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ABSTRACT

Based on statistical amount of traffic and weather data sets from three weigh-in-motion sites for the study period of
from 2005 to 2009, permanent traffic counters and wesather stations in Alberta, Canada, an investigation is carried out to
study impacts of winter weather on volume of passenger car and truck traffic. Multiple regression models are devel oped
to relate truck and passenger car traffic variations to winter weather conditions. Statistical validity of study results are
confirmed by using statistical tests of significance. Considerable reductions in passenger car and truck volumes can be
expected with decrease in cold temperatures. Such reductions are higher for passenger cars as compared to trucks. Due
to cold and snow interactions, the reduction in car and truck traffic volume due to cold temperature could intensify with
a rise in the amount of snowfall. For passenger cars, weekends experience higher traffic reductions as compared to
weekdays. However, the impact of weather on truck traffic is generaly similar for weekdays and weekends. Interest-
ingly, an increase in truck traffic during severe weather conditions is noticed at one of the study sites. Such phenome-
non is found statistically significant. None of the past studies in the literature have presented the possibility of traffic
volume increases on highways during adverse weather conditions; which could happen due to shift of traffic from par-
alel roads with inadequate winter maintenance programs. It is believed that the findings of this study can benefit high-
way agencies in developing such programs and policies as efficient monitoring of passenger car and truck traffic, and
plan for efficient winter roadway maintenance programs.

Keywords. Highway Truck Traffic; Weigh-in-Motion; Traffic-Weather Models; Highway Design; Vehicle
Classification; Highway Operations; Traffic Volume Studies; Transportation Statistics

1. Introduction laying of trips) and increased collisions [1-11]. Owing to
the geographical location, the winter weather conditions
in Canada and many other northern regions in the World
are very severe with heavy snowfall, and extremely cold
temperatures. Such winter weather conditions cause in-
creased travel disruptions and trip adjustments which
could result in significant changes to truck and passenger
car traffic patterns on highways. Datla and Sharma's
[1,12] study showed that winter weather causes varia-
tions in highway traffic volumes, and the magnitude of
such variations depends on time of the day, day of the
week, location, highway type and severity of the weather.
However, their study and other similar studies in the lit-
erature were conducted solely on the basis of total traffic
volume data which includes a mix of passenger cars and
trucks. None of the past studies in the literature provided
detailed information regarding impacts of winter weather
on temporal and spatial variations of truck traffic. Impact
of weather on route choice behavior of truck and passen-
*Corresponding author. ger car drivers have aso not been studied in the literature.

Traffic volumes on highways vary with both time and
space. Tempora variation occurs with respect to hour,
day and month of the year. The highway type, location
and route choice behavior of road users cause spatial
variation. Even if traffic streams are investigated for the
same time and location, the variations of traffic volumes
could differ substantially when each vehicle class travel-
ling in the traffic stream is analyzed separately. Adverse
weather conditions (in any season or climate) add an-
other dimension to variations of traffic stream. Under-
standing of such temporal and spatial variations of truck
and passenger car traffic under different weather condi-
tions is very useful for both macroscopic and micro-
scopic modelling of highway traffic.

Literature shows that extreme weather conditions
cause travel disruptions resulting in slower speeds, travel
delays, trip adjustments (for example, cancellation or de-

Copyright © 2013 SciRes. JTTs



H.-J. ROH

More importantly, none of the studiesin the literature has
presented the possibility of traffic volume increases on
high standard highways during adverse weather condi-
tions; which could happen due to shift of traffic from low
standard highways. This study is the first to recognize
and model such occurrences.

The main purpose of this study is to investigate and
model the impacts of winter weather on temporal and
spatia variations of truck and passenger car traffic. Mul-
tiple regression models are developed to relate truck and
passenger car traffic variations to winter weather condi-
tions. This study uses Weigh-in-Motion (WIM) data
from six different sites located on the highways of the
province of Alberta, Canada. Hourly traffic volume data
from several permanent traffic counters located in the
vicinity of WIM stations have also been used in this
study. Climate data is obtained from the 598 weather
stations (operated by Environment Canada) in the prov-
ince of Alberta. Modeling work is carried out using
CARPACKAGE from the statistical software R [13,14].

2. Literature Review

Past studies on the impact of weather on traffic flow can
be broadly categorized into two groups: 1) studies focus-
ing on the impact of weather on traffic parameters such
as volume, speed, and headway and 2) studies focusing
on the impact of weather events on the quality of traffic
flow (e.g. operating level of service, crash rates, traffic
delays, start-up delays at intersections, and traffic con-
gestion). As the main focus of this study is on highway
traffic volumes, most relevant studies in literature that
deal with the impact of weather on highway traffic vol-
umes are only presented in this section.

A majority of studies in literature reported quantita-
tively the association of traffic volumes with weather
conditions i.e., magnitude of reduction in traffic volumes
due to different weather conditions. Datla and Sharma[1,
12] studied the impact of cold and snow on daily and
hourly traffic volumes on provincia highways of Alberta,
Canada. Their study showed that the impact of cold and
snow on traffic volumes vary with the day of the week,
the hour of the day, the month of the year, the highway
type, and the severity of cold temperature. They reported
that average winter daily traffic volume reduces by about
30% during extremely cold weather (below —25°C).
Their study also showed daily traffic volume reductions
ranging from 7% to 17% for each centimeter of snowfall
and up to 51% reduction during severe snowstorms (a
snowfall of 30 cm or above). Effect of temperature and
snowfall interactions on traffic volume was also investi-
gated in their study. Hanbali and Kuemmel [3] studied
the average traffic volume reductions due to snow storms
on rural highways in the United States. They reported
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that traffic volume reductions up to 56% might occur
depending on the adversity of snow storm. For Lothian
region, Scotland, Hassan and Barker [6] studied the as-
sociation traffic with meteorological parameters such as
minimum and maximum temperatures, snow and rain fall,
snow on ground and sunshine hours were considered in
their study. Their study concluded that the average traffic
reductions were less than 5% under extreme weather
conditions but there was a reduction of 10% - 15% in
traffic activity when snow was lying on the ground.
Knapp and Smithson [2] analyzed the average traffic
reductions on interstate highways in lowa State during
winter storms. Their study reported average reductions
ranging from 16% to 47% for different storm events.
They considered only the storm events having air tem-
perature below freezing, wet pavement surface, pave-
ment temperature below freezing and a snowfall of at
least 4-h duration with intensity higher than 0.51 crm/h.
Keay and Simmonds [8] reported the association of rain-
fall and other weather variables with traffic volume on
urban arterials in Melbourne, Australia. The traffic re-
ductions during wet days were 1.35% in winter and
2.11% in spring. A maximum reduction of 3.43% was
reported for a rainfall ranging from 2 mm to 5 mm in
spring. On Inter-state Highway 35 in northern rural lowa,
Maze et al. [9] reported a strong correlation between the
percentage reduction in traffic volume and wind speed
and visibility during snowy days. They have reported
20% reduction in traffic during snowy days with good
visibility and low wind speed. The reductions are about
80% when the visibility is less than one-quarter mile and
high wind speed (as high as 40 miles per hour). Chang-
non [15] studied the impact of variations in summer pre-
cCipitation patterns on travel patterns in Chicago. Using
the matched-pair technique, he compared the traffic
volume patterns during the days with and without rainfall.
Severa other studies [3-5,7,10,16-19] have also reported
reductions in traffic volume levels and changes in traffic
patterns during adverse weather conditions.

Previous paragraph mainly discussed the impact of
adverse weather conditions on traffic volumes without
providing the details regarding travelers' decision-mak-
ing behaviour before and during trips. In this section,
some studies that consider driver behaviour that directly
influence the temporal and spatial variation of highway
traffic are reviewed. Hanbali and Kuemmel [3] indicated
that the traveling characteristics of trip makers during
adverse weather conditions depend on four factors: 1) the
trip maker’'s willingness to travel; 2) the importance of
the particular destination; 3) the difficulty of moving
from the origin to the destination; and 4) other related
factors. They indicated that a reduction in traffic move-
ment occurs due to a traveler's desire to avoid travel
during wet or snowy weather. Maki [20] reported that the
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traveling characteristics of trip makers are highly de-
pendent on the severity of weather conditions and their
driving comfort in adverse weather conditions. He men-
tioned that the driver behaviour during adverse weather
conditions varies from place to place. He pointed out that
traffic volume reductions occur during adverse weather
conditions due to trip adjustments such as leaving for
work early, staying late before coming back, and an
avoidance of unnecessary and discretionary trips. Khat-
tack [21] and ITT Industries [22] aso reported that ex-
treme weather conditions can cause drivers to change
their mode of travel, route, departure time, or cancella-
tion of the trip entirely. A recent survey conducted by
Markku and Heikki [23] on driver behaviour during ad-
verse weather conditions indicated that trip adjustments
during these conditions could be associated with limited
driving experience, increasing age, female gender, and
the length of the trip. According to their survey, discre-
tionary trips would be underrepresented on highways
during poor driving conditions due to the cancellation or
postponement of trips. Datla and Sharma [1] showed that
the reduction in highway traffic volume due to snow and
severe cold is related to the proportion of discretionary
trips. Their study also indicted that socia-recreational
trip makers have more choices as to whether or not they
will make atrip with respect to weather conditions. Datla
and Sharma's study also showed more trip adjustments
during the start of the winter season as compared to mid-
dle or end of winter season due to psychological adapta-
tion of driversto winter weather conditions.

As indicated previously, there is a serious lack of de-
tailed information in the literature regarding impacts of
winter weather on truck traffic. Differential impact of
winter weather on passenger cars and trucks are not
available in the existing literature. Also, there is little or
no past research that investigated the interaction of the
amount of snowfall and winter temperatures on passen-
ger cars and truck traffic during severe winter conditions.
Moreover, none of the studies in the literature have pre-
sented the possibility of traffic volume increases on high
standard highways during adverse weather conditions;
which could happen due to shift of traffic from parallel
low standard highways with inadequate winter mainte-
nance programs. Based on large traffic and weather data
from weigh-in motion sites, permanent traffic counters
and weather stations in the province of Alberta, a de-
tailed investigation is carried in this study to address the
research topicsidentified in this paragraph.

3. Study Data

Traffic data for this study were obtained from Alberta
Transportation (AT), the agency that is responsible for
provincia transportation in Alberta, Canada. They cur-
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rently operate nearly 350 permanent traffic counters
(PTCs) to monitor traffic volumes on a 30,875-kilometer
highway network. Each PTC represents a particular
highway segment. The most recent data available at the
start of this study were hourly traffic volume data for 16
years from year 1995 to 2010. AT aso collects vehicle
classification and weight data at six key highway sec-
tions using Weigh-in-Motion (WIM) sites. These WIM
sites were installed in July 2004 and have continuously
been collecting vehicle classification and load data for
programs such as Alberta's Strategic Highway Research
and Long Term Pavement Performance Programs. Cali-
bration verification is conducted by a contractor on a
monthly basis and it is at 79.4% [24]. The weather data
for this study were obtained from Environment Canada' s
National Climate Data and Information Archive [25].
Environment Canada collects climatologically data from
nearly 8000 weather stations (including many intermit-
tent ones) across the country. Each of these weather sta-
tions provide detailed weather parameters such as maxi-
mum, minimum, and mean temperature (measured in
degrees centigrade (°C)), total rain (millimeters), total
snow (centimeters), total precipitation (millimeters) and
snow on ground (centimeters) on a daily basis. Details of
raw data format and measuring methods for each of these
weather parameters are available in Environment Canada
website [25]. There were about 600 weather stations op-
erated by Environment Canada in the province of Al-
berta.

Historically, the locations of WIM and PTC sites have
been selected without considering the locations of
weather stations in the province of Alberta. In some
cases, weather stations are located close to the WIM or
PTC site, and in other cases, they are far away. Therefore,
one of the criteria used to select the study sites was based
on the availability of weather stations within acceptable
distance from the study sites. Literature review was car-
ried out to define approximate distance within which
weather conditions could be similar. From the research
done by Andrey and Olley [19] and Datla and Sharma[1],
it was found that weather conditions could be considered
homogeneous within the area of 16 - 25 km radius around
the weather station. A Geographical Information Systems
(GIS) base map with 600 weather stations, 6 WIM sites
and 350 PTC sites was developed. WIM and PTC sites
with weather stations within the 16 - 25 km radius were
identified using Proximity analysis module provided by
GIS software Arc Map 9.9 [26].

Based on the availability of complete data from dif-
ferent data sources (WIM sites and weather stations),
traffic and weather data from three WIM sites over a
span of 5 years from 2005 to 2009 were selected for the
present study.

After thorough research on different vehicle classifica-
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tion methods, Federal Highway Administration (FHWA)
13-category classification scheme was selected to clas-
sify the vehicles from WIM data. This scheme was de-
veloped in 1985 by Maine Department of Transportation
(Maine DOT) [27] and is called “scheme F”. This classi-
fication scheme is a standard scheme adopted by several
highway agenciesin North America

Figure 1 shows location of study WIM sites and
nearby Environment Canada weather stations. Two of the
three study sites are located on Alberta Highway 2,
which connects the province's two largest cities Edmon-
ton and Calgary. One study site is located on Highway 2
just south of the City of Red Deer while the other is
south of the City of Leduc. The third site is located on
Highway 2A south of the City of Leduc. Highway 2 is
the longest highway in Alberta. This corridor is among
the top five in Canada in terms of traffic volume. The
highway serves as the major economic corridor in west-
ern Canada, and it is part of the CANAMEX TRADE
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CORRIDOR which connects Mexico to Alaska through
Nevada, Utah, Montana, Alberta, British Columbia, and
the Yukon. A significant portion of the heavy vehicle
traffic on this facility is oil field related, such as preas-
sembled oil processing equipment, pipes and construc-
tion machinery. Agricultural and consumer goods are the
next significant goods movements on Highway 2.

The Calgary to Edmonton section of Highway 2 is a
four lane divided freeway facility with a 110 km/hr
posted speed limit. Highway 2A parallels the east side of
Highway 2 north of the City of Red Deer. Highway 2A is
a two-lane undivided highway with varying speed limits.
The posted speed limit on Highway 2A at the study site
is 100 kmv/hr.

4. M ethodology

To investigate the impact of weather on highway traffic
by vehicle type, the raw data obtained from the WIM
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Figure 1. Thematic map showing citiesin Alberta, study WIM site, weather station, and highway network.

Copyright © 2013 SciRes.

JTTs



28 H.-J. ROH

sites were classified using the FHWA classification
method described in the previous section. This process
resulted in 13 vehicle classes. However, due to lower
number of total trucks in general and too many truck
classes, sample data couldn’t generate sufficient samples
to carry out detailed statistical analysis by each vehicle
class. Therefore, the 13 vehicle classes were aggregated
into two classesi.e., passenger cars and trucks.

Historical weather records from Environment Canada
climate database indicate that the province of Alberta
experiences severe snowfall and cold conditions from
November to March. Based on these observations study
period for this research was limited to November to
March from 2005 to 2009. Liu and Sharma [28] indicates
that traffic patterns during long weekend holidays are
very unique and special attention is needed to conduct
research using data from holidays and their neighboring
days. For this reason, the three holidays observed in the
study period (New Year Day, Alberta Family Day (3rd
Monday of February), and Christmas Day) were ex-
cluded from the study analysis.

A thorough analysis was carried out to understand the
hourly, daily traffic patterns of the classified vehicles
(trucks and passenger cars). Figure 2 shows the typical
daily and hourly variations of total traffic, passenger cars
and trucks at the three study sites during winter months.
The typical weekday hourly volume to AADT ratios
(hourly factors) are shown in Figures 2(a), (¢) and (d).
The typical daily traffic volume to AADT ratios (daily
factors) versus day of week plots are shown in Figures
2(b), (d) and (f). Because magjor portion of total traffic is
passenger cars (80% to 85%), the traffic patterns of total
traffic and passenger cars are very similar. However
truck patterns are unique and different to passenger car
patterns. The hourly passenger car factor variations show
asingle peak from 5 PM to 7 PM for the highway 2 sites
(Figure 2(a) and Figure 2(c)). For the highway 2A site
two distinct peaks are observed each day (Figure 2(e)):
the morning peak from 7 AM to 9 AM and the evening
peak from 4 PM to 7 PM. There is a genera upward
trend in weekday (Monday to Friday) passenger car traf-
fic for all the study sites (see Figures 2(b), (d) and (f)).
Thereisonly adlight increase from Monday to Thursday;
however, traffic on Friday traffic is substantially higher
in all cases. The weekend passenger car traffic volumes
are higher than the regular weekday (Monday to Thurs-
day) passenger car traffic volumes and slightly less than
Friday volumes for highway 2 sites (Figures 2(b) and
(d)). For the highway 2A (Figure 2(f)), the Friday vol-
umes are generally the highest, followed by Sunday, Sat-
urday, and other weekdays. The differences in traffic
patterns at the study sites show the need to conduct
separate analysis. For trucks, the weekday hourly traffic
patterns are different from passenger cars. Trucks show a
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single peak from 2 PM to 6 PM. The daily truck volume
patterns are also different as compared to passenger cars
with weekday volumes significantly higher than week-
ends and unlike passenger cars, Friday volumes are
similar to other weekdays. Also truck traffic decreases
significantly (more than 50%) during weekends as com-
pared to weekdays. The traffic patterns in Figures 2(a)
and (b) are very similar to the patterns in Figures 2(c)
and (d). Thisindicates that the traffic conditions are very
consistent on highway 2 with asimilar traffic patterns for
the two study sites located on highway 2. This is very
helpful for testing the study findings for consistency. As
per the road type classification system proposed by
Sharmaet al. [29] and traffic patterns observed in Figure
2, highway 2 sites can be classified as Regional Long
Distance Roads and highway 2A site as a Commuter road.
Because the traffic patterns for passenger cars and trucks
are very distinct (as observed in Figure 2), modeling
work has been carried out to develop separate models for
the cars and trucks for Highway 2 and Highway 2A sites.

Literature indicates that a standard regression anaysis
is appropriate to quantify the association between high-
way traffic volumes and weather. For example, Keay and
Simmonds [8] successfully used regression analysis to
quantify the impact of rainfall on road traffic volume.
Furthermore, Knapp and Smithson [2] showed the ap-
propriateness of the relationship between traffic volume
and total snowfall using regression analysis. Based on
these previous successful experiences, regression models
are developed in this study to relate passenger car and
truck traffic volumes with temperature and snowfall.

It is a well known fact that highway traffic volumes
generadly follow a similar trend year after year. This is
the reason why highway agencies across the World rely
so much on historical data for applications such as impu-
tation of missing data, traffic monitoring program plans,
and development of daily, hourly and monthly adjust-
ment factors. Therefore the expected traffic volume
which is historical average traffic volumes at the same
time and location is used as an independent variable in
the model. Such average volumes represent the range of
traffic volumes under different cold and snow conditions.
Before proceeding to modeling, scatter plots were de-
veloped to get a better understanding of the relationship
between dependent and independent variables identified
for the modeling. The traffic volume factors (volume to
AADT ratios) rather than traffic volumes (number of
vehicles) were used in the analysis to account for yearly
variations in traffic volumes. Although other weather
factors (e.g., wind, pavement condition, etc.) cause
variations in daily traffic volume, we limited in this re-
search to two weather factors (i.e., snow, and tempera-
ture) that commonly result severe driving conditions
during winter season in North America.
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Figures 3 and 4 show the scatter plots between car and
truck traffic volume factors versus expected volume fac-
tors, snowfall and temperature. An estimated regression
line is also added in the same plot to show the level of
closeness between the two values. The blue circles in
these plots represent weekdays and red sguares represent
weekends. The scatter plots between daily volume fac-
tors and expected daily volume factors show a very good
cluster of sample data along the fitted regression line.
This shows a strong positive linear relationship between
daily volumes and historical average daily volumes (i.e.

Total traffic

Total traffic

ET AL

expected daily volume factor). The blue circles and red
squares overlap considerably in case of total traffic and
car traffic plots. For trucks, the red squares are always on
the lower side as compared to blue circles. This is be-
cause of significantly lower truck traffic volumes on the
weekends. It is worth noting that the weekday truck traf-
fic factors are generaly clustered between the values of
0.90 to 1.30. However, the weekend daily truck factors
were found to spread between 0.30 and 0.70.

The regression lines of total vehicles and car volumes
versus snowfall show moderate negative linear relationship,
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i.e., traffic volumes decrease with increase in amount of
snowfall. A positive linear relationship is observed be-
tween daily volumes and temperature, i.e., daily passen-
ger car volumes increase with increase in daily average
temperature. The slope of regression lines of both snow-
fall and temperature plots are very similar between
weekdays and Weekends. In the case of trucks, the clus-
ters of observed data and the fitted regression lines fol-
low similar very different as compared to cars. In case of
trucks, the regression lines are very different for week-
days and weekends. Similar patterns are observed for the

Copyright © 2013 SciRes.

Highway 2A sitein Figure 4. These observations support
the need for the development of separate models for cars
and trucks. The differences in weekday and weekend scat-
ter plots, especialy for trucks, stresses development of
separate models for weekdays and weekends.

The histograms of temperature for the days with snow
and for the days without snow were constructed sepa-
rately using weather data. The results indicated that av-
erage temperature is colder during the days with snowfall
(-10.94°C, 160 days over the five year period) than the
no snowfall days (—8.08°C, 350 days during the study
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period). A correlation analysis was aso conducted be-
tween snowfall and temperature. The correlation coeffi-
cients ranged from 0.03 to —0.18, which means that little
to no correlation exists between snowfall and tempera
ture. This observation justifies the inclusion of snow and
cold as independent variablesin model specification.

5. Regression Model

5.1. Without Interaction of Snow and
Temperature

Regression analysis has long been recognized as a most
flexible and widely used technique to explain variation of
quantitative dependent variable by establishing the rela-
tionships between dependent variable and a specified set
of independent variables in a form of additive and linear
mathematical functions [30]. In this research, an attempt
has been made to model the impact of weather factors on
daily traffic volumes. For the purpose of initial mapping
the relationships between daily traffic volume and
weather factors, a regression model has been designed
with three independent variables i.e,, EDVF (expected
daily volume factor), snow, and temperature. The addi-
tive regression model formulated for thisresearchiis:

y; = f (expected daliy volume factor,
@)

snow fall, temperature)
= BEDVFE + B,SNOW, + 5, TEMP
where,

i :referstothe i™ observation

B, 5o, B, ¢ regression coefficients estimated for the
respective independent variable

.. estimated value of daily traffic volumes factor for
different vehicle classes (cars, trucks etc.)

EDVF : expected daily volume factor

SNOW : amount of snowfall per day (cm)

TEMP : average daily temperature (°C).

Normalized daily total volumes (traffic volume to
AADT ratio), passenger car volumes (passenger car vol-
ume to passenger car AADT ratio), and truck traffic vol-
ume (truck volume to truck AADT ratio) are used instead
of actual volumes to take into consideration the yearly
variations in traffic volumes. The normal traffic volume
and weekly traffic trends are reflected by adding an ex-
pected daily volume factor (EDVF) as an independent
variable in model. EDVF is caculated using historical
data of the same month, week, and day. The variables
SNOW and TEMP represent the weather conditions.

5.2. With Interaction of Snow and Temperature

The additive regression model (Equation (1)) with EDVF,
SNOW, and TEMP as independent variables would take
into account the individual impact of cold and snowfall

Copyright © 2013 SciRes.
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on highway traffic (i.e., the impact of temperature on
traffic volumes after impact of snowfall is taken into ac-
count and the impact of each centimeter of snowfall after
the effect of temperature is taken into account). A more
complex model design is required to investigate whether
the impact of snowfall on traffic volumes is the same at
all temperature ranges or varies with the severity of tem-
perature. Such analyses would verify the existence or
non-existence of cold and snow interaction impacts on
traffic volumes Therefore the model structure shown in
Equation (1) is modified to accommodate interactions
between cold (temperature) and snow. The differential
impacts of snowfall by cold or, equivaently, the differ-
ential impacts of cold by snowfall were captured in the
model by including SNOW, *TEMP interaction terms
to the earlier model design in Equation (1). The final
form of the model used in this paper is shown in Equa
tion (2).

y, = f (expected daliy volume factor,
snow fall, temperature)
= BEDVF, + 8,SNOW, + A, TEMP
+B,SNOW, * TEMP

@

where,

p,: regression coefficients estimated for the snow-
temperature interaction variable.

Except interaction terms, all other terms serve the
same purposes as defined in Equation (1).

6. Resultsand Analysis

The modeling process was carried out using the classi-
fied WIM data and corresponding weather records from
the three study WIM sites (two WIMs site for highway 2
and one WIM site for highway 2A). Regression models
were calibrated using Equation (2). In total, 18 models (2
study highway sites x 3 day groups x 3 vehicle classes)
were developed. These include separate models for al
days, weekdays and weekends and for total traffic, pas-
senger cars and trucks for both highways. Table 1 shows
the 18 calibrated models along with the statistical test
results.

The overall goodness of fit of the regression model to
sample data is evaluated by the squared multiple correla
tion coefficient(R?). The R® values for al models are
over 0.98. The value of the F test is aso reported to
assess the overal adequacy of the model. The results
show that all the 18 models are statistically valid by re-
jecting the null hypothesis at better than the 0.001 level.
The statistical significance for individual coefficients is
evaluated by t-statistic. The significance levels of t-tests
areshown in Table 1 using “*” symbol. More number of
stars (“*”) represent better model. Incremental F-statistic
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and RZ,,. arealso calculated to test the null hypothesis
of no interaction between snow and cold and the test re-
sultsare shown in Table 1.

Based on the results of the four statistical tests (i.e.,
R?, F-test, incremental F-test, and t-test) conducted to
evaluate the study models, it is apparent that the models
fit well to the sample data and the structure of the pro-
posed model is appropriate.

A partial effect analysis between the dependent vari-
able and an independent variable could be determined by
varying the selected independent variable between its
lower and upper boundaries (based on the study samples)
and holding the other independent variables at a certain
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value. The partial effects of cold temperatures on daily
traffic volumes are investigated in this section i.e., for
example, partial effect of cold temperatures on daily traf-
fic for a specific pre-defined snowfall amount. Figures 5
and 6 show the graphs developed to study the partial im-
pact of cold temperatures on car and truck volumes. Re-
sults are presented separately for weekdays and week-
ends.

The solid line gives estimated daily traffic from the
models shown in Table 1. The dotted lines give the 95%
envelop for the upper and lower thresholds of dependent
variable estimates. Each plot in Figures 5 and 6 shows
the partial impact of cold temperatures on daily traffic

Table 1. Calibrated traffic weather models by vehicle class, day of the week and highway.

All Days Models (Highway 2A)

Weekdays Models (Highway 2A)

Weekend Models (Highway 2A)

. Total Passenger Total Passenger Total Passenger
Varigbles Traffic Cars Trucks Traffic Cars Trucks Traffic Cars Trucks
EDVF 1.0329102"""  1.0374549"" 1.0010000"" 1.0266381""  1.0309509"" 1.0028914"" 1.0605530"" 1.0637035""  0.9907"""
SNOW -0.0170572""" -0.0182616"" —0.0108900° -0.0155569"" —-0.0169710"" -0.0085150 —0.0222481"" —0.0226961"" —0.11626"
TEMP 0.0020028™"  0.0022982""°  0.0000494  0.0015939"" 0.0018881"°  0.0001073 0.0032571"" 0.0035110"" —0.00001412
SNOWTEMP  0.0004917°  0.0006044° -0.0009029° 0.0006064°  0.0006976~  —-0.0003994  0.0001235 0.0003061  —0.001941""
R 0.9971 0.9968 0.9916 0.9977 0.9974 0.9923 0.9952 0.9948 0.9823
Statistic 43840 39220 14280 39500 35200 11290 6750 6287 1814™"
Change
from R, - 0.0001 0.0001 0.0001 0.0001 - - - 0.0017
Incremental . . . P ok
F-Statistic - 15.8125 5.7857 16.1304 14.2692 - - - 28.9220
Number of 510 510 490 375 375 355 135 135 135
Sample Days
All Days Models (Highway 2) Weekdays Models (Highway 2) Weekend Models (Highway 2)
. ) Passenger Total Passenger Tota Passenger
Variables Total Traffic Cars Trucks Traffic Cars Trucks Traffic Cars Trucks
EDVF 1.0419390"  1.0463226"" 1.0160252"° 1.0373627""  1.0405659" 1.0211869" 1.0558368 " 1.0606082"" 1.0085723""
SNOW 001254317 -0.0135735"" -0.0052943" —-0.0144013"" -0.0153455"" -0.0080829"° -0.0078173 -0.0102099  0.0051253
TEMP 0.0028608"  0.0030388"" 0.0015290"° 0.0026138""  0.0026134"" 0.0022545 " 0.0035069"" 0.0040640""  0.0004533
SNOWTEMP  0.0009854""  0.0011379""  0.0002958  0.0007948"  0.0008879""  0.0003974 0.0014021"" 0.0015639""  0.0004921"
R 0.9949 0.9936 0.9962 0.9953 0.994 0.9964 0.994 0.993 0.9957
Statistic 49690 39670 66770 39520 31070 52080 11030 9497 15520
Change
from R, 0.0001 0.0001 - 0.0001 0.0001 - 0.0003 0.0003 0.0001
Incremental . . . . P ek *
F-Statitic 19.92 15.875 - 15.8723 12.4333 - 133 114 6.186
Number of
Sample Days 1020 1020 1020 750 750 750 270 270 270
" Coefficient is statistically significant at the 0.001 level; ""0.01 level; "0.05 level.
Copyright © 2013 SciRes. JTTs
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volumes for a specific combination of vehicle type, day
of the week, location and pre-defined amount of snowfall.
First row of plotsin Figure 5 show the change in daily
volume factor of passenger cars due to winter tempera-
tures during weekdays for the Highway 2 sites for dif-
ferent pre-defined amounts of snowfall. These plots are
generated by fixing EDVF at its average value cal cul ated
from sample data set. It should be noted that the esti-
mated daily volume factor at the point where the two
dotted lines cross each other shows the average EDVF
for that particular subset of data. Also note that the
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crossing point generally happened at about —10°C tem-
perature which represents average and also most fre-
guently occurring winter weather conditions in the vicin-
ity of study sites. Comparison of slopes of plotted lines
from left to right show change in partial impact of tem-
perature on daily traffic with increase in amount of
snowfall. Second row of plotsin Figure 5 shows similar
plots for trucks. Third and fourth rows of plots show the
partial impact of cold on daily volume factor of passen-
ger cars and trucks during weekends. The plotsin Figure
6 are similar to Figure 5 except for different road site
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Figure 5. Partial impact of cold temperatures and snowfall on car and truck volumes for highway 2 sites (95% envelopes of
volume estimatesindicated by red dotted line, expected volume by blue solid line).
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Figure 6. Partial impact of cold temperatures and snowfall on car and truck volumes for highway 2A Site (95% envelopes of
volume estimates indicated by red dotted line, expected volume by blue solid line).

(Highway 2A site).

Based on the traffic weather patterns of Figure 5, the
following interpretations can be made for Highway 2
sites, which serve regional long distance trips.

e There is a clear indication that traffic volume on a
given day depends on severity of cold and amount of
snowfall.

e A reduction in passenger car and truck volumes can
be expected with increase in severity of cold tem-

Copyright © 2013 SciRes.

peratures. The amount of decrease in traffic volume
depends on severity of cold.

When there is no snowfall the impact of cold tem-
perature on both car and truck volumes is very mar-
ginal (seeplotsin Figures5(a), (e), (i) and (m)).

As the amount of snowfall increases the steepness of
the regression lines increases, which means that the
reduction in traffic volume due to cold temperature
would intensify with a rise in amount of snowfall.
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This clearly shows the existence of cold and snowfall
interactions.

o A snowfall of 15 cm or higher during severe cold
conditions (—20°C or lower) would result in a dra-
matic decrease in passenger car traffic on the road
(seeplotsin Figures 5(d) and (1)).

e With higher amounts of snowfall, passenger cars ex-
perience higher reductions due to cold and snowfall
as compared to trucks (as shown in plots d and | for
cars; and plots h and p for trucks)

e For passenger cars, the weekend plots (Figures 5(i),
(), (k) and (1)) are steeper than weekdays (a, b, ¢, and
d) indicating higher car traffic reductions in weekends
as compared to weekdays. In the case of trucks, the
regression lines seem parallel, which means the im-
pact of cold and snow on truck traffic is similar for
weekdays and weekends.

e It should be noted that the width of the 95% envelop
(shown by dashed lines) also increases from left to
right indicting that the reliability of model estimate
deplete with increase in severity of weather condi-
tions. This could be because of low sample size due
to lesser number of days of heavy snowfall during the
winter season.

The amount of reduction in traffic volume may be at-
tributed to the proportion of discretionary trips in the
traffic stream. The existence of more discretionary trips
results in higher trip adjustments and, hence, higher traf-
fic reductions. The reason of higher weekend traffic re-
ductions may be due to the large proportion of discre-
tionary trips during weekends. Trucks (or commercial
vehicles) are usually required to follow rigid schedules to
complete their mandatory travel irrespective of severe
weather conditions. These kinds of business-oriented
mandatory movements are most likely to generate unique
truck travel patterns even when weather is unfavorable
for making a trip. This could be the reason for (i) lower
truck reductions in general and (ii) similar impact of
weather on weekdays and weekends truck traffic

Figure 6 shows the partial impact of cold on car and
truck traffic on Highway 2A site, which serves as are-
gional commuter road in Leduc region. Interpretation of
plots is the same as in Figure 5. Similar to Highway 2,
passenger car traffic experiences reduction in volume
with increase in severity of cold and amount of snowfall.
However, for both weekdays and weekends, the regres-
sion lines seem to be less steep than those observed for
Highway 2. This indicates lesser impact of cold on car
traffic at Highway 2A site as compared to Highway 2. It
is interesting to note that the width of the 95% envelops
of volume estimates for Highway 2A site are larger as
compared to the plots in Figure 5, especially for week-
end car traffic. This could be due to a much smaller sam-
ple size available for used in the analysis for Highway
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2A site, as shown in Table 1. Except for these differ-
ences, al the remaining observations made earlier based
on passenger car traffic-weather relation plots in Figure
5 arevalid for Highway 2A site also.

The behavior of truck traffic at Highway 2A site dur-
ing adverse weather conditions is quite different from the
Highway 2 site. It isvery interesting to see the regression
lines of truck traffic showing areversetrend i.e., increase
in truck traffic volume with increase in severity of
weather conditions. Such an increase in truck traffic is
marginal for weekdays and high for weekends. This is
contradictory to what has been observed for truck traffic
at Highway 2 site. Moreover, none of the studies in the
literature reported increase in traffic volumes during se-
vere weather conditions. A further investigation was
conducted to understand the possible reasons for such a
controversial truck traffic patterns.

After reviewing the highway network near the study
site, it was found that Highway 814 runs paralel to the
Highway 2A. Highway 814 is a secondary highway with
lower priority for winter road maintenance (snow re-
moval etc.). Therefore it is possible that truck drivers
may change their travel route by shifting to Highway 2A.
A careful analysis of hourly traffic data from permanent
traffic counter site located on Highway 814 showed sig-
nificantly lower traffic volumes during the days with
severe weather conditions (i.e., higher than normal traffic
reductions that were seen at other similar highway seg-
ments). Brief communications with local municipalities
in the vicinity of the study sites also indicated the possi-
bility of traffic shifting. Therefore it could be concluded
that there is a possibility of traffic volume increases on
high standard highways during adverse weather condi-
tions, which could happen due to shift of traffic from
parallel low standard highways.

7. Summary and Conclusions

The literature study presented in this paper indicates
clearly that severe weather conditions trigger variations
in highway traffic. However, none of the past studies in
the literature provided detailed information regarding
impacts of winter weather on temporal and spatia varia-
tions of truck traffic. It is believed that understanding of
truck traffic variations (or behaviour) under severe
weather conditions can benefit highway agencies in de-
veloping such programs and policies as efficient moni-
toring of passenger car and truck traffic, and plan for
efficient winter roadway maintenance programs.

An attempt has been made in this study to quantify the
traffic variations under different weather conditions. Ve-
hicle classification data from the WIM sites operated in
the province of Alberta were used in this study. Climate
data (2 weather stations) were obtained from the 598
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weather stations (operated by Environment Canada) in
the province of Alberta. Multiple regression models were
formulated and calibrated to relate truck and passenger
car traffic variations to winter weather conditions. All the
calibrated models were tested for statistical significance
of the independent variables using the standard test sta-
tistics such as F-test, incremental F-test, and t-test.

A number of conclusions were drawn from the study
results. Firstly, both car and truck traffic volumes on
highways vary with severity of cold and amount of
snowfall. The impact of cold temperature on both car and
truck volumes is marginal during no snowfall days. The
reduction in traffic volume due to cold temperature
would intensify with a rise in amount of snowfall indi-
cating the existence of cold and snowfall interactions.
With higher amounts of snowfall, passenger cars experi-
ence higher reductions due to cold and snowfall as com-
pared to trucks. A snowfall of 15 cm or higher during
severe cold conditions (—20°C or lower) would result in
very few Carstravelling on the road. Moreover passenger
cars experience higher traffic reductions in weekends as
compared to weekdays. In the case of trucks the impact
of cold and snow on truck traffic is similar for weekdays
and weekends.

It is evident from this study that passenger cars are
more vulnerable to adverse weather conditions than
trucks. This vulnerability to severe weather conditions
could be attributed to such behavior of drivers as choos-
ing flexible departure times, changing routes, or cancel-
ing travel entirely and being able to make trip adjust-
ments by avoiding discretionary trips. Trucks are not as
greatly affected as passenger cars by adverse weather
conditions. Trucks (or commercia vehicles) are usually
required to follow rigid schedules to complete their
mandatory travel irrespective of severe weather condi-
tions. These kinds of business-oriented mandatory move-
ments are most likely to generate unique truck travel
patterns even when weather is unfavorable for making a
trip.

Interestingly, the modelling results for one of the study
sites reveal that higher truck traffic volumes can result
during heavy snowfall (or other adverse weather condi-
tions) in winter months. Thisis contradictory to observa
tions from other similar studies in the literature. None of
the studies in literature have reported such an increase in
traffic volumes during severe weather conditions. A fur-
ther investigation carried out for this study to understand
the reasons for such behavior indicated shifting of trucks
from secondary highways to primary highways due to
poor winter maintenance programs. Therefore it can be
concluded that there is a possibility of traffic volume
increases on high standard highways during adverse
weather conditions; which could happen due to shift of
traffic from parallel low standard highways.

Copyright © 2013 SciRes.
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