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Thermal mapping i a echnique wing a ehicle-nounted nfrared adiometer to measure he \ariation d road aurface
temperature (RST). @nventionally, the chnique s ®nducted wnder three qualitatively caegorized weaher conditions: exreme,
intermedate and damped. These hree cdegories represent basic weaher patterns and are wdely used n thermal mapping. h real-
time geration, however, determination o the weaher category is rampered dwe to he bhck o systematic dassfication. Furthermore,
certain kills and knowledge d both thermal mapping and meteorology are requred. As he hermal mapping technique s developing
in the drection o providing a patform for automatic and dynamic forecasting d RST over an entire oad network, it is recessary to
have a srt of hands-df, quantitative, gstematic, accurate and fast categorization of weather conditions br thermal mapping. fer this
purpose, he elationship between the dange d weather conditions and variation o RST was analysed n ader to define a tme domain
for application d a iable cadegorization algorithm. Fuzzy membership functions were then established, based o doud amount,
cloud type, wnd eed and rdative tumidity, to ompose a fuzy function o weaher caegorization for thermal mapping. The results d
validation for the fuzzy caegorization show that the aborithm can become a seful tal for thermal mapping.

1. Intr oduction

As a part of an integrated winter road-weather sevice
system, the thermal mapping technique, which uses \ehicle-
mounted infrared radiometers to detect spatial variation of
road wurface temperature in a oad network, pays an important
role n revealing real-time atial distribution of cold and wam
road sections in a vad network. Gombined with a ste-gecific
road ice prediction model, the technique assists
meteorologists, & well as highway engineers, n the
identification of where and when a gretch of road is likely to
fall below freezing point.

In theory, a hermal mapping survey can be arried out at any
time and under any weather condition. In practice, fowever,
the survey is wsually done & the ime dortly before dawn when
minimum surface temperature dten occurs, aad under a
limited number of representative weather categories o
patterns to avoid too many urveys and unnecessarily high
costs. Seh representative weather conditions and
corresponding thermal mapping products (called thermal
fingerprints) are ategorized as extreme, ntermediate and
damped. While an extreme thermal fingerprint shows the
largest spatial variation of RST, a camped fingerprint represents
the snallest variation. An intermediate fingerprint is between
the wo. An example d an extreme thermal fingerprint in
Birmingham, WK, is saown in Fgure 1.1 can be sen from the
figure that details d the gatial variation of road aurface
temperature ae revealed by the thermal mapping technique.
It is dovious that the technique is a telpful tool not only in the

Fig 1. A example o a thermal mapping fingerprint
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study o road weather, bu also in other micro-meteorological
studies.

It has been widely recognized that an extreme weather
pattern gppears an calm, dear and relatively dry nights usually
related to anticydonic mnditions. O the dher hand, a amped
pattern corresponds to cyconic conditions with extensive
cloud cover and humid ar. Any weather conditions between
these tvo extremes €.g., mderate winds and some douds) are
usually dassified into an intermediate ategory €.g9., hiornes
1991). h defining weather conditions in this way, there is
inevitably vagueness mncerning desaiptive words sich as
‘moderate€ winds and extensive’ or ‘some douds. Athough
such vague terms may be understandable to experts, hey ae
not interpretable to amateurs a computers. This poses a
problem to the urther development of the technique in the
context of an automatic, ll-time qerational application.

This paper deals with the vayueness a fuzziness problem
by using fuzzy set heory to develop a practical algorithm for
the ategorization of weather conditions for application to
thermal mapping. Rrst, it investigates the relationship and
response ketween road aurface temperature (RST) and weather
conditions. The investigation provides necessary information
about the time domain (or period) during which weather
conditions and thermal mapping products ae Ikely to fall into
the @me ategory and the proposed fuzzy dgorithm becomes
effective. &cond, a rumber of dgnificant meteorological
parameters ae cosen and their membership functions ae
established. Thirdly for verification, fuzzy categorization based
on these finctions is arried out on examples wllected in
Birmingham. Hnally, ©me @nclusions ae dawn together
with a dsaussion on the us€ulness, Iimitations and future
development of the proposed fuzzy set égorithm in thermal

mapping.



2. Thermal mapping and
weather conditions

A lot of factors dfect the energy balance d a oad wurface
and thus its surface temperature. These &ctors @n be Iriefly
classfied into permanent and non-permanent ones. Rrmanent
factors include geographical location (e.g., &titude and
altitude), topography (hills, védleys a dopes), road construction
(structure and materials d road surface and aublayers), and
localized features sich as woods, bBkes and urban heat island,
which are ©metimes dso regarded as topographical features.
These fctors ae @lled permanent because hey change ittle
or their influence an surface temperature is more a less & a
certain level or ‘fixed’ during a vinter season. In contrast, there
are wo non-permanent factors: raffic and weather. Gmpared
with the factor of weather, traffic has a &r less sgnificant
influence an RST and it changes little during weekdays.
Therefore, the only important and changeable factor
influencing RST is weather. Table 1ists these fctors and their
possible dfects o RST.

There ae two problems with the aove. Rrst, the aiteria
do not completely cover all possible mmbinations d some
important weather parameters. r example, doud type which
is aitically important for influencing the vaiation of RST is
missing. Aso, ome weather conditions €.g., wen cloud
amount is 3 @tas and wind speed is 2m/9 are not included.
The seond problem lies with the period (start to end of a sirvey
as suggested by Belk) to which these citeria ae gplied.
Physically, there $iould be a tme lag for RST to follow the
change d weather condition due to the thermal inertia d a
road’s sublayers. for example, T the ky dears just before the
start of a thermal mapping survey, RST will not drop
significantly, even in an open field, until some hours later.
Thermal mapping data mllected at that time will not show the
sharp contrasts between colder road sections in open fields
and warmer sections seltered by trees, hills a buildings. h
this @ase, veather conditions may be extreme acording to the
above aiteria, bu the thermal fingerprint may be intermediate.
Therefore, this will inevitably cause nhaccuracy and
inconsistency o weather and thermal fingerprint classification
in some crcumstances.

Factors Sgnificance
Latitude

Longitude Little impact.
Urban Minor to moderate.
Topography

Road construction
Traffic
Weather

TABLE 1. @mmon factors controlling daily variation (mean and amplitude) of RST and their significance

Important in determining average thermal status a temperature in winter.

Varying locally and depending an s@le and pattern of the topographical features and weather
conditions; The dfect, however, is nearly constant.

Minor influence for basic and common roads.

Generally anall but could be large under heavy traffic and in rush hours.

Most significant and important, especially under a dear sky and with a @m wind.

It has been shown that under a ertain weather condition (i.e.,
if the non-permanent weather factor is ‘fixed”), the gatial
variation of RST over a road network appears in a onsistent
pattern (Shao et al 1996). his mnsistency enables thermal
mapping to be mnducted under only a w sdected weather
conditions. h the WK, the terms d extreme, ntermediate and
damped have been widely used in thermal mapping survey and

data analysis (Thornes 1991; Bk 1992; Bao et al 1996).

Although extensive knowledge, eperience and aiteria have
been used by experts in the ractice d thermal mapping, here
has been little pwlished information, except Belk’s research
(1992), hout classification of weather conditions, which are
desaibed by continuous vaiable, br thermal mapping. Belk
(1992) s the following aiteria for defining three types d
weather conditions:

Extreme: cloud £ 1 acta and wind eed £ 2m/s.

Intermediate: either cloud = 8 atas, wnd eed = 0;
or cloud = 0, wnd Peed 3 3m/s.

Damped: cloud 3 7 atas and wind geed 3 3m/s.

All of the &ove mnditions gply from the gart to the end of a

survey.

3. Weather impact on RST

It is sen from the @ove dsaussion that a complete and
guantitative set o criteria for weather conditions @nd thus
thermal fingerprints) is needed, and that a ime domain for
application of the aiteria should be dearly defined. In order
to decide the ime domain, a oad ice prediction model called
Icebreak (Shao 1990)3 wsed to dmulate the response d RST
to the change d weather condition. The smulation ams to
find out how fast RST respond to any possible dhange o
weather conditions.

Both research and experience siggest that in thermal mapping,
the most important and vaiable factors ae doud amount (CA)
and doud type (CT; 0 br no doud, 1 br low doud, 2 br
intermediate doud and 3 br high doud) (Thornes & $ao
1991). hese o factors ae largely responsible for the murse
of RST and dr temperature danges & night. Therefore, he
model-based numerical test of time domain concentrates m
these o factors. krst, the model was run based on dl actual
inputs without change m any o input parameters. This is
called the aiginal run. Then, the test was arried out by vaying
one d the wo factors & a time and keeping aher factors
constant. It is alled a gerturbed run. By omparing the aiginal



and perturbed runs, he model smulation is &le to reveal the
possible mpacts d change d weather condition on RST. Snce
weather impact on RST is grongest under extreme @nditions,
an extreme right (December 16-17, 1992)taChapman’s Hil
(site cde WNO0O3) rear Birmingham in England is séected for
the test.

During the daytime d December 16, 1992,he ky was
overcast with low douds & the thapman’'s Hll site. Mddle

clouds replaced low douds ortly before sunset & 1545.

Around midnight, the «y deared and remained dear until
shortly ater sunrise (0835). éadside measurements d air
temperature, cew point, wind speed and precipitation were
collected & a madside aitomatic weather station. Qoud data
were povided by the nearby Brmingham Weather Centre o
the WK Meteorological Office. A omparison between the
model-based vdues and surface sesor measurements & the
test site an an hourly basis $i1owed that the model’s 24 lour
simulation error has a bas d -0.02C and an RMS eror of
0.7Z2C. A rgligible bas and a snall RMS eror mean that the
model can be regarded as a Eliable ol to represent the dhange
of RST during the right.

Four perturbed runs were designed with doud amount and
cloud type set & +/-2 octas and +/-1 kevel respectively. The
perturbation was introduced a 1900 &bout 3 hours dter
sunset) and maintained for 3 hours Gince dl inputs were in a
3-hourly interval). This means that the perturbation
disappeared a 2200. Tie results d the aiginal and perturbed
runs ae own in Fgure 2.1is sen from the figure that the
difference d RST between the aiginal and perturbed runs
develops rapidly when a perturbation is imposed. The
difference kecomes highly sgnificant at 2100 6 2200, ad then
decreases dter disappearance d the perturbation. The igure
shows that the impact of cloud perturbation on road srface

temperature becomes negligible &ter 0300, 05 hours dter the
perturbation was terminated.

The magnitude d the perturbation introduced in this
example is not great and can be reasonably expected to exist
between any two gmilar nights. The example siown in Fgure
2 indicates that the mpact on RST a a right of a dhange d
weather condition that can be expected in winter increases
gradually and becomes most significant after 2-3 fours. The
impact is Ikely to last about five hours.

Further evidence supporting the results $rown in Fgure 2
obtained by an autocorrelation analysis d RST saies. h the
analysis, a1 autocorrelation coefficient (ACC) is cefined by
1 ™ T-T T -T
ACC(t) = ()
n-t,4 S
m. Q)

) t=1,2, ...,

where, n is rumber of temperature records (T), T and sare
estimates d mean and gandard deviation of the temperature
respectively, t is a tme lag in hours and mis the maximum lag
(=24 tours). A high vdue d ACC(t) means that the temperature
at timei has a ggnificant influence m the temperature & i+.
The analysis was @rried out at five automatic roadside weather
stations with hourly measurements o RST. The five gations
are: Gapman’s HIl (WN0O03, 13/12-30/12/1988d Leeming
airfield (LM001, 02/03-23/04/1993nithe WK, &n Petro
(SM001, 19/01-16/03/1994 italy, Kvassheim (RL002, 10/02-
18/02/1994) m Norway and Beekbergen (GN0O01, 13/02-21/02/
1994) n the Netherlands. Raults d the analysis ae dsplayed
in Fgure 36rt=1, ..., 12.@8erally, ACC flls towards zro fairly
rapidly a the frst several time lags. f an ACC below 0.4
regarded as insignificant, it can be generally said to “cut off” at
t=5 0 6 lours in the figure. This indicates that RST has a @od
“memory” of up to five a six hours, @ in other words, oad




surface thermal status & timei has a much reduced or
insignificant impact after i+5 hours. As RST is largely controlled
by weather conditions, tis result implies that the influence
on road surface temperature d a dhange in dominant weather
condition becomes insignificant after 5-6 lours.

Both numerical smulation and datistical analysis demonstrate
that
- the nfluence d a dhange in dominant weather condition
on RST is nost significant after 2-3 fours and negligible
after 5-6 tours d the bkeginning o the influence;
accurate weather information is essential for delivering
reliable thermal mapping results. Therefore, a
representative weather category for thermal mapping
should consider not only the weather condition when a
survey is being undertaking, bu also the onditions several
hours kefore the survey.

weather conditions under which thermal mapping is keing
conducted should be mnsistent and gable br several hours
(including the time Pr the survey), in order for the road
surface to reach thermal equilibrium and to dlow RST to
respond fully and truly to the governing weather conditions;
thermal mapping $ould be carried out once a ertain
weather condition has persisted for 2 to 3 hours;

a proper algorithm or method to dassify weather
conditions and thus thermal fingerprints $ould have a
time domain of 2-3 tours pus the duration of the survey.

4. Fuzzy categor ization

While most traditional tools for classification are aisp (i.e.
yes-ar-no type), fuzzy set heory is ele to deal with phenomena
with vague citeria o “borders’ (i.e. nmore-or-less type) of
classes. h thermal mapping, t is neither practical nor
reasonable to draw a ¢isp, deterministic and precise trder
between extreme, ntermediate and damped categories. for
example, t is ot certain if a weather condition with 2 cctas o
high doud and wind seed 2m/s @ non-extreme ategory
according to Belk) will result in a sgnificant difference in RST,
compared to that with 1 acta d medium doud and wind geed
2m/s (@n extreme cndition). As the torders d dassification
of weather conditions in thermal mapping ae ron-crisp, the
problem should be dealt with by fuzzy set heory (Zadeh 1965;
Zimmermann 1991). Rearch has siown that fuzzy set heory
can be a véuable ol for meteorologists €.9. Ca & Chen 1983;
Boreux 1994; Kciauskas et al. 1998; Mner & Dbyce 1997;
McBratney et al. 1985; Mrtha 1995).

In fuzzy set heory, if X & a ©llection of weather conditions
denoted by x, atizzy set (A ) of certain weather conditions in
X is a set bordered pairs:

A={(x, m(|xT X}
(2

where, /1, (X) is alled the membership function or grade d
membership of x in which maps X b the membership ace
M. Here, uizzy set § alled normal as the vdue o its
membership function is imited to the vdues between 0 (owest
grade d membership) and 1 highest grade d membership). In




the fuzzy set heory, the membership function is a cucial
component and is wsually defined or determined by knowledge
and experience.

For thermal mapping, doud amount (x1; octas), doud type
(x2; 0-3), wnd eed (x3; m/s) and relative humidity (x4; %) ae
the four most important weather factors gverning the
variation of RST. For the cmnvenience d expression of its
membership function, doud type takes the vdue d 0 fr no
cloud, 1 br high doud, 2 br intermediate doud and 3 br low
cloud in this paper. Research (Thornes & $hao 1991) ad
operational experience indicate that less doud amount, higher
cloud type, weaker winds and a drier atmosphere ae ikely to
result in an extreme thermal fingerprints. Therefore, he
membership functions d each o the factors ae defined as

x1)=0 for x1=0 ccta

= 0.92*gp(x1/10)-1 for x131
octa. 3)
(x)=0 forx2=0

= for x2 >
0. 4)
(x)=0 for x3£ 2m/s

=In[1 + 0.22(-2)] for 2 <8< 10m/s

=1 for x33
10m/s. (5)
and
(x)=0 for x4 £70%

= for x4 > 70%. (6)

The bur membership functions ae dsplayed in Fgures 4@-

d). The figures srow gade d membership o each individual
factor. The combined effect of these fctors an weather
categorization in thermal mapping is expressed in the function

mX) =[m(x) m)] [m(x) m(x)]o

where 1uzzy intersection operator () and union operator () are
defined as ‘min” and “max” operations respectively. eather
categories () ae determined by gecified vdues d the
combined membership function [Eq.(7)] &

x)=0 for extreme;
=05 f o} r
intermediate;
=1 for damped.

Equation (7) and the &ove aiteria mean that
cloud is largely responsible for creating an extreme
condition (hence the minimum operation between x and x));
high wind speed or high humidity tends to produce a
damped or intermediate condition (hence the maximum
operation between x, and x,).

For a gven night, vy, its categorization is determined by the
closeness o the vdue d (y) to either 0 Extreme), 0.5
(intermediate) or 1 damped). For the reasons dsaussed in
Section 3, ¢oud amount, doud type, wnd geed and relative
humidity should be the average vdues d 2 © 3 tours before
the thermal mapping survey darts.

There ae quite a éw measures d fuzziness to indicate the
degree d fuzziness d a fizzy set. Aisnple measure is to regard
an index of fuzziness & a rormalized distance (Kaufmann
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1975). h this paper, the degree d fuzziness d a real set []
belonging to one d the three pre-defined extreme, ntermediate
and damped sest [] is cefined by the distance between them:

_|m(y) - m(x)

f(A
A= o)

®

where, = 0.25.he vdue d the ndex vaies fom 0 b 1. he
index of fuzziness indicates mnfidence a certainty o the
categorization. The higher its vdue (>0.75), e more
uncertainty there s in the ategorization.

5. Validation

To \erify the dgorithm expressead in Section 4, a mmber of
representative thermal mapping aurveys were gudied. These
sample surveys were based on a iesearch route (#3)m southeast
Birmingham. The route gogether with others) has been used
and is gill usad for the puposes d research, testing d new
equipment and training. The route takes éout 25 minutes
complete a gngle run from gart to finish in order to minimize
the unpredictable impacts d weather condition change an RST
during the survey. In the gudy, hourly doud data was again
provided by the Brmingham Weather Centre d the WK
Meteorological Office. Hourly wind gpeed and relative humidity
(except the night of 19 Aoril 1995 ér which the data were fom
the Gentre) were recorded by sansors & Chapman’s HIl which
is about 7 miles avay from the garting point of the research
route.

The date and dbservations d the vaiables required in the
algorithm are $own in Table 2. h the table, he vdues d
meteorological variables were averaged over a 5-tour period
prior to the end of each survey. These aerages represent the
prevailing weather conditions before and during the surveys.
The results d each survey have been categorized into damped,
intermediate a extreme acording to weather conditions by
Vaisalas gaff using their own criteria Smilar to Belk's and their
personal experience dter in-office data analysis. $andard
deviation (SD) o RST is dso shown in the table. The reason for
using P as a1 index of degree d RST development (or degree

of gatial variation) can be ound in Shaoet al (1996).1 general,
a higher value d D is related to extreme thermal fingerprints
and a bwer D to damped fingerprints.

The ategory o thermal fingerprints derived by the uzzy
algorithm and its fuzziness [ f (A) ] are gven in Table 2,
together with the ategory by the gaff without taking account
of D. The three ategories ae lkbelled as: E dr extreme, | br
intermediate and D br damped. It is sen from the table that
the fuzzy method based on basic meteorological parameters
produces the same ategories & the cnventional method that
requires ntensive kefore- and dter-survey analysis, @lculation
and personal experience. t is moticed in the table, rowever,
that the fuzziness d the survey on 27 dnuary 1995s o large
(0.8) hat some doubts @n be @st regarding the @tegorization
of this ase. Mre cetailed investigation (for instance, analysis
of P and road surface gate) through the right reveals that
the fngerprint should be recategorized more gopropriately &
a sub-category between extreme and intermediate.

The results ow that the fuzzy method is not only able to
categorize weather conditions and thermal fingerprints
correctly, bu also able o provide more information on the
certainty o the ategories by using a fizziness index. The
results dso show that the arrent three extreme, ntermediate
and damped) weather/fingerprint categories in thermal
mapping ae not enough to represent all possible stuations.

6. Discussion and summary

It has been shown that

a proper time domain, during which weather conditions
should remain relatively gable, 5 important for correct
classification of weather conditions for thermal mapping; and

the fuzzy categorization agorithm is &le to enulate
effectively experts in the task of dassifying weather conditions
affecting RST evolution.

It should be pointed out, however, that when weather
conditions ae subject to a apid or sgnificant change, t is
difficult and impractical to identify accurately a dominant and
representative weather category by the dgorithm (or any ather

TABLE 2. xkamples o thermal mapping survey and their categorization (Cat.)

by thermal mapping experts and the fuzzy method



algorithm). Apart from this imitation, it can be sen that more
detailed categories €.g., B8b-classes d each of the extreme,
intermediate and damped categories) can be readily made by
assigning dfferent grade vdues d combined membership
functions, wing H.(7), b the sub-classes. For example, a vlue
of 0.25 6 Kq.(7) @n be regarded as a lorder weather type
between extreme and intermediate, and 0.75 a another border
between intermediate and damped. These o borders can be
used to derive wo subcategories: extreme-intermediate and
intermediate-damped. Adding the two extra categories will
make the overall categorization more acurate and realistic.

In summary, it is demonstrated in this paper that a
reasonable dhange d weather condition (e.g., loud amount
increases a decreases by 2 @tas) in thermal mapping triggers
a sgnificant road surface temperature response. he impact
(called “lagging dfect”) of weather condition on the
temperature kecomes sgnificant after 2 to 3 tours and remains
effective for about 5 hours. This means that a representative
thermal mapping survey should take account of weather
conditions 2 b 3 hours kefore the survey. Because d the lagging
effect, a orrect weather categorization of thermal mapping
becomes possible when and only when weather conditions ae
relatively gable for a period of 2-3 lours preceding the survey,
and during the survey.

This paper also shows that correct categorization of weather
conditions @an be ahieved by using fuzzy set heory. The
algorithm represented in this paper is quantitative, nore
practical and gpplicable than existing qualitative measures. t
will help the aurrent site-gecific road weather warning g/stem
to provide automatic, ull-time and accurate weather warnings
in two dmensions aross a pad network in near future.
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