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Executive Summary

Closed loop signal systems are widely used to enhance traffic flow within major transportation
corridors. Like traditional time-of-day coordination systems, they can implement a series of pre-
programmed signal timing plans to maintain optimal traffic flow throughout the day. Unlike
traditional time-of-day systems, closed-loop systems can also be used to adjust signal system
timings when traffic conditions deviate from typical patterns, such as during an incident, special
event, or road construction.

A typical closed-loop system will have a variety of cycle, offset, and split plan combinations
available and will implement the most appropriate either according to a preset time-of-day plan
or based on prevailing traffic conditions and selection criteria set by the traffic manager (traffic
responsive). Each timing plan must be developed, programmed, and fine tuned beforehand,
which can be an expensive process. For this reason, many agencies limit the number of available
plans to a set that covers the most commonly encountered traffic conditions. In practice, most
timing plans are developed using data gathered during typical operating conditions, i.e. daylight
conditions with good visibility and a dry road.

Weather events such as rain, snow, and fog can alter the traffic flow characteristics on a
roadway. It is known that inclement weather can affect traffic volumes, vehicle speeds, speed
variance, saturation flow rates, and sometimes discharge rates from traffic signals. These
parameters in turn can have a significant impact on the efficiency of traffic signal timing plans.
Timing plans developed for dry conditions with good visibility may not be as effective under wet
conditions with poor visibility, even for the same traffic volumes. Previous studies have looked
at the effects of poor weather on traffic signal efficiency but they have focused primarily on
winter weather conditions involving snow and ice, which have much more dramatic impacts on
traffic flow. In regions like the South, rain is the primary adverse weather event, and even
though its effects on traffic flow may be smaller than snow or ice, its impacts can still be seen.

This study sought to assess the impact of rain on traffic flow and determine whether there can be
a meaningful benefit to developing and implementing signal timing plans specifically for rain
events. It also sought to determine under what traffic conditions those benefits might be realized
and whether the potential benefits would justify the associated costs.

Using simulations for two study corridors in Birmingham, Alabama, it was found that moderate
and heavy rain events do impact traffic flow, increasing stops and average delays up to 6%
compared to dry conditions. Signal timing plans optimized for wet conditions were found to
reduce these rain delays, though in absolute terms the benefits were modest. It was found,
however, that the effectiveness of rain-specific timing plans depended to a large extent on
prevailing traffic volumes. There was a range of traffic volumes between 40% and 80% of
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capacity for which rain-specific timings appeared to have the greatest effect. At very low or very
high traffic volumes the rain-specific plans were found to provide smaller or even no benefits
over timing plans optimized for dry conditions.

An evaluation of potential costs and benefits resulting from rain-optimized signal timing plans
found that the net benefits, at least in the two study corridors, are questionable. The analysis
found that projected costs for a five-year life cycle significantly outweighed benefits for the two
signal systems studied. Rain-specific timing plans may have useful applications in certain
corridors but the potential benefits and costs should be carefully evaluated beforehand.
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Section 1
Introduction

This report examines the impacts of rain on traffic flow and traffic signal system operation and
assesses whether there can be significant benefits to developing and implementing signal timing
plans specifically for rain conditions.

1.1 Overview

Closed loop signal systems are widely used to enhance traffic flow within major transportation
corridors. Like traditional time-of-day coordination systems, they can implement a series of pre-
programmed signal timing plans to maintain optimal traffic flow throughout the day. Unlike
traditional time-of-day systems, closed-loop systems can also be used to adjust signal system
timings when traffic conditions deviate from typical patterns, such as during an incident, special
event, or road construction.

A typical closed-loop system will have a variety of cycle, offset, and split plan combinations
available and will implement the most appropriate either according to a preset time-of-day plan
or based on prevailing traffic conditions and selection criteria set by the traffic manager (traffic
responsive). Each timing plan must be developed, programmed, and fine tuned beforehand,
which can be an expensive process. For this reason, many agencies limit the number of available
plans to a set that covers the most commonly encountered traffic conditions. In practice, most
timing plans are developed using data gathered during typical operating conditions, i.e. daylight
conditions with good visibility and a dry road.

Weather events such as rain, snow, and fog can alter the traffic flow characteristics on a
roadway. It is known that inclement weather can affect traffic volumes, vehicle speeds, speed
variance, saturation flow rates, and sometimes discharge rates from traffic signals. These
parameters in turn can have a significant impact on the efficiency of traffic signal timing plans.
Timing plans developed for dry conditions with good visibility may not be as effective under wet
conditions with poor visibility, even for the same traffic volumes. Previous studies have looked
at the effects of poor weather on traffic signal efficiency but they have focused primarily on
winter weather conditions involving snow and ice, which have much more dramatic impacts on
traffic flow. In regions like the South, rain is the primary adverse weather event and even though
its effects on traffic flow may be smaller than snow or ice, its impacts can still be seen.

This study seeks to assess the impact of rain on traffic signal operations and determine whether
there can be meaningful benefits to developing and implementing signal timing plans specifically
for rain events. It also seeks to determine under what conditions those benefits might be realized
and whether the potential benefits justify the associated costs.



1.2 Study Approach

The study began with a review of literature related to weather and its impacts on traffic flow and
traffic signal operations. Of particular interest were studies that attempted to quantify the
impacts of weather on key traffic flow parameters such as volume, speed, saturation flow rates,
and discharge rates. The study team then collected dry and ‘wet’ traffic data in the Birmingham
region and compared the findings with results from similar studies.

Two study corridors were selected to model the impacts of rain on signal system performance.
The first study corridor was Highway 79 near Pinson, Alabama, which is a four-lane divided
highway with high speeds, large signal spacings, and very low side friction. The second corridor
was US 31 in Homewood, Alabama, which is a four-lane suburban facility with lower speeds,
short signal spacings, and high side friction. Micro-simulation models were developed for each
corridor and various combinations of dry and wet conditions were tested in an attempt to
quantify the impacts of rain on signal system performance and to estimate any benefits that
might result from implementing rain-specific timing plans.

A cost-benefit analysis was also performed to determine whether the benefits of rain-specific
timing plans would justify the additional costs entailed. The results are summarized along with
recommendations for application to real-world signal systems.

1.3 Organization of the Report
The remainder of the report consists of a summary of the literature review, a brief overview of

traffic signal systems, a discussion of the study methodology and model development, a
presentation of the simulation results, and a cost benefit analysis.



Section 2
Literature Review

Relevant literature was reviewed to determine the impacts of rain on traffic flow and signal
system performance. The goal was to identify:

What traffic flow parameters are most affected by rain and reduced visibility
On which parameters does rain have minimal effects

How rain affects the performance of traffic signal systems

How rain events can be analyzed using micro-simulation models

2.1 Impacts of Rain on Traffic Flow

A review of previous studies indicates that weather events such as rain, snow, fog, high winds,
and extreme temperatures can reduce roadway capacity and affect driver behavior (Pisano and
Goodwin 2005). Table 2-1 summarizes the impacts of weather events on roads and traffic. In
general, snow and ice have been found to have more significant impacts on traffic flow than rain,
and therefore much of the previous research has focused on those conditions. The literature
search for this study was primarily concerned with the impacts of rain on traffic flow, since rain
is the most common inclement weather condition in warmer regions like the South.

Table 2-1. Impacts of weather events on traffic flow (Goodwin and Pisano 2004)

‘é\(,?r::‘ser Roadway Environment Impacts Transportation System Impacts
e » Reduced roadway capacity
*» Reduced visibility )
» Reduced pavement friction . mi?::seg dsse:gj \élg(alr?:l;ﬁi? sed delay
Rain, Snow, * Lane obstruction & submersion pe: : y
. . p * Increased accident risk
Sleet, Hail, & [ + Reduced vehicle stability & . Road/bridae restrictions & closures
Flooding maneuverability * Loss of cogmmunications/power services
* Increased chemical and abrasive use : :
« Infrastructure damage c(I)r:t.:sreased maintenance & operations
* Reduced visibility due to blowing snow
or dust
. . * Lane obstruction due to windblown Increased delf'ay
High Winds . I, * Reduced traffic speeds
debris & drifting snow » Road/bridge restrictions & closures
« Reduced vehicle stability & 9
maneuverability
» Reduced speeds & increased delay
Fog, Smog L
’ ’ . I * Increased speed variability
(%T;?ge’ & Reduced visibility * Increased accident risk
» Road/bridge restrictions & closures
«Traffic control device failure
_IE_xtreme . Increased wild fire risk -Los; of communications & power
emperalures |, |nerastructure damage services
& Lightning 9 Increased maintenance & operations
costs




Several sources did identify specific impacts of rain on traffic flow. Of particular interest were
impacts on vehicle speeds, startup delay, saturation flow rates, and traffic volumes because these
parameters are considered when developing signal system timing plans. A summary of rain
impacts on these parameters follows.

2.1.1 Impacts of Rain on Vehicle Speeds

Vehicle speeds are an important consideration when developing traffic signal timings.
Progression speed can affect offset and cycle length selection, and any significant changes in
travel speeds can affect system performance. The concern for this study was whether rain can
affect progression speeds enough to impact overall signal system efficiency. The impact of rain
on vehicle speeds was therefore reviewed.

The Federal Highway Administration, in a 1977 study of the economic impacts of adverse
weather on highways, found that rain and wet road surfaces had little impact on freeway speeds
(FHWA 1977). Later studies, however, have found that rain does in fact impact vehicle speeds
on both highways and surface streets. The impact of rain may in fact be more pronounced on
signalized arterials where frequent stopping and starting combined with reduced acceleration and
deceleration rates can produce lower speeds.

The literature suggests that speed reductions can generally be expected to be proportional to rain
intensity. Lamm, et al. (1990) suggest that speed reductions are minimal during light rain
events. May (1998), however, found speed reductions of up to 8% during light rain events and
17% during heavy rains.

The Highway Capacity Manual (HCM) 2000, Chapter 22, provides information regarding speed
and capacity reductions due to rain and snow of light and heavy intensities. The manual
documents reductions in capacities between 0% and 15% and reductions in speeds due to light
and heavy rains of 2 to 14% and 5 to 17%, respectively (National Academies 2000). Perrin, et
al. (2002) found speed reductions during rain events of up to 10%, though intensity was not
specified. Tantillo and Demetsky (2006) similarly observed speed reductions of 9.4% during
heavy rain events, but speed reductions were observed to be less than 1.2 mph during light rain
events.

The Federal Highway Administration (FHWA 2008b) considered different studies and stated that
the weather events can reduce arterial mobility and reduce the effectiveness of traffic signal
timing plans. It was found that reductions in travel speeds ranged from 10 to 25% on wet
pavement and 30 to 40% for snow and slushy pavement.

2.1.2 Impacts of Rain on Saturation Flow Rates and Capacity
It has been suggested that reduced visibility and reduced traction could increase startup

headways at traffic signals and thereby reduce capacity. The literature was reviewed for
previous research on this topic.



In a study by Perrin, et al. (2002) in Salt Lake City, Utah, over 30 hours of data were collected
on 14 different inclement weather days. Table 2-2 shows free-flow speed and saturation flow
reductions in adverse road weather conditions based on this analysis. The study reported an
increase of 5% in start-up delay times on wet pavements along with an 8% increase in pedestrian
crossing times. The Federal Highway Administration (FHWA 2008b) also found that travel time
delay and start-up delay increased from 5 to 50% depending upon the severity of the weather
event.

Table 2-2. Free-flow speed and saturation flow reductions
during adverse road weather conditions (Perrin 2002)

Road Weather Percentage Reduction in | Percentage Reduction in
Conditions Speed Saturation Flow Rates
Dry 0 0
Rain 10 6
Wet and Snowing 13 11
Wet and Slushy 25 18
Wheel Path Slush 30 18
Snowy and Sticky NA 20

Martin and Perrin (2000) noted a 6% reduction in saturation flow rates during wet conditions and
even greater reductions (11 to 21%) during snow and ice conditions. They also found that start-
up lost time increased from 2.0 to 2.1 seconds during inclement weather events. Pisano and
Goodwin (2004) noted that 3% reductions in saturation flow rates were found in a study of
inclement weather in Burlington, VT. Tantillo and Demetsky (2006) found saturation flow
reductions of 4.7% during wet weather at an isolated intersection in Virginia.

A study by Agarwahl, er al. (2005) assessed changes in capacity and operating speeds during
different weather conditions. In their study, researchers related the weather’s relative intensity
(inches of rain or snow fall per hour) to traffic flows. Long-term traffic data (volumes and
occupancies) were collected for four years, from January 2000 to April 2004. For analysis, the
traffic data and weather data were combined using constraints of similar date, hour, and time
intervals. Capacity and average operating speeds of freeways were determined according to rain
intensity — for example, 0, less than 0.01, 0.01-0.25, and greater than 0.25 inches of rainfall/hour
— and compared to the values provided in the HCM 2000. Results from this comparison are
shown in Table 2-3.

Table 2-3. Reductions in capacity and operating speeds due to rain (Agarwahl 2005)

Variable | Range | Fesumed (% Redustions) Speods (3 reductions)
categories from
HCM 2000 HCM 2000 Agarwahl HCM 2000 Agarwahl
Study Study
' 0-0.01 Light 0 1-3 2-14 1-25
(ml]?) 0.01-0.25 Moderate 0 5-10 2-14 2-5
>0.25 Heavy 14-15 10-17 5-17 4-7




2.1.3 Impacts of Rain on Travel Times

Travel time in an arterial corridor can be an indirect yet useful indicator of signal system
performance. Many motorists experience increased delays and travel times during weather
events, and this has been confirmed by several studies.

One research study by Stern, et al. (2002) examined weather impacts on 33 bi-directional road
segments in the Washington, D.C. metropolitan area from December 1999 to May 2001. Of these
33 segments, 18 were freeways totaling 472 miles and 15 segments were major arterials covering
239 miles. Reported travel time data and weather observation data were combined and used in a
two-step regression analysis to predict travel time impacts under adverse road weather
conditions. Initially, travel times were regressed against the weather variables of precipitation
intensity (none, light rain/snow, heavy rain, or heavy snow/sleet), pavement condition (dry, wet,
snowy, or icy), wind speed (<30 mph or >30 mph), and visibility (=0.25 miles or <0.25 miles).
In the second step, linear regression models for each road segment were reduced and used to
predict normal travel time as well as increased travel time due to weather. Results showed that
the average impact of precipitation in peak period was at least an 11% increase in travel times.

In major cities in the UK, traffic is monitored and controlled from Urban Traffic Control (UTC)
centers, with the help of color closed circuit television (CCTV) and with a traffic operation
system known as Split Cycle Offset Optimization Technique (SCOOT). A study performed by
Gillam and Withill (1992) collected traffic data for 149 links from the Leicestershire UTC
computers (from March 1991 to November 1991). The analysis revealed that for wet road
conditions journey times tend to be 10 to 13% greater than that for dry roads. Moreover, a 6%
reduction was observed in saturation flow rates during wet days compared to dry days.

2.1.4 Impacts of Inclement Weather on Signal Systems

Several studies have been undertaken to assess the impacts of inclement weather on signal
systems, although most have been focused on winter weather events, where the impact on traffic
flow is much greater than for rain.

A study performed by Maki (1999) for the Minnesota Department of Transportation developed a
special signal-timing plan for snow and ice conditions in five coordinated, actuated traffic signals
along a three-mile section of expressway in the Minneapolis/St. Paul metropolitan area.
Simulation results indicated that weather-related signal timing plans were beneficial compared to
normal signal timing plans as they led to vehicle delay time reductions of 8% per vehicle and a
decrease in average stops of 6% per vehicle.

In a study by Sadek and Agbolosu-Amison (2004), a simulation model was developed to
evaluate the potential impact of implementing new signal timing plans for inclement weather
conditions using the TRANSYT-7F software. The study found that while vehicle delays
increased under wet conditions when signal timings remained unchanged, the increases in delay
were smaller when signal timings were altered to account for wet conditions.



2.2 Conclusions

Based on the literature review, it was found that traffic volumes, speeds, and saturation flows can
decrease while headways and travel times can increase during rainy conditions (compared to dry
conditions). Vehicle speeds can be expected to decrease up to 10% under moderate to heavy
rains. Saturation flow rates can be expected to decrease from 3 to 6% under rainy conditions.
Traffic volumes can decrease anywhere from 0 to 10% based on rain intensity.

Also the literature review has demonstrated that signal timing plans developed for inclement
weather conditions can be beneficial in reducing travel time, reducing the number of stops,
reducing delays, and increasing fuel efficiency. However, most of these studies focused on
winter weather conditions (snow and ice), where event durations are typically longer and the
benefits of signal timing changes are likely to be more dramatic. The primary inclement weather
event in the southern United States is rain, which tends to have a smaller impact on traffic flow
and therefore smaller potential benefit from modified signal timings. Furthermore, rain events in
the South can be intense but of short duration, in some cases too short to be addressed effectively
by signal timing adjustments. This study will attempt to address whether rain-specific timing
plans can provide sufficient benefits to justify implementation costs.



Section 3
Methodology

This section presents the methodology used to evaluate the impacts of rain on signal system
operation and determine whether rain-specific signal timing plans would provide benefits
sufficient to justify the costs of implementation. It also provides background information on
closed-loop signal systems and how they can be used to implement special signal timing plans.

3.1 Study Objectives
This study sought to answer four basic questions:

1. To what degree do rain events impact the efficiency of traffic signal systems?
To what extent can rain-specific timing plans improve traffic signal system
performance?

3. How do traffic conditions affect the benefits of rain-specific timing plans (traffic
volumes, signal density)?

4. Can the benefits provided by rain-specific signal timing plans justify the
implementation costs, and if so, under what types of operating conditions?

Ultimately, this goal of this project was to determine whether it is worthwhile for public agencies
to develop and implement rain-specific signal timing plans and under what conditions they
should be considered. Using data gathered for two signal systems in the Birmingham region,
signal optimization and micro-simulation tools were employed to assess the impacts of rain on
signal system performance and the benefits of rain-specific timing plans.

3.2 Background on Traffic Signal Systems

Traffic signal systems are used to coordinate the operation of signals at multiple intersections to
improve traffic flow and reduce stops and delays through a corridor. The efficiency of a signal
system depends on prevailing traffic conditions and how well the pre-programmed timing plans
match those conditions. Each timing plan consists of a system cycle length, intersection phase
splits, and intersection offsets. Typically each system will have multiple timing plans developed
to meet the range of traffic conditions expected throughout an average day. These timing plans
can then be implemented based on time of day or in some cases based on prevailing traffic
conditions.



Developing an optimum coordination plan depends on several factors, the most important of
which are typically:

Traffic volumes

Vehicle speeds

Lane capacities

Signal spacing and density

The literature review revealed that rain events can affect traffic volumes, vehicle speeds, and
lane capacities, and the question therefore becomes whether they affect these factors enough to
warrant special coordination plans for these periods.

The majority of coordinated signal systems in Alabama are run on fixed timing plans, where
preset coordination patterns are implemented according to the time of day and day of the week.
These types of systems can function quite well when traffic volumes are predictable and
congestion, if present, is of the recurring type. But because these systems are programmed based
on typical conditions, they cannot effectively manage unexpected traffic patterns caused by
weather, crashes, or roadway maintenance. Adverse weather conditions, for example, can reduce
vehicle speeds and traffic flow to the point that timing plans developed for dry conditions may
not efficiently serve traffic demand. This congestion can then be exacerbated if a signal system
reverts to an off-peak timing pattern while there is still considerable traffic demand remaining.

Closed-loop and traffic responsive signal systems are one way to address these types of
unpredictable traffic conditions. Closed-loop systems allow communication between a central
operator and each signal controller in a system. The operator can modify signal timings or
change the timing plan the system is running from a remote location, allowing him to respond to
unexpected (and usually major) traffic events such as crashes, construction, or special events.

Traffic-responsive systems take this a step further and allow the signal system to automatically
adapt to changing traffic conditions without operator intervention. Using sensors (typically
embedded in the pavement) a master controller continuously monitors traffic conditions and
implements preset timing plans based on actual traffic demand in an effort to optimize flow and
minimize delays. What is perhaps most attractive about these signal systems is that the hardware
required to operate them is already in place in most coordinated signal systems in Alabama.
Almost all new coordinated systems installed by ALDOT include the master controller and
communications hardware required for traffic-responsive operation.

It has been suggested that closed-loop and traffic responsive signal systems could be used to
address weather related congestion. If the benefits of rain-specific timing plans were to be
demonstrated, these types of systems could be easily used to implement them, whether manually
or automatically.



3.3 Traffic Simulation Models

It was decided to use traffic simulation models to evaluate the impacts of rain on traffic signal
systems. Simulation models allow the analyst to replicate real-world conditions and perform
experiments in a controlled environment without disrupting traffic operations. Once a model is
developed and calibrated, a traffic engineer can perform different experiments by controlling
selected variables and can determine their variations and impacts on system performance.

Extensive work has been done by Zhang, et al. (2004) in assessing the suitability of the CORSIM
model for use in weather-related traffic analysis. The authors performed detailed sensitivity
analysis and presented guidelines for using the CORSIM model for weather-related traffic
simulations. Zhang, et al. recommend that as a minimum the following parameters should be
modified to accurately reflect inclement weather conditions:

mean free flow speeds

mean discharge headway (saturation flow)
mean startup delay

traffic demand

For this study, the Synchro/SimTraffic model was selected for analysis because it incorporates a
signal timing optimization tool as well as micro-simulation. This combination allowed the rapid
testing of multiple scenarios and optimization strategies. The same factors recommended for
adjustment by Zhang were adjusted in the SimTraffic model for this study. One potential
weakness of this decision is that the SimTraffic model has not been tested as extensively for
inclement weather scenarios as the CORSIM model has.

3.4 Study Design

The study evaluated the performance of two signal systems in the Birmingham region under both
dry and rainy conditions. The efficiency of the systems was tested for a range of operating
conditions that included varying traffic volumes, speeds, lost time, and capacities to simulate dry
and rainy conditions. These scenarios were tested using both dry-optimum and rain-optimum
timing plans and the differences were compared.

3.4.1 Study Corridors

Two study corridors were selected to provide different operating characteristics for analysis.
Signal system A operates on Alabama Highway 79 in Pinson, Alabama. It is a system of nine
signalized intersections in a corridor approximately five miles in length. It is a four-lane divided
highway with a posted speed limit of 60 mph that serves primarily an industrial area. There are
few access points between the signals, which means side friction is generally low and speeds
between signals are typically high. This system was selected for its large signal spacings,
relatively high speeds, and high truck volumes. System A is shown in Figure 3-1.
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Figure 3-1. System A - AL Highway 79, Pinson, AL

System B is located on US Highway 31 in Homewood, Alabama. It is a system of seven
signalized intersections in a corridor approximately 0.85 miles in length. US 31 is a four-lane
divided roadway in a densely developed suburban/commercial area with a posted speed limit of
40 mph. There are numerous driveways between the signalized intersections, which means that
side friction between signals can be high. This system was chosen for its short signal spacings
and lower speeds. The characteristics of the two study corridors are summarized in Table 3-1.
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Table 3-1. Study corridor characteristics

Signal System

Characteristic AL Highway 79 Us 31
Speed Limit 60 mph 40 mph
Corridor length 5 miles 0.85 miles
Number of signals 9 7
Average signal spacing 2950 ft. 650 ft.
Side friction Low High
% Daily truck volumes 7% 3%

3.4.2 Study Methodology

The following work plan was developed to evaluate the impacts of rain on signal system
efficiency:

Task 1: Literature review — presented in Section 2.
Task 2: Corridor selection — discussed in Section 3.4.1.

Task 3: Data Collection — an inventory was made of each system corridor. The inventory
included intersection geometry, signal phasing, timing, travel speeds, travel times, and traffic
volumes.

Task 4: Model Development and Calibration — each study corridor was modelled in the
Synchro software package. The Synchro package performs signal system optimization and
also allows the creation of an input file for the SimTraffic simulation model. The SimTraffic
models for each network were calibrated and validated using data gathered in Task 3.

Task 5: Collection of Rain-Related Data — Data were collected during normal dry conditions
and rain events to confirm weather impacts on key traffic flow parameters found in the
literature. Electronic data collectors (Jamar Trax Flex HS) recorded speed and volume data
for approximately six weeks. Periods of rain during that time were monitored and noted,
primarily using publicly available weather radar data. Measurements were also taken of
saturation flow rates during wet and dry conditions using handheld electronic data recorders
(Jamar TDC-10).

Task 6: Simulation. The Synchro and SimTraffic models were used to evaluate system
performance during three scenarios:

1. Normal operations under “dry optimum” signal timing plans

2. Rain operations under “dry optimum” signal timing plans
3. Rain operations under “wet optimum’ signal timing plans

12



Scenario 1 (dry conditions — dry optimum timings) modelled normal operations under signal
timing plans developed for dry conditions. Scenario 2 (wet conditions — dry optimum
timings) modelled operations under rainy conditions using the standard timing plans
developed for dry conditions. This is in fact what typically occurs during rain events.
Scenario 3 (wet conditions — wet optimum timings) modelled operations under rainy
conditions using signal timing plans developed specifically for wet conditions. The
simulation process is illustrated in Figure 3-3.

Because past research has suggested that the effectiveness of weather-specific timing plans
may depend on traffic flow levels, each scenario was run for a range traffic conditions
corresponding roughly to 40, 60, 80, 100, and 110% of capacity for the progressed through
movement. This v/c ratio applied to the through movements at the “critical” intersections in
each system (i.e. the intersections with the highest intersection v/c ratio). While the critical
intersections may have been operating at the assigned v/c ratios, other minor intersections
within the system may have been operating at lower v/c ratios.

Each “wet” scenario (2 and 3) was run for moderate rain intensity. Each run simulated one
hour of operations and multiple runs were performed for each scenario using different seed
numbers to develop average output values. Multiple runs were made until the average values
converged. More runs were typically required for the higher volume (higher v/c ratio)
scenarios because outputs tend to vary considerably as v/c ratios approach 1.0.

Task 7: Analysis. The key measures of effectiveness (MOESs) analyzed for each scenario
were system-wide delay (veh-hrs), average delay per vehicle (sec/veh), and total number of
stops. Comparisons were made among these MOEs to quantify the impacts of rain on signal
system performance.

Task 8: Cost-benefit analysis. Benefit and cost models were used to determine whether the
potential benefits of rain-specific timing plans would justify the costs of implementation.

13
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Figure 3-3. Simulation process
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Section 4
Results

Results of the data collection and analysis are presented in the following sections.
4.1 Data Collection

It was decided to collect field data to measure the impacts of rain on key traffic flow parameters,
namely traffic volumes, vehicle speeds, and saturation flow rates. These data were then
compared to the values found in the literature. It was not the intention of this study to conduct a
comprehensive investigation into these parameters; rather, it was intended simply to confirm that
the data found in the literature were indeed applicable to the study corridors.

4.1.1 Impact of Rain on Vehicle Speeds

Electronic data recorders/classifiers were set out on Highway 79 for a six-week period. The
recorders (Jamar Trax Flex HS) gathered speed and volume data continuously. Rain events
during this time period were noted (time, duration, and estimated intensity) primarily using
publicly available weather radar data. The 85™ percentile speeds during rain events were then
compared with 85" percentile speeds during adjacent time periods as well as corresponding time
period on similar days.

Three separate rain events of >1 hour duration occurred during the data collection period. Based
on radar observations, rain intensity was light to moderate in all three cases. The data indicated
that 85" percentile vehicle speeds decreased from 4% to 7% during rain events. These findings
are consistent with the literature, and for the purposes of this study a 6% decrease in vehicle
speeds was assumed for rain conditions. Sample speed profiles for dry and wet conditions are
provided in Figures 4-1 and 4-2.
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Figure 4-2. Typical speed profile for AL 79 (Southbound) under wet conditions
4.1.2 Impact of Rain on Traffic Volumes

Hourly traffic volumes during the rain events were compared to traffic volumes during
equivalent dry periods. The data indicated that traffic volumes decreased from 0 to 4% during
rain events. This type of reduction has been observed in other studies and may be due to reduced
network throughput and/or motorists rescheduling trips to avoid rain. While some data agreed
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with previous studies, the sample size was small and the volume reductions were inconsistent, so
it was not possible to draw definitive conclusions.

4.1.3 Impact of Rain on Saturation Flow Rates

Observers recorded saturation flow rates at multiple study intersections during both dry and rainy
conditions. The intensity of the rain events was noted and ranged from light to heavy, although
the heavy rain intensities typically lasted only a few minutes. The durations of the light and
moderate rain events varied from 20 to 60 minutes. Jamar TDC-10 data collectors were used to
measure saturation flow rates for through and left-turn movements. A minimum of three signal
cycles were required to obtain average saturation flow rates for rainy conditions. If the rain
intensity was not sustained for at least three signal cycles the data were not used.

Saturation flow rate reductions during rain events ranged from 0 to 4% for light rain and 3% to
9% for moderate rain intensities. The sample size was too small to draw conclusions for heavy
rain intensities, since they often did not sustain that intensity for three signal cycles or more. The
findings generally agree with those in the literature. Saturation flow rate reductions noted in
other studies for light and moderate rain conditions have ranged from 3% to 10%. For the
purposes of this study we assumed an average saturation flow rate reduction under moderate rain
conditions to be 6-7%.

4.2 Simulation
Simulation of the two study corridors was performed as outlined in Section 3. It was decided to
first model the networks under moderate rain conditions, since it would also provide an upper

limit for assessing the impacts of lighter rain events.

The following default values were used for the simulation:

Table 4-1. Default simulation parameters (moderate rain intensity)

Parameter Dry Conditions Rain Conditions
Saturation flow rate 1900 1780

Mean free flow speed 85" percentile 85" percentile * 0.93
Mean startup delay 20s 21s

Traffic volumes observed no change

It should be noted again that although some previous studies have found volume reductions
associated with rain events (1-5%), our own data did not show a consistent correlation. No
volume reductions associated with rain were assumed for the simulation analysis.

4.2.1 Simulation Methodology

Once each study corridor had been modeled and calibrated using field data, dry and wet
simulations were performed for a range of traffic volumes. The purpose of varying the input
traffic volumes was to determine if the impacts of rain are volume-dependent. It was decided to
adjust volumes in the corridor so that the through-volumes at the critical intersections were
progressively 40%, 60%, 80%, 100%, and 110% of capacity. Critical intersections within a
signal system are those which operate at the highest overall v/c ratios. They typically limit the
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volume of traffic that can be progressed through a system and tend to drive overall signal
timings.

The primary measures of effectiveness (MOEs) used to evaluate system performance were:

total system delay (veh-hrs)
total stop delay (veh-hrs)
average delay (sec/veh)
total stops (system)

4.2.2 Simulation Results — US 31 System

The simulation results for total system stops during rain events (scenarios 2 and 3) are shown in
Figure 4-3. Average delay per vehicle is plotted in Figure 4-4. In each case, normal “dry”
conditions serve as the baseline to which the rain/dry timing and rain/wet timing scenarios are
compared.

Figure 4-3 indicates that during moderate rain events, total stops in the US 31 system can be 3-
6% higher than during equivalent dry periods. However, the use of rain-specific timing plans
could reduce those increases 1-5% depending on traffic conditions. The greatest benefits of rain-
specific timing plans occur at traffic volumes between 40% and 80% of capacity. As the system
exceeds 80% capacity, the differences in performance between dry signal timings and rain-
specific signal timings become smaller. As the v/c ratio approaches 1.0 the benefits of rain-
specific signal timings disappear.

This is not surprising, given that as signal systems approach capacity coordinated system timings
tend to lose their effectiveness, whether they are designed for wet or dry conditions. Conversely,
at very low traffic volumes, signal systems tend to be less sensitive to minor changes in
operating conditions and the benefits of rain-specific timings would also be expected to be
smaller.
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A similar pattern can be seen in Figure 4-4. Under moderate rain conditions, average delay per
vehicle was found to increase 4-5%. Rain-specific timing plans reduced this increase in delay to
as little as 0.5% within certain traffic volume ranges. However, as was the case with system
stops, the effectiveness of rain-specific timing plans appears to be volume-dependent. When
traffic volumes are between 40% and 80% of capacity, rain-specific timing plans can provide
improvements in traffic flow compared to optimum dry timing plans. Below 40% of capacity or
above 80% of capacity, rain-specific timing plans do not appear to offer any significant
reductions in vehicle delay.

4.2.3 Simulation Results — Highway 79 System
The simulation results for total stops during rain events (scenarios 2 and 3) are shown in Figure
4-5. Average stopped delay per vehicle is plotted in Figure 4-6. In each case, normal “dry”

conditions serve as the baseline to which the rain/dry timing and rain/wet timing scenarios are
compared.
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Figure 4-6. Percent increase in average stop delay during rain events (AL 79 system)

During moderate rain events, stops and average delay can increase up to 6% compared to dry
conditions, depending on traffic volumes. This is a slightly higher percentage than was found for
the US 31 system and may be due to the large signal spacings, which would tend to make the
system more sensitive to changes in vehicle speeds. It was found that rain-specific timing plans
could reduce those increases, with the greatest benefits produced when through volumes were
between 40% and 80% of capacity at the critical intersections. As with the US 31 system, the
benefits of rain-specific timing plans decrease as the v/c ratio approaches 1.0.

The Highway 79 system was very different from the US 31 system in that the individual traffic
signals operate at widely varying v/c ratios. The intersection at Carson Road, for example, is the
critical intersection in the system, operating with eight phases and handling large turning
volumes. Several other signals, such as Pine Hill Road and Industrial Blvd., are at T-intersections
and operate with only three phases and low side-street volumes. Consequently, while Carson
Road may operate at a v/c ratio of 0.8 during a certain period, other signals within the system
may be operating at v/c ratios of 0.4. This tended to make the results more difficult to interpret.

Table 4-2 presents a summary of the simulation results.
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Table 4-2. Summary of simulation results

US Highway 31 System

v/c ratio of through volumes

Measure of Effectiveness (MOE) 0.4 0.6 0.7 0.8 1.0
Total Delay (veh-hrs)
Dry Conditions 40.1 91.6 - 114.8 148.6
Wet Conditions — Dry Timings 40.9 93.3 - 117.9 1491
Wet Conditions — Wet Timings 41.2 91.7 - 118.4 148.7
Average Delay (sec/veh)
Dry Conditions 29.0 37.0 37.7 43.2 52.4
Wet Conditions — Dry Timings 30.3 38.5 39.2 45.5 53.5
Wet Conditions — Wet Timings 30.4 37.1 38.4 45.8 53.6
Total Stops
Dry Conditions 4483 8881 8290 9237 10506
Wet Conditions — Dry Timings 4685 9333 8721 9792 10851
Wet Conditions — Wet Timings 4579 8952 8572 9699 10852

AL Highway 79 System
v/c ratio of through volumes

Measure of Effectiveness (MOE) 0.4 0.6 0.8 1.0 1.1
Total Delay (veh-hrs)
Dry Conditions 65.3 77.9 113.9 165.2 179.6
Wet Conditions — Dry Timings 68.4 82.6 118.8 168.6 186.3
Wet Conditions — Wet Timings 67.4 79.5 115.3 165.9 186.8
Average Delay (sec/veh)
Dry Conditions 28.6 28.9 39.0 46.3 51.9
Wet Conditions — Dry Timings 29.5 30.6 40.9 47.2 54.2
Wet Conditions — Wet Timings 29.3 30.3 39.7 46.8 54.0
Total Stops
Dry Conditions 5033 5678 7326 8639 8719
Wet Conditions — Dry Timings 5357 6045 7715 8995 8820
Wet Conditions — Wet Timings 5298 5904 7522 8950 8708
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Section 5
Analysis

Several conclusions were drawn from the simulation results:

1. Moderate rain increased stops and average delays in both signal systems 1-6%,
depending on traffic volumes. Average stopped delay increased 2-6% depending on
traffic volumes.

2. Rain-specific timing plans were found to reduce the increases in stops and delay
associated with rain events — in some cases by half — but their effectiveness appears to be
dependent on traffic volumes.

3. The greatest benefits from rain-specific timing plans occurred when the through volumes
were between 40% and 80% of capacity at the critical intersections. Below 40% of
capacity, rain-specific timing plans offered only small improvements over dry timing
plans. Above 80% of capacity, rain-specific timing plains did not significantly improve
traffic operations.

The question becomes whether these reductions in stops and delay are significant enough to
justify the costs of implementing rain-specific timing plans. Several assumptions were made
when computing the costs and benefits of rain-specific timing plans, namely:

® Rain-specific signal timings can be implemented without the purchase of new hardware
or equipment. This is a reasonable assumption given that most new signal systems
include the communications equipment necessary for special timing plan implementation.

e The values of time and vehicle occupancy were unknown for Alabama. For the purposes
of this study, the values of time and vehicle occupancy from a signal timing study in New
Jersey were used (Chien, et al. 2006).

e Gas prices will vary; at the time of this study the unit price of gas was $2.50 per gallon,
which was used for calculating potential benefits.

5.1 Cost Model

Chien, et al. (2006) developed a methodology to compute the costs and benefits for signal timing
optimization projects. The cost model comprises three primary components: equipment,
engineering, and administrative costs. The assumption was made that rain-specific timing plans
could be implemented without additional hardware costs. Engineering costs include data
collection, generation of timing plans, and field-adjustment of the timing plans. Administrative
costs for implementing the timing plans include the nominal cost for an employee or technician
(assumed to be already employed) to implement the correct timing plans during significant rain
events. Estimates of assumed costs for each component are shown in Table 5-1.
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Table 5-1. Estimated costs for developing and implementing timing plans

Component Cost
Equipment $0
Engineering $5000/ intersection
Administration $2500 / year

Engineering costs will be dependent on the size of a system (number of signals) while
administration costs per system were assumed to be constant regardless of system size. For both
the cost and benefit models a life-cycle of five years was assumed. This is based on a
recommended re-timing interval of three years for signal systems (Srinivasa 2004) but
recognizing that in reality most agencies do not re-time signals that frequently.

5.2 Benefit Model

The benefit model used was an abbreviated version of the Chien, ef al. (2006) model and
consisted of two components, namely road user’s time and fuel consumption. These components
are determined based on vehicle composition, speed, travel time, value of time, and vehicle
occupancy. More specifically, the reduced road user’s time cost can be derived from the saved
travel time multiplied by the value of the user’s time. Travel time savings are based on the
difference in delays experienced under optimal signal timing plans for dry and rain-specific
signal timing plans.

The delay estimated from SimTraffic is vehicle based. Therefore, by introducing vehicle
occupancy, the user cost can be converted into traveler-based cost savings. According to the
Highway Economic Requirements Systems, the vehicle occupancy-weighting factor can be
obtained using the following equation (Chien, et al. 2006):

Vwr = (VOC * (VS'/]OO)) auto + (VOC * (VS'/]OO)) truck

where:

Vwr = vehicle occupancy weighting factor (persons per vehicle)
Voc = average vehicle occupancy (persons per vehicle)

V, = vehicle split ratio (percentage).

Therefore, the road user’s cost saving is calculated as:
TSru = Vr* Vwr * Dy

where:

TSgyu = road user’s cost saving ($)

Vr = value of time ($ per person-hour)

Dy = travel time saving (vehicle-hours obtained from Sim Traffic)

Fuel savings are based on reduced fuel consumption resulting from the implementation of rain-
specific signal timing plans multiplied by unit price of gasoline (Chien, et al. 2006).

Fg= AFC * P;
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where:

Fs = reduced fuel consumption cost ($)
AFC = reduced fuel consumption (gallons)
X Py = Unit price of gasoline ($ per gallon)

The values used to compute benefits are summarized in Table 5-2.

Table 5-2. Variables used to estimate timing benefits

Value
Variable Cars Trucks
Value of time Vr (NJDOT 2001) $12.75 $21.25
Vehicle occupancy Voc (NPTS 1995) 1.59 1
Gas unit price $2.50

5.3 Costs and Benefits for the Study Corridors

The costs and benefits of rain-specific timing plans were computed for each study corridor using
the models described previously and the SimTraffic simulation results. It has been demonstrated
that the benefits yielded by rain-specific timing plans will likely vary according to traffic
volumes, so the initial calculations were based on the maximum benefit condition and then
adjusted to reflect typical traffic conditions.

5.3.1 Costs and Benefits for the US 31 System

5.3.1.1 Costs. The costs to implement rain specific system timings for the US 31 system were
estimated as (7 * $5000/intersection) = $35,000 per intersection for engineering and

(5 * $2500/year) = $12,500 a year for administration. The total cost for a five-year life cycle is
estimated at $47,500.

5.3.1.2 Benefits. The timing benefits were estimated as follows:

TSRU auto = V1 *Ds = (1.6*%$12.75%0.97) = $19.79 for autos
TSrU truek = Vi *Dg =(1.6%$21.25%0.03) = $1.02 for trucks
Fs= 6.2 gallons * $2.50 = $15.50

Total benefits per hour would equal $36.31/hour. This figure represents a maximum savings
under optimum volume conditions. Under very low or high traffic volume conditions, rain-
specific timings will likely generate little or no benefit. To estimate the potential annual benefits
to be gained from implementing rain-specific timing plans it was necessary to characterize the
conditions under which they would most likely generate benefits.

® Volumes — benefits will most likely be accrued when through volumes range
between 40% to 80% of capacity. Volume conditions outside this range may
result in small or no benefits.

e Rain duration — signal systems typically require two to three cycles to fully

transition from one timing pattern to another. Depending on the cycle length,
this can translate to six to eight minutes or more. Traffic may then require an
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additional cycle or two to reach stable flow. During this eight to ten minute
transition period delays and stops may increase, negating some of the benefits
of the rain-specific timing plan. Given the relatively small benefits generated
by rain-specific timing plans, it is likely that a minimum event duration of
one hour would be required before benefits begin to accrue.

National Weather Service (NWS) historical data indicate that there were 122 days between April
2008 and March 2009 with some type of rain in Birmingham. Of these, only 43 days had
occurrences of what the NWS classified as “moderate” or “heavy rain.” Durations of these rain
events are not known, but for analysis purposes it was assumed that the heavy rains averaged two
hours per day. It was also assumed that the rain events were distributed fairly evenly throughout
the days in question.

In a typical 24-hour period, it was assumed that traffic volumes in the system will vary between
light and heavy, depending on time of day. Based on traffic counts, it was estimated that traffic
volumes would fall into the following broad categories based on when rain-specific timing plans
are most effective:

Table 5-3. Average hourly weekday traffic volumes

Impact of timing
v/c ratio (through volumes) Hours per day % of total plans
<04 8 33 Low
04-0.8 10 42 Mod - High
>0.8 6 25 Low

Assuming a best-case scenario in which every heavy rain was of at least 2 hours duration, and
42% of these occurred during times of the day when rain-specific timing plans would have
maximum benefits, the estimated annual benefits would be:

Annual Benefit = (43 * 0.42 * 2 * $36.31) = $1312

Over five years, this would accrue to a total benefit of approximately $6560. There are of course
many assumptions and variables in this calculation, but as an order of magnitude estimate it
demonstrates that the anticipated costs ($47,500) would likely outweigh the benefits of
implementing rain-specific timing plans. In the case of the US 31 system, the net benefits of
implementing these timings would equal less than 15% of the total cost.

5.3.2 Costs and Benefits for the AL 79 System

Similar cost and benefit calculations were performed for the AL 79 system. The five-year cost
of implementation for a nine-signal system was estimated to be $57,500. The total benefits were
estimated to be $15,700. Again, there are assumptions that could be varied either to the net
benefit or cost, but as an order-of-magnitude estimate it demonstrates that estimated costs would
outweigh benefits by nearly 3 to 1. The net benefits of implementing rain-specific timing plans
in this system are unlikely to justify the costs.
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Section 6
Conclusions

Based on the simulation results and analysis the following conclusions are drawn:

e Moderate to heavy rain events impact signal system performance. Simulation results that
rain can increase stops and average delays by up to 6% under certain conditions.

e Rain-specific timing plans can reduce stops and delays during rain events, though in
absolute terms the benefits were modest.

¢ The effectiveness of rain-specific timing plans appears to be dependent on traffic
volumes. In both study corridors, the maximum reductions in average delay occurred
when the progressed through volumes were between 40% and 80% of capacity. Below
40% capacity and above 80% capacity, rain-specific timing plans provided much smaller
or no benefits.

® The net benefit of implementing rain-specific timing plans is questionable. A cost-
benefit analysis for the two study corridors found the potential costs would significantly
outweigh the potential benefits, with the majority of the cost associated with the
development of the timing plans themselves. Even assuming a 10-year retiming cycle,
the implementation costs in our two study systems would still outweigh the potential
benefits over that time span.

e The relatively small gains resulting from rain-specific timing plans suggest that their
effectiveness would also be limited to moderate and heavy rain events of longer durations
(i.e. >1 hour). Implementation would likely be limited to certain corridors where
conditions favor their effectiveness (e.g. frequent rain events of long duration and traffic
volumes within ranges that enhance the effectiveness of rain-specific timing plans). Each
candidate corridor would have to be analyzed individually to determine whether there
was justification for rain-specific timing plans.

¢ The above conclusions relate to the implementation of rain-specific timing plans in
closed loop signal systems. Closed loop systems would require the development and
field-tuning of multiple timing plans as part of any such implementation, and this can be
costly. However, the simulations indicate that adaptive signal control systems, which can
optimize timings automatically, could provide very real benefits during rain events.

¢ The use of automatic rain detection equipment along with closed loop signal systems
would not significantly alter the overall cost-benefit relationship. The majority of the
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costs associated with implementing rain-specific timing plans lies in the cost of
developing and fine-tuning the plans, not day-to-day administration. Even assuming a
10-year retiming cycle, the timing plan development costs in the two study systems
would outweigh the potential benefits over that time span.
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