the daytime and . degrees Celsius in the

nighttime. This is an improvement in RMSE from the basic model by . degrees Celsius for the

whole day, . degrees Celsius in the daytime, and . degrees Celsius in the nighttime for the

whole period analyzed.

Key words: road surface temperature, heat balance method, roadside structures, long-wave

radiation
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December to February is below degrees Celsius.

ters, and the average daily temperature from

Accurate forecasting of winter road condi-

tions, whether the road surface is icy or not, is With a population of . million, the city is one

essential to facilitate proper snow and ice con- of the few of its size in the world with such

trol operations. Hokkaido has a cold, ex- severe snow conditions. The city also has

tremely snowy climate. Sapporo, Hokkaido’s heavily tra cked routes with over vehi-

central city, has an annual snowfall of me- cles per day, and about half of the highway

network runs alongside buildings.

To perform snow and ice control operations

for roads appropriately in such an urban situa-

tion, a road surface temperature (RST) model

must be developed that considers the influence

of running vehicles and roadway structures.

This study takes the approach of revising

the basic model of Takahashi ( ) by

Naoto TAKAHASHI , Roberto A. TOKUNAGA , Takamitsu SATO

and Nobuyoshi ISHIKAWA

Road surface temperature model accounting for the

e ects of surrounding environment

et al.

Abstract

. Introduction
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weather data. As road characteristic data, Takle

factoring in the e ect of structures along the tors as its parameters was recently developed

roadway. Long-wave radiation (LWR) was (Seki ).

monitored at the study point for the purpose For more accurate prediction, the above au-

of improving the predicted accuracy during thors indicate that models should include accu-

hours without sunlight, and the accuracy of rate road characteristic data, in addition to

the model was verified.

and Hansen ( ) and Bentz and Dale ( )

developed a heat-balance model that focuses on

Numerous RST models have been developed road structures to predict bridge surface condi-

and utilized by road and tra c engineers a- tions.

round the world. These models can be generally Also, Ishikawa ( ) and Prusa

categorized into two approaches: statistical ( ) indicated that running vehicles a ect

modeling and heat-balance modeling. Mahoney RST, and Takahashi ( ) developed a

and Wagoner ( ) reported that the majority heat-balance model that considers the influ-

of the models used operationally are heat- ence of running vehicles. This model consid-

balance models that calculate RST. ers the shielding e ect of vehicles, as well as

Among early heat-balance models, Rayer the LWR they emit. However, the model shows

( ) developed one with meteorological fac- a large error, especially at night. This might be

tors as parameters. Various such models have from the influence on LWR of structures along

been examined and developed, but there is no the roadway and from elevated roadways is

simple way of evaluating the models in terms not considered. Indeed, some models consider

of performance. heat from vehicles as well as the blocking of

For instance, Thornes and Shao ( ) tested LWR from the atmosphere (Prusa ;

a RST model’s sensitivity of individual mete- Chapman and Thornes, ).

orological parameters, e.g., air temperature, Furthermore, Johnson ( ) identified

cloud cover and type, solar radiation and wind the e ect of shielding by and LWR from build-

speed, and found that air temperature was the ings along roadways, by measuring long-wave

most influential parameter controlling RST. radiant quantities in urban and rural areas.

Brown and Murphy ( ) indicated that pre- Another unique finding was made by Chapman

diction performance was improved by combin- ( ). They examined the meteorological

ing the RST models formulated by two organi- and geographical parameters that influence

zations: the UK Meteorological O ce and Oce- RST, and they found that sky-view factors

anroutes. In contrast, Shao and Lister ( ) control surface temperatures under conditions

developed a fully automated RST model that of high atmospheric stability.

requires no external meteorological input data In urban areas, it is particularly necessary to

other than automatically collected sensor mea- consider the e ects of environmental factors

surements of surface temperature, air tempera- such as tra c and buildings. Indeed, Narita

ture, dew point and wind speed from the fore- ( ) pointed out that downward long-wave

cast site. flux from surrounding buildings and struc-

In Japan, statistical RST models have been tures should be included in net atmospheric

developed to a practical level (Civil Engineer- radiation. However, there are no RST models

ing Research Institute, ). In addition, a that have introduced and formulized the im-

heat-balance model with meteorological fac- pact of both running vehicles and surrounding

et al.

et al.,

et al. et al.

et al.

et al.,

et al.

et al.

. Literature review
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Road surface temperature model accounting for surrounding environment

Conceptual diagram of heat transfer at the road surface.

along roadway, based on the model of Takahashi

buildings. where

radiant input quantity,

emissivity of the outgoing LWR from

road surface,

This study takes the approach of developing Stefan-Boltzman constant,

a model that considers the e ects of structures RST,

sensible heat flux,

( ). This section explains the heat latent heat flux, and

balance model developed by Takahashi ground heat flux.

( ), which considers the influence of running

vehicles (hereinafter: “the basic model”).

Figure shows a conceptual diagram of the

basic model. The vehicle-related factors influ- where

encing RST include atmospheric and solar global solar radiation,

radiations, which are screened by vehicles, and reflectivity (albedo),

infrared radiation, which is emitted by the atmospheric radiation into the road

bodies of vehicles. These factors vary by traf- surface, and

fic volume. The energy input into the road infrared radiation into the road surface

surface includes infrared radiation, sensible from vehicular tra c.

heat flux, latent heat flux, and ground heat

flux from the road surface. RST can be deter- The parameters applied in Equation ( ) are

mined from the heat transfer through the sur- presented in Equations ( ) to ( ).

face. This is a major component of the heat-

balance, and it is expressed by Equations ( )

and ( ). This model was developed under the

assumption of an asphalt road surface on an .

urban arterial highway with a high level of

management.
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. Outline of the basic model

. Model development
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Naoto TAKAHASHI

where average vehicle speed.

specific heat capacity of air,

density of air, is presented in Equation .

turbulent di usion coe cient in sensi-

ble heat flux (bulk coe cient)

wind velocity,

air temperature, shows the ratio of scattered radiation (the

latent heat of vaporization, ratio of scattered radiation to solar radiation

atmospheric pressure, in open skies). Oke ( ) and Erbs ( )

turbulent di usion coe cient in latent demonstrate in their studies that it is between

heat flux (bulk coe cient) . and . at the time of clear sky. At the

evaporation e ciency, time of clouded sky, the amount of global solar

surface saturation vapor pressure, radiation is small although is large and the

atmospheric vapor pressure, value of sky solar radiation is small; therefore,

thermal conductivity, it is simply referred to as . .

subsurface temperature at depth When vehicles travel on the road, the road

and surface receives infrared radiation from the

depth at which is measured underside of the vehicle; when no vehicles are

on the road, it receives atmospheric radiation

Here each parameter in Equation ( ) is ex- from the sky. Accordingly, is presented in

plained. When vehicles travel on the road, the Equation ( ).

surface absorbs only scattered radiation; when

no vehicles travel on the road, the surface ab-

sorbs both scattered and direct solar radiation.

Therefore, is presented in Equation ( ). where is atmospheric radiation under

the open sky, and is determined by Kondo’s

equation ( ). Kondo’s equation determines

long-wave radiant quantities from the amount

where of clouds in all sky layers and in lower sky

ratio of time that vehicles are on the layers. In addition, in the basic model, the

road, shielding e ect of any structures along the

solar radiation in open skies, and route is not taken into consideration. is

scattered radiation. presented in Equation ( ).

Then, the ratio of time that vehicles are on

the road ( ) is presented in Equation ( ).

where

emissivity of LWR emitted from the ve-

hicle underside,

Stephan- Boltzman coe cient, and

where temperature of the vehicle underside.

average vehicle length,

tra c volume, and The temperature of the vehicle underside var-

r
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Road surface temperature model accounting for surrounding environment

Parameters needed for calculation.

ies by location on the vehicle (Watanabe emit LWR. To express these e ects mathe-

). Thus, in this study, it is referred to as matically, the rate of radiation shielding, (the

based on the measurements and study ratio of sky which is blocked by structures

results of Watanabe ( ), where is air along the roadway), was introduced. Taking

temperature. into account the LWR from surrounding build-

In the basic model, the data necessary for ings, atmospheric radiation ( ) is presented

calculation are the time-variable data, includ- in Equation ( ).

ing the amounts of solar radiant quantities, air

temperature, wind velocity, relative humidity

and cloud amount (in all sky layers and in

lower sky layers), and the tra c volume. where

Other parameters use the fixed values shown atmospheric radiation coming from

in Table . the sky taking into account the road-

side environment,

The basic model was revised to more accu- rate of radiation shielding, and

rately estimate the solar and atmospheric ra- LWR emitted by structures.

diation, and expanded to encompass the e ect

of structures along the roadway. Structures If Equation ( ) is substituted for in Equa-

along the roadway have two e ects: They tion ( ), the atmospheric radiation, can be

block solar and atmospheric radiation and rewritten as,

et al.,

T T

et al. T
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Naoto TAKAHASHI

The case study point.

and is expressed in Equation ( ).

A case study was conducted in the winter of

to determine the accuracy improve-

ments of the revised model and to collect mete-

where orological and RST data. The study point

surface temperature of structures selected was along National Route in the

along the roadway ( is assumed northwest suburbs of Sapporo (Fig. ). The

here to be equal to ), and route is an arterial highway crossing Sapporo

emissivity of the outgoing LWR from east-west along which there are many build-

the surface of structures along the road- ings and above which there is an elevated

way. expressway. Such a setting is typical of road-

ways in urban areas.

For solar radiation, we consider the impact RST for verification was acquired from a

of structures along the roadway. Solar radia- thermocouple installed at a depth of mm

tion entering the road surface at the time of from the road surface. For meteorological

clear sky will be influenced by those struc- data necessary for driving the models, air tem-

tures. The impact of structures on di use perature and wind velocity were observed at

(scattered) solar radiation is small, and it can the study point. A thermometer and anemom-

be written as Equation ( ). eter were installed meters above the road

surface so that the sensors would not be dis-

turbed by roadside snow accumulation, nor

would they hinder snow removal.

where Solar radiation, relative humidity and cloud

solar radiation taking into account cover were obtained from the Sapporo District

the roadside environment and Meteorological Observatory, which is about

direct solar radiation

Substituting Equation ( ) for S in Equation

( ) gives us

In this study, the component of direct solar

radiation is presented in Equation ( ).

Data necessary for calculation of the revised

model are the same as those for the basic

model shown in Table , except .

et al.
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Full-sky image of the case study point. total cloud amount ( ) and lower cloud amount

km from the study point (Fig. ).

As for the vehicle factor, hourly tra c vol-

ume was determined by directly counting the

number of vehicles passing through the study The accuracy of LWR estimated by the mod-

point. Also, the study employs the results of els a ects the RST. Figure (a) shows the

tra c analyses conducted by the road author- measured LWR and those calculated by the

ity for basic model (Equation ( )) and the revised

model (Equation ( )) from February to ,

. Figure (b) shows the amount of total

The rate of radiation shielding ( ) by the clouds and lower clouds, which are necessary

structures along roadway was calculated by for calculating the LWR using Kondo’s equa-

taking a picture of the sky using a camera tion. Figure (c) shows the atmospheric radia-

with a fisheye lens (Fig. ). Incoming LWR was tion ( ) calculated using the basic model

measured by installing a long- and short-wave (Equation ( )), LWR of the first term of the

radiation sensor (EKO Instruments Co., Ltd.; right-hand side of Equation ( ) (( ) ( )

MR- ; sensitivity: V W m ) at the study ) of the revised model and the second term

point. LWR was collected for the days from of the right-hand side of the same equation

January to March , . The sensors (( ) ).

were installed meters above the road surface The accuracy of the calculated LWR was

so that they would not hinder snow removal. determined by comparing it with the meas-

Inspection was carried out once per week dur- ured LWR and calculating the root mean

ing the observation period, which prevented square error (RMSE) (Equation ( )).

the sensor from being covered by snow.

ˆ

where

calculated value, and

ˆ measured value.

The basic model had a RMSE of . W m ,

whereas the revised model had a RMSE of .

W m . The revised model estimates the LWR

more accurately than the basic model does.

Amount of cloud a ects the accuracy of the

LWR estimate. When the di erence between

( ) is large, such as on February , and

(Fig. (b)), the error of LWR calculated by the

basic model is large (Fig. (a)) and the error

of LWR calculated by the revised model is

smaller; an improvement by the basic model

i

i

C

v.

L

t

L

t L

RMSE

y

y

C

Fig.

. Accuracy of modeled long-wave radia-

tion

. Measuring long-wave radiation and

rate of radiation shielding ( )

. Case study results
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LWR estimate and measured data. (a) measured and calculated LWR, (b) amount of total and

lower clouds, and air temperature and (c) the long-wave radiant quantities calculated by

Equation ( ) of the basic model, and the atmospheric radiation term (( ) ( ) ) and

the structure-emitted-radiation term (( ) ) in Equation ( ) of the revised model.

over the revised model can be seen. When daytime air temperature, and overestimation

both and are large, such as on February with relatively lower air temperature (Fig.

and (Fig. (b)), the accuracy of the calculated (b)). The underestimation and overestimation

LWR is generally high (Fig. (a)). of LWR for the revised model might have

The LWR calculated by the revised model occurred as a result of using air temperature in

showed underestimation in daytime, such as place of surface temperature of structures

on February , and (Fig. (a)) and overes- along the roadway. When the air temperature

timation from the afternoon of February to is high in daytime, the surface temperatures of

the end of Feburary . Underestimation of the structures along the roadway might be

LWR by the revised model coincides with high higher than the air temperature, from incom-

et al.
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spite the improved estimation accuracy of long-

ing solar radiation; whereas, when the air tem- quantities a ects the accuracy of RST estima-

perature is low, mainly during nighttime, the tion. Figure (a) shows the measured RST

surface temperatures of the structures along and those calculated by the basic and the re-

the roadway might be lower than the air tem- vised models. Figure (b) indicates the di e-

perature, possibly as a result of radiative cool- rence between the measured and the calcu-

ing at the surcture surface. lated long-wave radiant quantities. Figure

The term of atmospheric radiation and out- (c) shows the amount of cloud and solar radia-

going radiation from sturctures in the revised tion. The examination was done for the period

model is shown in Fig. (c). Under the winter from February to , when measured RST did

weather conditions of Sapporo, LWR emitted not show a large fluctuation. As shown in Fig.

by structures ( ) is greater than the atmos- (a), the basic and the revised models both

pheric radiation ( ). To improve the RST have a tendency to underestimate the RST;

estimate, it is important to evaluate the long- however, the RST estimation accuracy is sig-

wave radiant quantities from structures more nificantly improved in the revised model: The

accurately. mean error of RST estimated for the analyzed

period is . degrees Celsius for the basic

model and only . degrees Celsius for the

Figure shows the measured RST, along revised model.

with the RSTs calculated by the basic and the The basic model underestimates long-wave

revised models. Calculation was performed for radiant quantities relative to the measured

every minutes. Air temperature, wind ve- values (Fig. (b)). The maximum error is

locity, and RST were measured every min- around W m . The revised model overesti-

utes, and other values were obtained from the mates the long-wave radiant quantities by

meteorological observatory every hour. In W m relative to the basic model, and the

Fig. , the calculated and measured RST is error relative to the measured values is nearly

plotted for every hour from the first to the W m at most. The revised model is im-

tenth day of each month, from December proved with regard to accuracy in estimating

to March . long-wave radiant quantities. In addition, the

Table shows the monthly average of revised model underestimates the RST rela-

RMSE. The daytime period is : A.M. to : tive to that measured from : to : A.M.

P.M. and the nighttime period is : P.M. to on February . In this period, the error of

: A.M. As shown in Table , the improve- long-wave radiant quantities for the revised

ment in accuracy of the revised model over the model is to W m , i.e., the revised

basic model is obvious. The RMSE of the model overestimates long-wave radiant quan-

revised model shows an improvement of . tities by to W m relative to the meas-

degrees Celsius in daytime, . degrees Celsius ured values. This might have caused the over-

in nighttime and of . degrees Celsius for all estimation in RST.

day. Relatively large errors are seen in Febru- Here we discuss the dependency of the RST

ary and March. This is due to the large fluctu- estimate on solar radiation. The daytime RST

ation in measured RST after the end of Janu- was underestimated by the revised model, de

ary (Fig. ).

Next we explain how the improvement in wave radiant quantities. When there is inci-

the estimation accuracy of long-wave radiant dent solar radiation, the calculated RST errors

L

L

. Accuracy of road surface temperature

estimates
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Estimated and measured RST. (a) December to , (b) January to , (c) February to

and (d) March to .

increased with the amount of solar radiation. necessary to improve the estimation accuracy

This was consistent through the analyzed pe- of the amount of solar radiation.

riod. The example is shown in Fig. . To In the revised model, the rate of radiation

improve the estimation accuracy of RST, it is shielding ( ) is a fixed value. It varies with the

et al.

Fig.
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RMSE of RST calculation.

RST estimate and measured data. (a) measured RST and those calculated by the basic and the

revised models, (b) di erence between measured and calculated long-wave radiant quantities

and (c) amount of clouds and solar radiation.

Table

Fig.
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Calculated RST, measured RST and solar radiation (December to , ).

pheric radiation and for LWR emitted by struc-

position of the sun and the shape of surround- model.

ing structures. The constant applied for the Based on the study results, the following

revised model could be greater than the actual suggestions to improve the accuracy of RST

rate of radiation shielding, depending on the estimation are made.

position of the sun. As a result, RST may be

underestimated relative to measured RST.

The estimation accuracy of long-wave radi-

ant quantities was improved significantly by

We have assumed that structures along the considering the e ect of structures along the

roadway are the primary cause of error in the roadway in the revised model. It is thought

RST estimated by the basic model, so the shiel- that the improvement in the estimation accu-

ding e ect of structures along the roadway racy of long-wave radiant quantities increased

was taken into consideration in the revised the accuracy of RST estimation. In this study,

model. the structure’s surface temperature is assumed

The model has been expanded and improved to be equal to the air temperature. However,

to account for blockage of solar and atmos the actual structure surface temperature

might be higher or lower than the air tempera-

tures along the roadway. In the revised model, ture. Therefore, to improve the estimation

the RMSE of RST calculation was . degrees accuracy of long-wave radiant quantities, it is

Celsius for the whole day, . degrees Celsius necessary to measure both the structure’s sur-

in the daytime and . degrees Celsius in the face temperature and the air temperature, and

nighttime: The accuracy was improved by . to verify its relationship.

degrees Celsius for the whole day, . degrees

Celsius in the daytime and . degrees Celsius

in the nighttime. This technique is e ective in When there was sunlight, the accuracy of

large cities with heavy tra c and many struc- RST estimation was too low, and this resulted

tures along roadways, such as Sapporo. in RST underestimation. There is a possibility

RST is, in turn, a very important element of that the revised model underestimates the

winter maintenance decision-making, espe- quantity of solar radiation. In the revised

cially when temperatures are near the freezing model, the screening factor of solar radiation is

point and the probability of road icing is un- made into a steady value. In fact, the screen-

certain. For this reason, further work is re- ing factor varies with the position of the sun.

quired to improve the accuracy of the RST This might cause the solar radiation to be

et al.

Improvement in estimation accuracy of long-

wave radiant quantities

Improvement in estimation accuracy of amo-

unt of solar radiation

Fig.

. Conclusions
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