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Modeling the Effects of Rainfall Intensity on the Heteroscedastic
Traffic Speed Dispersion on Urban Roads

Jian Li%?, William H.K. Lam?, and Xingang Li*®

Abstract

The heteroscedasticity refers to a collection of random variables with sub-population
that have different dispersions from others. The variable dispersion could be quantified
by measures of statistical dispersion such as standard deviation or coefficient of
standard deviation. This study aims to model the effects of rainfall intensity on the
heteroscedastic traffic speed dispersion on urban roads. The traffic and rainfall intensity
data were collected by a selected video traffic detector and its nearest rainfall station in
Hong Kong, respectively. The coefficient of variation of speed (CVS) was employed to
measure the vehicular traffic speed dispersion. The analysis shows that the empirical
values of CVS typically range from 0.05 to 0.2 at different traffic densities and rainfall
intensities, and the exponential function provides a good fit to traffic speed data under
both dry and rain conditions. A generalized function of CVS with the effects of rainfall
intensity is proposed, calibrated and validated with different sets of empirical data. The
calibration and validation results show that the proposed generalized function of CVS
fits well with the empirical data. The empirical findings and the generalized function of
CVS proposed in this study may benefit for assessing and modeling the level-of-service
performance of urban roads in Pacific Rim cities similar to Hong Kong with relatively
high annual rainfall intensity.
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Introduction

Speed is a fundamental traffic performance measure of the roadway system, and speed
dispersion is a key variable in traffic safety analysis. Speed dispersion, which is
typically measured by speed variance or coefficient of variation of speed (CVS), has
been found to be one of the major factors affecting traffic safety, in particular vehicle
accidents. For example, recent study by Quddus (2013) shows that a 1% increase in
speed variation is associated with a 0.3% increase in accident rates observed in a major
road network in London.

Rain has significant detrimental effects on road traffic (Lam et al. 2008; Shao et
al. 2008; Billot et al. 2009, 2010; Sumalee et al. 2011a), especially on traffic speed in
Hong Kong (Tam et al. 2007; Lam et al. 2013) which has the highest average annual
rainfall among some major Pacific Rim cities (Lam et al. 2013). Recently, Lam et al.
(2013) investigated the relationships between traffic speed, flow, and density under
various rainfall conditions on urban roads in Hong Kong. It has been found that rainfall
intensity has significant impacts on urban road key traffic stream parameters, e.g. free-
flow speed, speed at capacity and roadway capacity. Moreover, a generalized speed-
flow-density function with rainfall intensity effects was proposed, and can possibly be
used for assessing the performance of urban roads and modeling drivers’ route choice
behavior with different rainfall intensity.

The objectives of this study are to extend previous work of Lam et al. (2013) by
investigating the heteroscedastic traffic speed dispersion on urban roads and
constructing a generalized speed dispersion function with rainfall intensity eftects. The
heteroscedasticity, which is the absence of homoscedasticity, refers to a collection of
random variables with sub-population that have different dispersions from others. The
variable dispersion could be quantified by measures of statistical dispersion such as
standard deviation or coefficient of standard deviation. In the particular field of traffic
engineering, the heteroscedastic traffic speed dispersion means that values of the

statistical measure of traffic speed dispersion are varied at different traffic densities. Fig.

1 shows an illustrative example of the heteroscedastic traffic speed dispersion under
different weather conditions in Hong Kong.
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Fig. 1 Illustrative the heteroscedastic traffic speed dispersion in Hong Kong
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Two features distinguish this study from the previous relevant studies. First, numerous
studies (May 1990; Treiber and Helbing 1999; Wang et al. 2007; Chung and Recker
2010, 2014; Li et al. 2012a; Wang et al. 2013a, 2013b) investigated the empirical
characteristics of speed dispersion on different types of roadways in various cities.
However, those studies were analyzed either based on dry/no rain condition or without
considering the effects of adverse weather conditions. In view of the detrimental effects
of adverse weather on road traffic characteristics (Lam et al. 2008; Shao et al. 2008;
Billot et al. 2009, 2010; Sumalee et al. 2011a; Tam et al. 2007; Lam et al. 2013), this
study attempts to investigate the effects of rainfall intensity on the heteroscedastic
traffic speed dispersion on urban roads in Hong Kong. The empirical findings of this
study may benefit for empirical analysis and mathematical modeling (Ngoduy 2009;
Sumalee et al. 2011b; Chen et al. 2013) in other Pacific Rim cities such as Bangkok
similar to Hong Kong with relatively high annual rainfall intensity.

Second, although previous studies investigated the empirical characteristics of
speed dispersion, however, there are only a few studies (Wang et al. 2007; Chung and
Recker 2010, 2014; Wang et al. 2013a, 2013b) which have recently started to examine
the relationship between traffic speed dispersion and traffic density under dry and/or no
rain condition. This paper aims to propose a generalized function of vehicular traffic
speed dispersion with the relationship of traffic density under different rainfall
intensities. The generalized function proposed in this paper can be considered as an
extension of the existing studies (Wang et al. 2007; Chung and Recker 2010, 2014;
Wang et al. 2013a, 2013Db). In addition, the generalized function proposed in this paper
may also benefit for improving the urban traffic control and management, e.g. the
analysis of road traffic safety under rainy condition (e.g. Li et al. 2012b) and the impacts
of adverse weather on travel time reliability (Sumalee et al. 2011a).

The rest of this article is divided into five sections. The second section reviews the
previous related studies on the relationship between traffic speed dispersion and
accident rates, the empirical characteristics of traffic speed dispersion, and the impacts
of adverse weather on traffic characteristics. The third section describes the different
sets of data used for calibration and validation of the generalized function proposed in
this paper. The fourth section presents the empirical characteristics of traffic speed
dispersion at different traffic densities and rainfall intensities. The fifth section provides
the calibration and validation results of the generalized traffic speed dispersion function
with taking account the effects of rainfall intensity. The final section provides
conclusion together with suggestions for further study.

Literature Review

Although numerous studies investigate the relationship between traffic speed and
accidents, see Aarts and Schagen (2006) for a review, however, there are only a few
studies that examined the relationship between traffic speed dispersion/variation and
accidents in the past few decades. Lave (1985) firstly pointed out that “variance kills,
not speed”. He used speed variance as the statistical measure of speed dispersion. It was
found that accident rates were associated with traffic speed variance, not speed. Garber
and Gadiraju (1989) and Taylor et al. (2000) also confirmed the above findings in Lave
(1985) by using data in U.S. and U.K. respectively. Garber and Gadiraju (1989) showed
that a strong relationship between speed variance and traffic accidents exists on
interstate highways. While Taylor et al. (2000) collected aggregated speed and accident
data in UK and found that the relationship exists on different road types, e.g. congested
roads in town, inner city roads, sub-urban roads, and outer suburban roads. Recently,
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the study by Quddus (2013) shows that a 1% increase in speed variation is associated
with a 0.3% increase in accident rates observed in a major road network in London.

Besides the relationship between traffic speed dispersion/variation and accidents,
several studies also investigated the empirical characteristics of the speed dispersion.
The standard deviation of speed (SDS) and coefficient of variation of speed (CVS) were
widely used as the indicators of speed dispersion. May (1990) indicated that CVS
might range from approximately zero to something on the order of the reciprocal of the
mean speed, and normally range from 8% to 17% in the empirical studies. Del Castillo
and Benitez (1995) used CVS as an indicator to distinguish stationary and unstable
periods of traffic flows. Shankar and Mannering (1998) investigated the relationship
between lane mean speeds and speed deviations based on a structural model. The model
indicated that in-lane mean speeds were positively affect in-lane speed deviations.
Treiber and Helbing (1999) modeled traffic speed dispersion by assuming that CVS is
positively correlated with traffic density. The results showed that the values of CVS
were about 10% under the free-flow condition. Park and Ritchie (2004) investigated the
relationship between freeway speed variance, lane changing and vehicle heterogeneity.
The statistical analysis indicated that lane changing behavior has significant impact on
section speed variability. In addition, they also pointed out that long vehicles also have
considerable influence on speed variance. Wang et al. (2007) presented characteristics
of speed dispersion in urban freeway traffic in Nanjing, China. The results showed that
traffic density could be modeled as an exponential function of CVS. In addition, the
values of CVS varied from 7% to 32%. Recently studies (Chung and Recker 2010,
2014) confirmed the exponential function of CVS with traffic density in Wang et al.
(2007) and also showed the possible application of speed dispersion in measuring
freeway level of service and air emissions evaluation. Recently, Li et al. (2012a) and
Wang et al. (2013a, 2013b) investigated the stochastic modeling of the fundamental
diagram by correlating the traffic speed variance with traffic density and free flow speed.

Previous studies investigated the relationship between traffic speed dispersion and
accidents, and the characteristics of traffic speed dispersion. However, those studies
were all conducted in a general case without specifying the effects of weather
conditions. In fact, previous studies showed that adverse weather conditions in the form
of rain have significant impact on traffic characteristics (Lam et al. 2008; Shao et al.
2008; Billot et al. 2009, 2010; Sumalee et al. 2011a). The traffic characteristics include
free-flow speed, road capacity, speed at capacity, etc. With rainfall intensity increases,
the key traffic stream parameters such as free-flow speed, speed at capacity, and road
capacity (or maximum flow) decrease. The specific traffic characteristics under
different rainfall intensities are critical factors affecting traffic operations and safety.
Thus, integrating the impact of rain into traffic modeling and management is essential
and important, especially in the urbanized area with high annual rainfall intensity, e.g.
Hong Kong (Tam et al. 2007; Lam et al. 2013).

Data

The traffic data used in this study was collected from Gloucester Road located in the
north of Hong Kong Island. Gloucester Road is a major section of a primary distributor,
which belongs to one road type of urban roads in Hong Kong with high capacity
junctions, segregated pedestrian facilities and limited frontage access (Transport
Department 2011). The road section, as shown in Fig. 2, is a five-lane (one-way)
primary distributor with a speed limit of 70 km/h. The number of annual average daily
vehicles using it was 172, 560 and 168, 560 (two-way) for years 2009 and 2010,
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respectively (Transport Department 2010, 2011).

There are five traffic lanes and a bus stop in the eastbound direction in the selected
road section. In this study, the study area of the selected road section was confined to
the second and the third traffic lanes (see Fig. 2), which are towards the most congested
tunnel, Cross Harbor Tunnel, in Hong Kong. The traffic data under different congestion
conditions and rainfall intensities can be easily obtained at these two lanes for
investigation and modeling of the impact of rainfall intensity on the heteroscedastic
traffic speed dispersion.

Two types of data, traffic data (e.g., space mean speed and vehicular traffic flow),
and rainfall intensity data, were collected and matched into a common database for
empirical analysis of rainfall effects.

Video detedor
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Fig. 2 Schematic diagram of the selected urban road section (Lam et al. 2013)

Traffic data

Traftic data were collected by the Hong Kong Journey Time indication System (JTIS).
JTIS is operated by the Hong Kong Transport Department, and provides the average
journey time estimates on major routes in Hong Kong with an updating interval at every
two minutes (Tam and Lam 2011). Autoscope video traffic detectors were installed at
the major roads in Hong Kong to collect the real-time traftic data, such as time mean
speeds, space mean speeds, and traffic counts for estimation of journey times at selected
routes crossing the harbor.

As shown in Fig. 2, a video traffic detector is installed at the selected road section.
In this study, space mean speeds and traffic flows on the two selected traffic lanes were
obtained from the selected traffic detector. As the traffic density data are not available
from the JTIS traffic detector dataset, the traffic density is equal to traffic flow divided
by space mean speed.

The traffic data adopted for this study is at 2 minute time interval in the period of
July 2009 to December 2010 in the selected urban road section in Hong Kong. In order
to avoid possible data noise, the traffic data was aggregated at 10 minute time interval
in this study.

Weather data

This study use hourly rainfall precipitation to measure the rainfall intensity. Hourly
rainfall intensity data were collected from the Happy Valley rainfall station, which is
the nearest rainfall station to the selected video traffic detector. The distance between
the Happy Valley rainfall station and the selected traffic detector is 1.7 km. The hourly
rainfall precipitation data collected at the Happy Valley station were used to represent
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the weather conditions of the selected urban road section. The period in which rainfall
intensity data was collected is same as that in which traffic data was extracted from the
JTIS.

The differences between the aggregation intervals of traffic data and rainfall
intensity data were noted. In this study we assume that the rainfall intensity is uniformly
distributed in each hour time interval.

Filtering of invalid data

The collected traffic data and rainfall precipitation data were filtered to ensure the data
validity. On one hand, we synchronized traffic data and weather data, and eliminated
traffic data corresponding to the missing rainfall precipitation data. Conversely, the
rainfall precipitation data corresponding to invalid traffic data was also eliminated from
the database. On the other hand, both traffic data and rainfall precipitation data collected
during traffic accidents were removed to avoid possible inaccurate traffic speed-flow-
density relationship due to the bottlenecks caused by traffic accidents (Huang et al.
2008). In this study, we assumed traffic accidents can be removed within one hour after
the occurrence of traffic accidents, and removed the corresponding traffic data and
rainfall precipitation data at that time. In addition, we also eliminated the outlier
observations due to malfunction of the traffic detector.

Empirical Observations of the Heteroscedastic Traffic Speed Dispersion with
Rainfall Intensity Effects

The Statistical Measure

The coefficient of variation of speed (CVS) is employed in this study to statistically
measure traffic speed dispersion. CVS is defined as the standard deviation divided by
the sample mean speed (May 1990). In other words, it could be considered as a
normalized standard deviation. This feature makes it widely accepted to measure traffic
speed dispersion in previous studies (May 1990; Del Castillo and Benitez 1995; Treiber
and Helbing 1999; Wang et al. 2007; Chung and Recker 2010, 2014).

This study uses CVS as a statistical indicator to measure and compare traffic
speed dispersion at different traffic densities and rainfall intensities. In order to
calculate the values of CVS at different traffic densities and rainfall intensities, we
divide the collected traffic data into m subgroups. For each subgroup i at traffic
density k; and rainfall intensity r, the sample mean speed, v;(k;, 1), sample speed
variance, s;2(k;,7), and sample standard deviation of speed s;(k;r) can be
calculated as follows:

2%21 Um (ki' T)

(k) = =L (1)
N; _
L (v, (ki) — 0(k;,1))?
7 ry  Zmza O, 7) = PGy ) o
N;—1
si(ky, ) = V5% (ki 1) 3)
where i =subgroup i attraffic density k; and rainfall intensity r

m = The speed observation m in subgroup i whereas 1< i < N;
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N; = total number of speed observations in subgroup i
v;(k;, ) = sample mean speed of subgroup i

v, (k;, ) = speed of the observation m in subgroup i
s;%2(k;, ) =sample speed variance of subgroup i

s;(k;,r) = sample standard deviation of speed of subgroup i

The value of v;(k;,r) can be calculated either by the equation (1), or by a
generalized speed-density function with rainfall intensity effects proposed by Lam et
al. (2013), see the equation below.

ki
U;(k;, ) = exp[—0.044 - r02%¢ 4 4,260 — 0(7)5] 4)
j

where i =subgroup i attraffic density k; and rainfall intensity r
k; = jam density
N; = total number of speed observations in subgroup i
6, § = parameter to be calibrated

v;(k;, ) = sample mean speed of subgroup i

Then, the value of sample coefficient of variation of speed, CVS;(k;, 1), at traffic
density k; and rainfall intensity r can be calculated in the equation below.

Si (k i T)
CvSi(k;r) = ———=< 5
l( l T) ﬁl(kl,r) ( )
where i =subgroup i attraffic density k; and rainfall intensity r

cvs;(k;,r) =sample coefficient of variation of speed of subgroup i
v;(k;, ) = sample mean speed of subgroup i

s;(k;,r) = sample standard deviation of subgroup i

The value of CVS;(k;,r) can be interpreted as the percentage of the standard
deviation of the speed sample to the sample mean speed at traffic density k; and
rainfall intensity r. As indicated by May (1990), the range of CVS might range from
approximately zero to something on the order of the reciprocal of the square root of the
mean speed.

It should be noted that, in order to use CVS as the statistical indicator to measure
traffic speed dispersions at different traffic densities and rainfall intensities, the issue of
sample size should be addressed. The equation (5) requires the accurate approximation
of sample mean speed v;(k;,r)and sample standard deviation of speed s;(k;, 1),
respectively. In general, the approximation accuracy increases with the sample size N;
enlarged. As a practical matter, if N; > 30, the standard deviation of the sample is
numerically substituted for the standard deviation of the population (May 1990).
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The Empirical Observations

In order to calculate the values of CVS;(k;,r) at traffic density k; and rainfall
intensity r by equation (1) - (5), we firstly divide the collected traffic data into four
categories based on rainfall intensity: dry (rainfall intensity = 0 mm/hr), light
rain (rainfall intensity € (0,0.5] mm/hr), medium rain (rainfall intensity €
(0.5,2.5]mm/hr), and heavy rain (rainfall intensity > 2.5 mm/hr). Then, for
each category of rainfall intensity, the collected traffic speed data is grouped with
density aggregation level 5 veh/km/lane to satisfy the sample size requirement (May
1990). Due to the limitation of samples, the values of CVS;(k;r) at different
categories of rainfall intensity are only calculated till the density k,o = 100
veh/km/lane. The empirical traffic speed data and the heteroscedastic traffic speed
dispersion measured by CVS;(k;,r) at different traffic densities in different categories
of rainfall intensity can be seen in Fig. 3.
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Fig. 3 The empirical data and cVS at different traffic densities and rainfall intensities

Fig. 3 shows that the values of CVS typically ranges from 0.05 to 0.2 in different
categories of rainfall intensity. Such range is reasonable by comparing the empirical
observations of the CVS values in previous studies (May 1990; Wang et al. 2007;
Chung and Recker 2010). May (1990) indicated that CVS normally ranged from 0.08
to 0.17 in the empirical studies. Wang et al. (2007) observed traffic density distributed
from 0.07 to 0.32. While Chung and Recker (2010) found that CVS ranged from 0.08
to as large as 0.5 on the 10-lane Interstate 80 in northern California.

Fig. 3 also presents that the exponential relationship between CVS and traffic
density, which observed in previous studies (Wang et al. 2007; Chung and Recker 2010,
2014) under dry/no-rain condition, also exists under rain condition. The values of CVS
grows exponentially with the increase of traffic density in each category of rainfall
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intensity, and a sharp increase of the value of CVS happens when traffic density
approaching the critical density (e.g. 70-80 veh/km/lane) where roadway capacity
usually obtained. In other words, the density area of maximum speed variance is also
the density area of maximum throughput (Benjaafar et al. 1997). This is easy to
understand, when traffic density increases, the potential vehicle conflicts such as
acceleration, deceleration or lane-changing also increase (Park and Ritchie 2004). The
increased conflicts make traffic stream stop-and-go and result in speed dispersion
increase.

In addition to the general exponential relationship, there are several interesting
findings by comparing the values of CVS among different categories of rainfall
intensity. On one hand, it can be observed that no significant difference exists between
the patterns in Fig. 3 (a) and (b). This is easy to understand because driving behavior
might not be changed between light rain condition and dry condition. However, with
the rainfall intensity increase, the values of CVS in non-congested status (e.g. traffic
density k < 50 veh/km/lane) under medium and heavy rainfall conditions are
significantly higher than those values under dry/light rain conditions. Fig. 3 (c¢) and (d)
show that the values of CVS whereas traffic density k < 50 veh/km/lane are all
higher than 0.05, while the corresponding values in Fig. 3 (a) and (b) are equal or even
lower than 0.05. On the other hand, with the rainfall intensity increase, the values of
CVS in congested status (e.g. traffic density k > 70 veh/km/lane) under
medium/heavy rainfall conditions are slightly lower than those values under dry/light
rain conditions. For example, it is obvious that, under heavy rainfall condition in Fig. 3
(d), the average value of CVS whereas traffic density k > 70 veh/km/lane is only
0.15, while the corresponding value under dry condition in Fig. 3 (a) is 0.18.

The above findings might be caused by the heterogeneity and consistency of
driving behavior under different rainfall conditions. As explained by Treiber and
Helbing (1999), under dry/no-rain condition, the speed dispersion for free traffic at low
densities is caused mainly by variations of the individual desired speed. The main
reason for the considerable speed dispersion for congested traffic at high densities is
the variation of the time headway. The mechanism explained by Treiber and Helbing
(1999) can also be used to explain the above findings under different rainfall conditions.
The difference is that, in non-congested status under rainfall conditions, the variations
of the individual desired speed might be increased due to drivers’ response behavior to
the rainfall conditions. While in congested status under rainfall conditions, drivers
might be more cautious and keep larger time headways due to the visibility issue. This
may somehow reduce the variation of the time headway. In addition, other factors may
also influence speed dispersion under rainfall conditions. For example, the lane-
changing behavior. Due to the poor visibility and wet roadway pavement conditions,
drivers might prefer to follow the vehicle ahead instead of lane changing, which may
reduce potential vehicle conflicts and speed variations than dry conditions.

Modeling the Heteroscedastic Traffic Speed Dispersion with Rainfall Intensity
Effects

This section aims to model the empirical observations in previous section. It is desirable
to find appropriate a generalized function to represent the heteroscedastic traffic speed
dispersion with rainfall intensity effects. In this section, we first calibrate a conditional
exponential function which is widely used in previous studies (May 1990; Wang et al.
2007; Chung and Recker 2010, 2014). A generalized exponential function is proposed,
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calibrated and validated with collected traffic speed data.

A Conditional Exponential Function

The empirical observations in previous section shows that the value of CVS grows
exponentially as traffic density increase with rainfall intensity effects. Such
observations confirm previous findings (Wang et al. 2007; Chung and Recker 2010,
2014) which show that exponential function is a good fit to the relationship between
CVS and traffic density. Thus, a conditional exponential function of CVS with rainfall
intensity effects is proposed in this section. The equation can be seen below.

CVS, (k) = a, - ebrk (6)

where CVS, (k) = coefficient of variation of speed with rainfall intensity r and
traffic intensity k
a,, B, = parameters need to be calibrated

Fig. 4 shows the calibrated conditional CVS functions with different rainfall
intensities. The calibration results prove that the conditional expoential function is also
a good to fit to the collected traffic data under different categories of rainfall intensity.
All the coefficients of determination (R?) are higher than 0.8, implying that over 80%
of the calibrated traffic speed values fit well with the observed traffic speed data. It
should be noted that those outliers are values of CVS happen around critical density or
capacity. As explained in previous section, when traffic flows approaching the roadway
capacity, the increased vehicle conflicts make the traffic as a stop-and-go process thus
increase the speed dispersion.

Moreover, Fig. 4 also illustrate the empirical observations in previous section
about the values of CVS in different categories of rainfall intensity. With the rainfll
intensity increases, the values of CVS in non-congested status under medium and
heavy rainfall conditions are significantly higher than those values under dry/light rain
conditions (see the red arrow in Fig. 4); while the values of CVS in congested status
under medium/heavy rainfall conditions are lower than those values under dry/light rain
conditions (see the blue arrow in Fig. 4).

Finally, it can also be observed that there is a relationship between the coefficients
of the conditional CVS equation and the rainfall intensity. With the rainfall intensity
increase, the slopes of the exponential function decrease while the initial value of CVS
increase. In the exponential function, S, controls the slope while «, refers to the
initial value of CVS. It can be seen in Fig. 4 that, with the rainfall intensity increase,
the coefficient of «, increases while the coefficient of [, decreases. This relationship
helps us to formulate a generalized CVS function with the rainfall intensity effects in
the next section.
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Fig. 4 The calibrated conditional functions of cVS with different rainfall intensities

A Generalized Exponential Function

In this section, a generalized exponential function of CVS(r, k) with rainfall intensity
effects is proposed based on the empirical observations in the previous section. The
equation can be seen below.

CVS(r,k) =(a-r+ayp) - e (BT+Bo)k (7)

where CVS(r, k) = coefficient of variation of speed with rainfall intensity r
and traffic intensity k
a, B = parameters need to be calibrated
agy, Bo = parameters in dry condition with rainfall intensity r = 0
ay, = 0.0315; B, = 0.0212 (values can be found in Fig. 4)

Equation (7) was calibrated with the valid observed traffic density, rainfall
intensity and the calculated values of CVS from July 2009 to December 2010. By the
nonlinear regression method, the values of parameter ¢ and f was found to be
0.005433 and -0.002112, respectively. The coefficient of determination (R?) is 0.766,
representing a good fit for the observed traffic data.

Fig. 5 illustrates the calibrated relationship between traffic density and CVS for
different rainfall intensities. The calibrated surface fit well with the observed empirical
features in previous sections. It can be seen that at the same traffic density in non-
congested condition, the values of CVS increase with rainfall intensity increases;
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Fig. S Calibrated the generalized function of cvS with different rainfall intensities

Validation of the Proposed Function

To validate the calibrated generalized exponential function of CVS with rainfall
intensity effects, an independent set of traffic and rainfall intensity data was collected
at the same selected road section in the year 2011. The collected datasets were
preprocessed using the same method described in the third section of this paper, for
filtering the invalid data before validation.

Fig. 6 presents the traffic flows estimated by the generalized exponential function
of CVS with rainfall intensity effects against the observed values of CVS under
respective dry and rainy conditions. Both the coefficient of determination (R?) are
higher than 0.7, implying that over 70% of the estimated traffic flows fit well with the
observed traffic flows. The mean absolute error (MAE) and the mean absolute
percentage error (MAPE) which reflects the predictability accuracy of the calibrated
generalized speed-flow function are also indicated in Fig. 6. It should be noted that
those outliers are values of CVS happen around critical density or capacity.
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Fig. 6 Observed traffic speed versus estimated traffic speed by the calibrated
generalized function of CVS with rainfall intensity effects
Conclusions

In this study, the impact of rainfall intensity on the heteroscedastic traffic speed
dispersion was analyzed. The traffic and rainfall intensity data collected by a selected
video detector and its nearest rainfall station in Hong Kong was used for the analyses.
The coefficient of variation of speed (CVS) was used to measure traffic dispersions at
different traffic densities and rainfall intensities. The empirical observations of the
impacts of rainfall intensity on the heteroscedastic traffic speed dispersion were
presented, and a generalized exponential function was proposed to model the observed
characteristics of the heteroscedastic traffic speed dispersion with the effects of rainfall
intensity. The major conclusions of this study are as follows:

*  The empirical values of CVS typically range from 0.05 to 0.2 at different
traffic densities and rainfall intensities.

*  When rains, the values of CVS at low traffic densities are higher than those
values under dry condition; while the values of CVS at high traffic densities
are lower than those values under dry condition.

*  The difference of values of CVS under different rainfall intensities might be
caused by the heterogeneity and consistency of driving behavior under
different rainfall conditions.

*  The expoential function is proved to be a good fit to traffic data not only under
dry condition in previous studies (Wang et al. 2007; Chung and Recker 2010,
2014), but also under different rainfall intensities.

* A generalized exponential function of CVS with rainfall intensity effects is
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proposed, calibrated and validated. The calibration and validation shows that
the proposed generalized function of CVS fits well with empirical data.

The observed patterns of the heteroscedastic traffic speed dispersions in Hong
Kong and the proposed generalized exponential function with the effects of rainfall
intensity may benefit traffic operations and management in metropolitan areas similar
to Hong Kong. However, the findings of this study cannot be generalized because they
are based on the analysis of a single set of data of traffic speed from a specific video
detector in a particular area. For other areas, a sensitivity analysis based on the
calibrated models is recommended. Moreover, to have a reliable generalized
exponential function with the effects of rainfall intensity, more empirical data from
different locations are required. These data should be used to better calibrate and
compare current state-of-the-practice and state-of-the-art traffic models.

Moreover, besides traffic modeling, the behavior analysis is a much more
fundamental issue for better understanding of the drivers’ behavior when rains. In this
study, the authors offer several tentative explanations for the difference of the empirical
patterns of the heteroscedastic traffic speed dispersions. However, such hypotheses
need additional rigorous tests supplemented with individual information from surveys
of different drivers. The current traffic data do not contain such information. Possible
future work would be to conduct driving behavior surveys in Hong Kong.

Finally, further study can be carried out to explore potential applications of the
proposed generalized exponential function of traffic speed dispersion with considering
the effects of rainfall intensity. One possible application is to analyze the relationship
between traffic speed dispersion, adverse weather and accident rates (e.g. Li et al.
2012b). The other potential application is to quantify the level of service of urban roads
in relation to the rainfall intensity. This may be beneficial to an improved understanding
of traffic flow characteristics on urban roads and new applications of intelligent
transportation systems such as real-time traffic control and management (e.g. Billot et
al. 2010; Chung and Recker 2014).

Acknowledgements

The work described in this paper was supported by the competitive earmarked research
grant from the Research Grants Council of the Hong Kong Special Administrative
Region (PolyU 152074/14E), and an internal research grant G-YZ21 from the Research
Committee of the Hong Kong Polytechnic University for the Hong Kong Scholars
Program, and the Research Institute for Sustainable Urban Development (RISUD) of
the Hong Kong Polytechnic University (Project Nos. 1-ZVBX and 1-ZVBY). The
revision of this work was also supported by Program for Young Excellent Talents in
Tongji University (2014KJ014) and National Natural Science Foundation of China
(71371001, 71171013, 71471013). The authors would like to thank the Transport
Department of the Hong Kong Government for providing the JTIS traffic data from
2009 to 2011.

References

Aarts, L., and Schagen, I.V. (2006). “Driving speed and the risk of road crashes: a
review.” Accident Analysis and Prevention, 38, 215-224.
Benjaafar, S., Dooley, K., and Setyawan W. (1997). “Cellular Automata for Traffic Flow
Modeling.” Rep. No. CTS 97-09, Center for Transportation Studies, University of
14



508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

Minnesota, Minneapolis, MN.

Billot, R., Faouzi, N-E.E., and Vuyst, F.D. (2009). “Multilevel assessment of the impact
of rain on drivers’ behavior: standardized methodology and empirical analysis.”
Transp. Res. Rec., 2107, 134-142.

Billot, R., Faouzi, N-E.E., Sau, J., and Vuyst, F.D. (2010). “Integrating the impact of
rain into traffic management.” Transp. Res. Rec., 2169, 141-149.

Chen, X., Li, Z., Li, L., and Shi, Q. (2013). “Characterising scattering features in flow-
density plots using a stochastic platoon model.” Transportmetrica A: Transp. Sci.,
DOI: 10.1080/23249935.2013.822941. Update this reference with year of
publication and page numbers???

Chung, C-L., and Recker, W.W. (2010). “Characteristics of speed dispersion and its
relationships with the fundamental traffic flow parameters in urban freeways: a case
study in Northern California.” Proc., 89 Transportation Research Board Annual
Meeting (CD-ROM), Transportation Research Board, Washington, DC.

Chung, C-L., and Recker, W.W. (2014). “Application of speed variance in measuring
freeway level of service and in air emissions evaluation.” Proc., 93" Transportation
Research Board Annual Meeting (CD-ROM), Transportation Research Board,
Washington, DC.

Garber, N.J., and Gadiraju, R. (1989). “Factors affecting speed variance and its
influence on accidents.” Transp. Res. Rec., 1213, 64-71.

Huang, 72.Y., Chen, X.H., Li, H.F., Yang, Z.L., and Li, L.Y. (2008). “Movement nature
of speed-flow relationship on congested expressway.” J. Transp. Eng., 134(3), 137-
145.

Lam, W.H.K., Shao, H., and Sumalee, A. (2008). “Modeling impacts of adverse weather
conditions on a road network with uncertainties in demand and supply.” Transp. Res.
Part B, 42(10), 890-910.

Lam, W.H.K., Tam, M.L., Cao, X., and Li, X. (2013). “Modeling the effect of rainfall
intensity on traffic speed, flow, and density relationships for urban roads.” J. Transp.
Eng., 139(7), 758-770.

Lave, C.A. (1985). “Speeding, coordination, and the 55 MPH Limit.” The American
Economic Review, 75(5), 1159-1164.

Li, J., Chen, Q-Y., Wang, H., and Ni, D. (2012a). “Analysis of LWR model with
fundamental diagram subject to uncertainties.” Transportmetrica, 8(6), 387-405.
Li, D.P, Li, X.M., and Lam, W.H.K. (2012b) “Temporal and spatial impacts of rainfall
intensity on traffic accidents in Hong Kong.” Proc., 17" Int. Conf., Hong Kong

Society for Transportation Studies, Hong Kong, 330-340.

May, A.D. (1990). “Traffic flow fundamentals”, Prentice Hall, Englewood Cliffs, New
Jersey, USA.

Ngoduy, D. (2009). “Multiclass first-order traffic model using stochastic fundamental
diagrams.” Transportmetrica, 7(2), 111-125.

Park, S., and Ritchie, S.G. (2004). “Exploring the relationship between freeway speed
variance, lane changing, and vehicle heterogeneity.” Rep. No. UCI-ITS-TS-WP-04-
4, Institute of Transport Studies, University of California, Irvine, CA.

Quddus, M. (2013). “Exploring the relationship between average speed, speed variation,
and accident rates using spatial statistical models and GIS.” J. of Transp. Safety &
Security, 5(1), 27-45.

Shankar, V., and Mannering, F. (1998). “Modeling the endogeneity of lane-mean speeds
and lane-speed deviations: a structural equations approach.” Transp. Res. Part A,
32(5), 311-322.

Shao, H., Lam, W.H.K., Tam, M.L., and Yuan, X.M. (2008). “Modelling rain effects on

15



558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

risk-taking behaviours of multi-user classes in road networks with uncertainty.” J.
Adv. Transp., 42(3), 265-290.

Sumalee, A., Uchida, K., and Lam, W.H.K. (2011a). “Stochastic multi-modal transport
network under demand uncertainties and adverse weather condition.” Transp. Res.
Part C, 19(2), 338-350.

Sumalee, A., Zhong, R.X., Pan, T.L., and Szeto, W.Y. (2011b). “Stochastic cell
transmission model (SCTM): a stochastic dynamic traffic model for traffic state
surveillance and assignment.” Transp. Res. Part B, 45(3), 507-533.

Tam, M.L., Chen, B.Y., and Lam, W.H.K. (2007). “Assessment of rainfall impacts on
vehicular travel speeds.” Proc., 12™ Int. Conf.,, Hong Kong Society for
Transportation Studies, Hong Kong, 421-430.

Tam, M.L., and Lam, W.H.K. (2011). “Validation of instantaneous journey time
estimates: a journey time indication system in Hong Kong.” Proc., 9" Int. Conf. of
Eastern Asia Society for Transportation Studies, Tokyo, Japan, 335-346.

Taylor, M.C., Lynam, D.A., and Baruya, A. (2000). “The effects of drivers’ speed on
the frequency of road accidents.” Rep. No. TRL-421, Transport Research Laboratory,
Crowthorne, Berkshire.

Transport Department. (2010). The annual traffic census 2009, Government of the
Hong Kong Special Administrative Region.

Transport Department. (2011). The annual traffic census 2010, Government of the
Hong Kong Special Administrative Region.

Treiber, M., and Helbing, D. (1999). Macroscopic simulation of widely scattered
synchronized traffic states. J. Phys. A: Math. Gen., 1999, 17-23.

Wang, H., Li, Z., Hurwitz, D., and Shi, J. (2013a). “Parametric modeling of the
heteroscedastic traffic speed variance from loop detector data.” J. Adv. Transp.,
DOI: 10.1002/atr.1258.

Wang, H., Ni, D., Chen, Q-Y., and Li, J. (2013b). “Stochastic modeling of the
equilibrium speed-density relationship.” J. Adv. Transp., 47, 126-150.

Wang, H., Wang, W., Chen, X., Chen, J., and Li, J. (2007). “Experimental features and
characteristics of speed dispersion in urban freeway traftic.” Transp. Res. Rec., 1999,
150-160.

16





