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Abstract.  This paper describes weather impacts on arterial operations and discusses research projects to quantify these impacts. These projects have documented speed reductions, decreased volume, reduced saturation flow rates, and increased delay.  The benefits of weather-responsive signal timing and weather affects on traffic simulation parameters are also explored.   Federal Highway Administration (FHWA) activities to advance the state-of-the-practice in weather-responsive traffic management are introduced.
INTRODUCTION

Inclement weather affects arterial operations by changing driver behavior and impairing the effectiveness of traffic signal timing plans.  This paper will describe research studies that have been conducted in different climates to quantify weather impacts on arterial operations and document the benefits of weather-responsive traffic signal timing.  Traffic simulation parameters that are affected by weather are also discussed.  This research has shown that by integrating road weather data into simulation models and decision support tools, traffic managers are able to better understand weather impacts on road networks and operate arterials more efficiently in inclement conditions.  The Federal Highway Administration (FHWA) is working to leverage these and other efforts to improve traffic operations, nationwide.

WEATHER IMPACTS ON ARTERIAL OPERATIONS

Weather events impact the roadway environment, driver behavior, and traffic flow.  Weather influences the roadway environment through:

· Reduced pavement friction due to water, snow, and ice

· Restricted visibility due to fog, heavy rain/snow, blowing dust/snow, and vehicle spray

· Lane obstruction due to snow accumulation, flooding, and wind-blown debris

· Infrastructure damage such as pavement buckling, bridge wash out, and traffic control device failure

The sensitivities between weather and traffic volume mean that weather events have even greater effects on arterial operations as congestion increases in urban areas.  Roadway environment impacts cause delay and congestion by affecting driver behavior and traffic flow.  These effects include:

· Impaired vehicle performance

· Lower traffic speeds

· Increased speed variability

· Changes in traffic volume

· Reduced roadway capacity

· Reduced effectiveness of signal timing plans designed for clear, dry pavement conditions

In order to learn about prior studies of weather impacts on arterials, an extensive literature search and comparative analysis were conducted.  The results, which are summarized below, serve as the basis for planned efforts within the FHWA Road Weather Management Program.  
STUDIES OF ARTERIAL OPERATIONS IN ADVERSE WEATHER 
This section presents analysis results from seven research projects on the effects of weather on arterial mobility.  Many of these projects documented changes in speed, flow rate reductions, and increased delay.  Some studies simulated weather-responsive traffic signal timing to assess the benefits of this control strategy.  This section also includes two case studies of weather-responsive traffic signal control to illustrate how agencies can respond to adverse weather. 

Research Studies of Weather Effects on Arterial Operations
United Kingdom

Gillam and Withill studied adaptive traffic signal systems in four urban areas of the United Kingdom to assess weather impacts on arterial operations.  Traffic flow under dry and wet pavement conditions was analyzed from March to November 1991.  Investigators found that when roads were wet the saturation flow rate decreased by 6% and travel time delay increased by an average of 11%.  They concluded that increased congestion in inclement weather was caused in part by modified driver behavior and reduced vehicular performance.

Anchorage, Alaska

Bernardin Lochmueller and Associates examined a 24-signal network, with five major arterials to determine if operations could be improved during the winter in Anchorage, Alaska.  In 1995 the researchers studied signal timing plan parameters for summer, winter, and extreme conditions.  They concluded that the saturation flow rates in summer timing plans should be reduced by 11% to 15% in the winter, depending on roadway characteristics (e.g., major street, minor street, upgrades).  By analyzing travel time runs, the researchers found that during peak periods average winter speeds were more than 16% below summer design speeds.  

Analysis results were used with traffic simulation software to create weather-responsive timing plans.  The software compared weather-responsive plans to existing timing plans and predicted that travel speeds would increase by 12%, travel time would be reduced by 13%, average delay and total delay would decrease by 23%, and that vehicle stops would increase by 6%.

Minneapolis/St. Paul, Minnesota

During winter 1998/1999, Maki investigated weather impacts on a three-mile arterial segment with five traffic signals in the Minneapolis/St. Paul area.  Traffic flow measurements were taken during peak periods in normal and adverse weather conditions.  Maki found that traffic volumes in inclement weather were 15% to 20% lower during the peak period and 15% to 30% lower in the peak hour.  The average speed fell from 44 mph in normal conditions to 26 mph in adverse weather—a 40% decline.  The analysis also revealed that in poor road weather conditions saturation flow rate decreased by 11% and start-up delay increased by 50%.

Maki used the analysis results to simulate coordinated operation with weather-responsive signal timing plans.  The simulation indicated that signal delay per vehicle would be reduced by nearly 8% and that average stops per vehicle would decrease by nearly 6% when weather-responsive plans were compared to normal timing plans.  

Salt Lake City, Utah
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Perrin, et al researched arterial operations at two intersections in Salt Lake City, Utah in the winter of 1999/2000. On 14 days with inclement weather speed, flow rate, and start-up delay data were collected. Reductions in free-flow speed and saturation flow rate in adverse conditions are shown in Table 1. Start-up delay on wet pavement and snowy pavement was 5% and 23% higher, respectively, than start-up delay on dry pavement.  

These analysis results were used to develop a traffic simulation model of a nine-intersection corridor in downtown Salt Lake City.  The model demonstrated that travel time would increase by 50% and that vehicle stops would by rise 14% if normal signal timing plans were utilized in adverse weather.  The simulation model was used to compare weather-responsive timing plans to normal plans in inclement conditions.  The model demonstrated that weather-responsive plans could reduce travel time by 18% and decrease stops by 9%.  

Washington, D.C.

From December 1999 to May 2001, Mitretek Systems examined weather impacts on the road network in metropolitan Washington, D.C., which included 15 major arterial routes.  Weather observation data and reported travel time data were combined and used in a two-step regression analysis to predict normal travel time and increased travel time due to adverse weather.  

Analysis indicated that the average increase in arterial travel time was more than 12% when adverse weather occurred during a two-hour, off-peak period.  To estimate off-peak travel times in extreme weather, reduced regression models were applied to data from a widespread snowstorm on January 25, 2000.  Analysts found that arterial travel time during the snowstorm event increased by more than 48%.  

Burlington, Vermont

Weather impacts on a signalized intersection in Burlington, Vermont were analyzed during winter 2002/2003.  One of the intersection approaches had a significant uphill grade (i.e., 3%), facilitating assessment of grade effects during inclement weather.  Video data of the intersection were collected to classify road weather conditions into six categories, shown in Table 2 below, and to calculate various traffic flow statistics.  Investigators found that saturation flow rate reductions ranged from 2% to 21%, depending on road weather conditions.  

To evaluate the benefits of weather-responsive signal timing, investigators used the NETSIM component of the microscopic simulation package CORridor SIMulation (CORSIM) and the TRANSYT-7F model to simulate an arterial segment with ten intersections and develop weather-responsive timing plans.  As shown in Table 3, weather-responsive timing plans increased speed while reducing average delay, percentage of stops, and fuel consumption.  

Simulated Corridor

In 2003, Lieu and Lin used CORSIM and Synchro software to assess the benefits of weather-responsive signal timing at various traffic demand levels.  Using a model corridor with four traffic signals, the researchers simulated arterial operations in normal conditions, in adverse weather with normal signal timing, and in adverse weather with weather-responsive signal timing.  Simulation results indicated that using normal signal timing in adverse weather resulted in a 36% decrease and a 20% increase in start-up delay.  

Lieu and Lin found that using weather-responsive signal timing did not reduce travel time or increase speeds when main street volumes were below 1,100 vehicles per hour or above 1,700 vehicles per hour.  However, benefits were realized within this range.  For example, travel time was reduced by more than 18% at a demand level of 1,500 vehicles per hour.  When weather-responsive signal timing was simulated at a volume of 1,300 vehicles per hour, average speed increased by nearly 19%.

Summary of Research Studies

Table 4 summarizes results of the seven studies on weather impacts on arterial operations.  Weather-related reductions in average speed were between 16% and 40%.  Free-flow speeds were reported to decline by 10% to 30% during inclement weather.  Arterial traffic volumes were reduced by 15% to 30%.  Reductions in saturation flow rate ranged from 2% to 21%.  Travel time delay increased by 11% to 50% in adverse weather.  Start-up delay was 5% to 50% higher.

	Study Dates& Areas 
	Facilities
	Reductions
	Increases

	
	
	Average Speed
	Free-Flow Speed
	Average

Volume
	Sat. Flow Rate
	Travel Time Delay
	Start-Up Delay

	1991 U.K.
	4 urban networks
	
	
	
	6%
	11%
	

	1995 AK
	Rural network with 5 arterials, 24 intersections
	16%
	
	
	11% - 15%
	
	

	1999 MN
	Arterial with 5 intersections
	40%
	
	15% - 30%
	11%
	
	50%

	2000 UT
	2 intersections
	
	10% - 30%
	
	6% - 20%
	50%
	5% - 23%

	2001 D.C.
	Urban network with 15 arterials 
	
	
	
	
	12% - 48%
	

	2003 VT
	Intersection, 1 uphill approach
	
	
	
	2% - 21%
	
	

	2003 Simul.
	Arterial with 4 intersections 
	36%
	
	
	
	
	20%


Table 4 – Summary of Studies on Weather Impacts on Arterial Operations 

Four of the studies involved simulation to assess the benefits of weather-responsive traffic signal timing.  In these studies researchers examined the benefits of implementing weather-responsive signal timing on arterial facilities with various geometric configurations, traffic demand levels, and road weather conditions.  Results from these studies are summarized in Table 5 below.  When weather-responsive signal timing was compared to normal timing, investigators found that average delay was reduced by 7% to 23%, travel time delay fell by 13% to 18%, and vehicle stops decreased by 4% to 9%.  Average speed increased by 3% to 12%.

	Study Dates& Areas 
	Facilities Simulated
	Reductions
	Increase

	
	
	Signal Delay/ Vehicle
	Average Delay
	Travel Time Delay
	Vehicle Stops
	Average Speed

	1995 AK
	Rural network with 5 arterials, 24 intersections
	
	23%
	13%
	
	12%

	1999 MN
	Arterial with 5 intersections
	8%
	
	
	6%
	

	2000 UT
	Arterial with 9 intersections
	
	
	18%
	9%
	

	2003 VT
	Arterial with 10 intersections
	
	7%
	
	4%
	3%


Table 5 – Summary of Simulation Studies on Weather-Responsive Signal Timing
Case Studies of Arterial Operations in Adverse Weather 
Charlotte, North Carolina

In the City of Charlotte, North Carolina traffic operators use a central signal control system to operate 615 traffic signals.  Weather-responsive signal timing plans are implemented at 149 signals in the central business district to reduce traffic speeds when pavement is slippery.  Various timing plans are stored in the signal control computer and can be downloaded to field controllers based upon prevailing conditions.  When weather impacts are widespread and affect a significant portion of the City’s intersections, operators modify signal timing.  

Operators access the signal control computer to manually implement weather-responsive timing plans when heavy rain, snow, or icy conditions are predicted or observed.  To slow the progression speed of traffic these timing plans increase the cycle length, while offsets and splits remain the same.  When weather-responsive signal timing is employed travel speeds decrease by five to ten mph.  Operators restore normal time-of-day plans when road weather conditions return to normal.


Clearwater, Florida

The City of Clearwater, Florida uses a computerized control system that modifies signal timing during frequent afternoon thunderstorms. City traffic managers developed a unique rain preemption feature to clear traffic from Clearwater Beach when storms cause significant increases in traffic leaving the beach via the Memorial Causeway (i.e., Route 60) shown in Figure 1.  

An electric rain gauge mounted on a signal pole near the beach is connected to the signal controller.  The signal system computer automatically issues a preemption command to 14 signals along Route 60 when the rain gauge detects a predetermined amount of rainfall.  Signal controllers switch to new timing plans with longer green times for inbound approaches. The central computer restores normal signal timing plans when vehicle detector data indicates that the traffic volume has returned to normal. By modifying traffic signal timing in response to rain events, the signal system computer minimizes weather-related traffic congestion.

TRAFFIC SIMULATION MODELS AND WEATHER 
Most analytical and simulation software packages base default values on clear weather conditions and assume that the pavement is dry.  This section discusses a research project to determine which simulation model parameters are impacted by weather.  Incorporating the effects of weather events into traffic models would increase their baseline accuracy and contribute to development of weather-responsive signal timing strategies.
Model Parameters Affected by Weather
In September 2002, ITT Industries began investigating the sensitivity of traffic parameters to weather using CORSIM.  Researchers employed the NETSIM component of the CORSIM software package to determine which parameters have the greatest affect on arterial operations and need to be modified in order to simulate weather impacts on signalized routes.  Altering key weather-related parameters in this model can assist traffic analysts in developing weather-responsive signal timing plans.  

To assess the relative sensitivity of traffic parameters six roadway configurations were modeled in NETSIM.  These included a one-lane arterial segment, a two-lane arterial segment, a three-lane arterial segment; an actuated suburban intersection; a fixed-time urban intersection; and an arterial corridor with four semi-actuated traffic signals.  Each test configuration was analyzed at four congestion levels or volume-to-capacity (V/C) ratios: 0.4, 0.6, 0.8, and 1.0.  Approximately 20,000 simulation runs were processed to test car following, lane changing, free flow speed, discharge headway, start-up lost time, and turning speed parameters within the NETSIM model.  Table 6 summarizes the traffic parameters with the highest impacts on the measures of effectiveness.

	Category
	Parameter

	Car Following
	Time to React to Sudden Deceleration of Lead Vehicle

	Lane Changing
	Time to React to Sudden Deceleration of Lead Vehicle

	Free Flow Speed
	Mean Free Flow Speed

	Discharge Headway
	Mean Discharge Headway

	Start-Up Lost Time
	Mean Start-Up Delay


Table 6 – NETSIM Parameters with High Impacts on Measures of Effectiveness

NEXT STEPS

Clearly numerous agencies are working on the challenge of arterial operations in adverse weather, and it is clear that more work needs to be done.  The FHWA Office of Transportation Operations is once such agency conducting this work.  There are different approaches to the challenge, and one approach is via the FHWA Road Weather Management Program, which has a goal of developing tools and technologies that traffic management agencies can utilize to better operate arterials under adverse weather conditions.  To do so, it is first necessary to understand changes in vehicle dynamics and driver behavior under these varying conditions.  Once these factors are better understood, the information can be incorporated into simulation models and, ultimately, end user tools.  
Consequently, the program is preparing to conduct empirical studies on traffic flow in inclement weather to quantify impacts.  This work will begin in 2004 and will involve collection and analysis of weather data, pavement condition data, arterial and freeway traffic data, as well as human factors data.  In 2005 the FHWA expects to disseminate study results in order to increase awareness of weather impacts among operating agencies, to sponsor and encourage others to conduct subsequent studies on weather and traffic modeling based on results, and promote deployment of weather-responsive traffic management strategies and tools.  In addition to the empirical studies mentioned above, other planned or on-going activities within the FHWA include the Traffic Management Center (TMC) System Integration study, the Missouri DOT Weather Response System project, and the Next Generation Simulation (NGSIM) program.  

The TMC System Integration Study is documenting types of road weather information received by TMCs (including arterial centers), the means of information delivery, how information needs change as the severity of a weather event increases, and operational responses based upon the road weather information.  The study will result in a recommended approach to integrate road weather information into TMCs.

The Missouri DOT will develop a prototype Weather Response System to support transportation system operations.  The Weather Response System will use products from the National Weather Service (NWS), the private sector, and other sources to create and demonstrate decision support tools.  These tools will be tailored for different types of users including traffic managers, transit agencies, maintenance supervisors, and law enforcement agencies.   

The Next Generation Simulation (NGSIM) program is developing behavioral algorithms, supporting documentation, and validated data sets that describe the movement and interaction of vehicles on the roadway system in changing environments.   Openly distributed NGSIM products will support advancements in traffic simulation and contribute to research into weather effects on traffic flow parameters.  The NGSIM program will improve the quality and performance of simulation tools, including increased accuracy in non-ideal conditions.  

CONCLUSION 

Adverse weather can impact the effectiveness of traffic signal timing plans and reduce arterial mobility.  Several research studies found that average speed declined by 16% to 40%, free-flow speed was reduced by 10% to 30%, traffic volumes were 15% to 30% lower, saturation flow rate fell by 2% to 21%, travel time delay increased by 11% to 50%, and there was 5% to 50% more start-up delay in inclement conditions.  Benefit studies revealed that weather-related delay can be minimized by implementing signal timing plans designed for slick pavement conditions and slower travel speeds.  Researchers found that weather-responsive signal timing can increase average speed by 3% to 12%, decrease average delay by 7% to 23%, reduce travel time delay by 13% to 18%, and lower vehicle stops by 4% to 9%.

An investigation of traffic parameters sensitive to adverse weather was conducted to assist with development of weather-responsive traffic signal timing plans.  Investigators found that time to react to sudden deceleration of lead vehicle, mean free flow speed, mean discharge headway, and mean start-up delay were the key NETSIM parameters that should be modified in order to simulate weather impacts on arterial traffic flow.  

Additional research is needed to quantify how different weather events impact arterial operations, to better understand driver behavior in inclement conditions, to calibrate traffic simulation models for adverse road weather conditions, and to develop effective weather-responsive strategies.  As a first step toward achieving these goals, the FHWA Road Weather Management Program is planning a project to conduct empirical studies on traffic flow in inclement weather in 2004 and 2005.  The FHWA is also sponsoring a study on the use of road weather information in Traffic Management Centers, development of a Weather Response System in Missouri, and the NGSIM program.  These efforts will contribute to better understanding of weather impacts on arterial operations and advance the state-of-the-practice in weather-responsive traffic management.
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Road Weather Conditions�
Saturation Flow Rate Reduction�
�
�
EB Appr.


(at grade)�
WB Appr.


(uphill grade)�
�
Dry�
0%�
0%�
�
Wet�
3%�
2%�
�
Wet & Snowing�
7%�
4%�
�
Wet & Slushy�
7%�
15%�
�
Wheel Path Slush�
not available�
21%�
�
Snowy & Sticking�
16%�
16%�
�
Table 2 – Weather Impacts on Vermont Arterial








Road Weather Conditions�
Increased System


Speed�
Reduced Average Delay�
Reduced Percentage of Stops�
Reduced Fuel Consumption�
�
Wet�
1.1%�
2.7%�
0.0%�
1.3%�
�
Wet & Snowing�
1.1%�
2.6%�
1.9%�
0.6%�
�
Wet & Slushy�
2.6%�
6.0%�
3.6%�
1.9%�
�
Wheel Path Slush�
6.5%�
12.9%�
8.3%�
4.5%�
�
Snowy & Sticking�
4.3%�
9.7%�
5.1%�
3.0%�
�
Average�
3.1%�
6.8%�
3.8%�
2.3%�
�
Table 3 – Effect of Weather-Responsive Signal Timing on Vermont Arterial








Road Weather Conditions�
Free-Flow Speed Reduction �
Sat. Flow Rate Reduction�
�
Dry�
0%�
0%�
�
Wet�
10%�
6%�
�
Wet & Snowing�
13%�
11%�
�
Wet & Slushy�
25%�
18%�
�
Wheel Path Slush�
30%�
18%�
�
Snowy & Sticking�
36%�
20%�
�
Table 1 – Weather Impacts on Utah Arterial
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Figure 1 – City of Clearwater, FL Map
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