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Abstract.  This paper explores general weather impacts on arterial roads and traffic flow, and examines the development of tools to improve traffic signal operations.  Six studies which quantify the impacts of inclement weather on arterial operations documented delay increases, reductions in average speed, lower free-flow speeds, decreased volume, and reduced saturation flow rates.  Two case studies of weather-responsive signal control operations, which have resulted in improved arterial mobility, are described.  A section on model simulation includes results of an investigation of parameters affected by weather and an assessment of the benefits of weather-responsive signal timing.  The paper concludes with a discussion of future research needs to advance weather-responsive traffic signal control.

INTRODUCTION

Adverse weather conditions can impact arterial mobility by affecting driver behavior and traffic signal operations.  This paper will describe several studies that have been conducted on various road facilities in different climates to document weather impacts on arterial traffic flow.  A few successful strategies to modify traffic signal timing in response to poor road weather conditions will be introduced.  A discussion of weather-related parameters in simulation models and the benefits of weather-responsive signal timing are also discussed.  The premise is that the better the community understands traffic flow under varying weather conditions the better able it is to manage road networks and improve highway operations.
WEATHER IMPACTS ON ARTERIAL TRAFFIC FLOW

Weather events such as rain, snow, sleet, fog, high winds, and flooding reduce roadway capacity.  These events can cause slick pavement, lower traffic speeds, increase speed variability, affect traffic volume, increase delay, escalate crash risk, disrupt access to roads (e.g., lane obstruction, pavement buckling) and damage road infrastructure (e.g., traffic control devices).  As congestion increases in urban areas, weather events will have even greater affects on arterial operations.  On arterial routes, adverse weather can have an impact on the effectiveness of traffic signal timing plans designed for normal conditions.  Signal timing plan parameters used in clear, dry conditions may not be optimal during adverse weather.  

All forms of precipitation can impact arterial traffic operations.  Light rainfall or snowfall after extended periods with no precipitation can cause slippery pavement when water mixes with oil, prompting drivers to lower speeds.  In addition to reducing vehicle traction, heavy rain or snow can reduce visibility distance and cause drivers to increase headway, decrease acceleration rates, and further reduce speeds.  When fog, drifting snow, or blowing dust reduce visibility some drivers reduce speed more than others, increasing speed variance.  Table 1 lists the impacts of various weather events on roadways, traffic flow and operations.


	Road Weather Variables
	Roadway

Impacts
	Traffic Flow

Impacts
	Operational

Impacts

	Precipitation

(type, rate,     start/end times)
	· Visibility distance 

· Pavement friction

· Lane obstruction
	· Roadway capacity

· Traffic speed

· Travel time delay

· Crash risk 
	· Vehicle performance          (e.g., traction)

· Driver capabilities/behavior

· Road treatment strategy   

· Traffic signal timing

· Speed limit control

· Evacuation decision support

· Institutional coordination

	Pavement condition 

(dry, wet, snowy, icy, temperature )
	· Pavement friction

· Infrastructure damage
	· Roadway capacity

· Traffic speed

· Travel time delay

· Crash risk
	· Vehicle performance

· Driver capabilities/behavior (e.g., route choice)

· Road treatment strategy

· Traffic signal timing

· Speed limit control

	Fog
	· Visibility distance
	· Traffic speed

· Speed variance

· Travel time delay

· Crash risk 
	· Driver capabilities/behavior

· Road treatment strategy

· Access control 

· Speed limit control

	Wind speed
	· Visibility distance (due to blowing snow, dust)

· Lane obstruction (due to wind-blown snow, debris)
	· Traffic speed

· Travel time delay

· Crash risk
	· Vehicle performance           (e.g., stability)

· Access control (e.g., restrict vehicle type, close road)

· Evacuation decision support

	Extreme Temperatures & Lightning
	· Infrastructure damage
	N/A
	· Traffic control device failure

· Loss of communications & power services

· Increased maintenance & operations costs


Table 1 – Weather Impacts on Roads, Traffic and Operations

STUDIES OF ARTERIAL OPERATIONS IN INCLEMENT WEATHER 
This section describes six research projects on the effects of weather on arterial mobility and presents two case studies of weather-responsive traffic signal operations.  Analysis results from studies conducted in Anchorage, Alaska; Burlington, Vermont; Minneapolis/St. Paul, Minnesota; Salt Lake City, Utah; Washington, D.C.; and the United Kingdom are presented.  Many of these projects documented changes in speed, flow rate reductions, and increased delay.  Examples of weather-responsive signal control operations in Charlotte, North Carolina and Clearwater, Florida illustrate how these agencies respond to inclement weather. 

Research Studies of Weather Effects on Arterial Traffic Flow
Anchorage, Alaska

In 1995, Bernardin Lochmueller and Associates examined weather impacts in Anchorage, Alaska to determine if operation of a 24-signal network, with five major arterials, could be improved during the winter.  Signal timing plan parameters were investigated for summer, winter, and extreme conditions (i.e., <22 degrees F, snowfall or freezing rain, slick pavement, and low visibility).  It was concluded that, due to slower travel speeds, signal timing parameters used in the summer were not appropriate for winter or extreme conditions.  

Through field observations of major street through movements, major street left turn movements, minor street through movements, and upgrades; the authors found that the saturation flow rate in summer timing plans should be reduced by 13%, 11%, 15% and 15%, respectively.  The investigators recognized that weather impacts would vary for different road facilities and lane uses.  While snow removal may keep through lanes on major streets clear, left turn lanes and minor streets are frequently snow covered.  Through analysis of travel time runs, the authors found that average winter speeds were more than 16% below summer design speeds during peak periods.  It was recommended that average winter speed be used to determine appropriate offsets, as travel time between intersections increases during adverse weather.  

Burlington, Vermont
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Abolusu-Aminson, et al assessed weather impacts on a signalized intersection in Burlington, Vermont.  One approach of the study intersection had a significant uphill grade (3%), facilitating examination of the affect of approach grade during inclement weather.  For three months, video data of the intersection were collected from 7:00 a.m. to 7:00 p.m. in various road weather conditions.  Over 30 hours of video data were analyzed to classify road weather conditions into six categories, shown in Table 2, and to calculate various traffic flow statistics.  

Analysis results indicated that saturation flow rate reductions ranged from 2% to 21%, depending on conditions.  On the at-grade approach, the largest reduction in saturation flow rate occurred when snow was sticking to the pavement.  On the uphill approach, reductions were greatest in the presence of slushy or snowy pavement. 

Minneapolis/St. Paul, Minnesota

Maki assessed the impact of adverse weather on a signalized corridor in the Minneapolis/St. Paul area during winter 1998/1999.  The study area encompassed a three-mile arterial segment with five coordinated, actuated traffic signals.  Peak period traffic flow measurements were taken during normal and inclement conditions, which were defined as a “snowstorm with three or more inches of snow, resulting in difficult driving conditions.”    

By analyzing travel time and speed data, volume and occupancy data, as well as saturation flow rate and start-up delay data, the author found that traffic volumes were 15% to 20% lower during the peak period (i.e., 3:00 p.m. to 8:00 p.m.) and 15% to 30% lower in the peak hour (i.e., 5:00 p.m. to 6:00 p.m.).  The average speed fell by 40% from 44 mph in normal conditions to 26 mph in adverse weather.  The saturation flow rate decreased by 11% and start-up delay increased by 50% in poor road weather conditions.

Salt Lake City, Utah

In the winter of 1999/2000 Perrin, et al studied traffic flow at two intersections in Salt Lake City, Utah.  More than 30 hours of speed, flow rate, and start-up delay data were collected on 14 days with inclement weather.  As shown in Table 3, reductions in free-flow speed and saturation flow rate were observed in adverse road weather conditions. Start-up delay on wet pavement and snowy pavement was 5% and 23% higher, respectively, than delay on dry pavement.  The greatest declines in vehicle performance were associated with snow and slush accumulation.

These findings 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 rise by 50% and that vehicle stops would increase by 14% if normal signal timing plans were utilized in inclement conditions.  

Washington, D.C.

Mitretek Systems examined weather impacts on the road network in metropolitan Washington, D.C. from December 1999 to May 2001.  Fifteen of the 33 road segments were major arterial routes covering more than 239 miles.  Reported travel time data and weather observation data were combined and used in a two-step regression analysis to predict normal travel time and increased travel time due to weather.  The road weather variables were precipitation (i.e., none, light rain/snow, heavy rain, or heavy snow/sleet), wind speed (i.e., <30 mph or ≥30 mph), visibility distance (i.e., ≥0.25 miles or <0.25 miles), and pavement condition (i.e., dry, wet, snowy, or icy).  

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 also applied to data for January 25, 2000 during a widespread snowstorm.  The predicted increase in arterial travel time during the snowstorm event was over 48%.  

United Kingdom

Gillam and Withill investigated weather impacts on adaptive traffic signal systems in four urban areas of the United Kingdom.  From March to November 1991 traffic flow under dry and wet pavement conditions was analyzed.  The authors found that when roads were wet travel time delay increased by an average of 11% and saturation flow rate decreased by 6%.  It was concluded that modified driver behavior and/or reduced vehicular performance contributed to increased congestion in inclement weather.

	Areas
	Facilities
	Reductions
	Increases

	
	
	Average Speed
	Free-Flow Speed
	Average

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

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

	VT
	Intersection, 1 uphill approach
	
	
	
	2% - 21%
	
	

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

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

	DC
	Urban network with 15 arterials 
	
	
	
	
	12% - 48%
	

	U.K.
	4 urban networks
	
	
	
	6%
	11%
	


Table 4 – Summary of Arterial Operations Studies in Inclement Weather 

Table 4 summarizes results of the six studies on weather impacts on intersection operations and arterial traffic flow.  Weather-related reductions in average speed were found to be between 16% and 40%.  Free-flow speed was reduced by 10% to 30% during inclement weather.  Arterial traffic volumes were reported to decline by 15% to 30%.  Saturation flow rate reductions ranged from 2% to 21%.  In adverse weather travel time delay increased by 11% to 50%.  There was 5% to 50% more start-up delay in poor road weather conditions.

Case Studies of Weather-Responsive Signal Control Operations
Charlotte, North Carolina

Traffic operators in the City of Charlotte, North Carolina use a central signal control system to operate 615 traffic signals.  Weather-responsive signal timing plans are utilized at 149 signals in the central business district to reduce traffic speeds when slick pavement conditions exist.  Decisions to execute weather-responsive signal timing plans are based upon operator observations, knowledge, and judgment.  Road weather conditions are closely monitored to determine the type of storm and its area of influence.  

Operators modify signal timing only when weather impacts are widespread and affect a significant portion of the City’s intersections.  Operators assess traffic and weather conditions by receiving general weather forecasts and viewing video images from CCTV cameras deployed on major arterial routes.  Various timing plans, which are stored in the signal control computer, can be selected and downloaded to field controllers based upon prevailing conditions.

When heavy rain, snow, or icy conditions are predicted or observed operators access the signal control computer and manually implement weather-responsive timing plans.  To slow the progression speed of traffic these signal timing plans increase the cycle length, which is typically 90 seconds, while offsets and splits remain the same.  Travel speeds decrease by five to ten mph when weather-related signal timing is employed.  During off-peak periods operators may also select peak period timing patterns, which are designed for lower traffic speeds.  When road weather conditions return to normal, operators restore normal time-of-day plans.

Clearwater, Florida

The City of Clearwater, Florida operates a computerized traffic control system with 145 signals.  City traffic managers developed a unique rain preemption feature that modifies signal timing during rain events to clear traffic from Clearwater Beach during frequent afternoon thunderstorms. These storms cause significant increases in traffic exiting Clearwater Beach via the Memorial Causeway (i.e., Route 60) shown in Figure 1.  
An electric rain gauge is mounted on top of a traffic signal pole near the beach and connected to the signal controller.  When the rain gauge detects a predetermined amount of rainfall, the signal system computer automatically issues a preemption command to 14 signals along Route 60.  Signal controllers execute new timing plans with longer green times for inbound approaches.  When vehicle detector data indicates that the traffic volume has returned to normal, the central computer restores normal signal timing plans.  By modifying traffic signal timing in response to rain, the signal system computer prevents weather-related traffic congestion.

MODEL SIMULATION OF WEATHER-RESPONSIVE SIGNAL TIMING 
Most analytical and simulation software packages assume that the pavement is dry and base default values on clear weather conditions.  This section discusses a research project to ascertain simulation model parameters that are impacted by weather and several studies which assessed the benefits of weather-responsive traffic signal control.

Simulation Parameters Affected by Weather
In September 2002, ITT Industries began investigating the sensitivity of traffic parameters to adverse weather using the microscopic simulation package CORridor SIMulation (CORSIM).  The authors employed the NETSIM component to determine which parameters have the greatest affect on traffic operations and need to be modified in order to simulate weather impacts on arterial traffic flow.  Altering key weather-related parameters in this model can assist traffic analysts in developing weather-responsive signal timing plans.  

Six roadway configurations were modeled in NETSIM to assess the relative sensitivity of traffic parameters.  These included a one-lane, one-mile arterial segment; a two-lane, one-mile arterial segment; a three-lane, one-mile arterial segment; an actuated suburban intersection; a fixed-time urban intersection; and a two-mile arterial corridor with four semi-actuated traffic signals.  Each test configuration was analyzed at four congestion levels on entry links.  The low congestion level was 800 vehicles per hour per lane (i.e., V/C ratio = 0.4) and medium congestion was 1,200 vehicles per hour per lane (i.e., V/C ratio = 0.6).  The high congestion level was 1,600 vehicles per hour per lane (i.e., V/C ratio = 0.8) and very high congestion was 2,000 vehicles per hour per lane (i.e., V/C ratio = 1.0).

Approximately 20,000 simulation runs were processed to test the car following, lane changing, free flow speed, discharge headway, start-up lost time, and turning speed parameters within NETSIM.  The investigators used several measures of effectiveness to assess arterial mobility for various configurations under different demand levels.  These measures included throughput, vehicle-miles of travel, average speed, stopped delay, average delay, and number of lane changes.  Table 5 summarizes the driver behavior parameters with the greatest impacts on the measures of effectiveness.

	Category
	Parameter
	Impact on MOEs

	Car Following
	Time to React to Sudden Deceleration of Lead Vehicle
	High

	Lane Changing
	Time to React to Sudden Deceleration of Lead Vehicle
	High

	
	Minimum Deceleration for a Lane Change
	Medium

	
	Deceleration of Lead Vehicle
	Medium

	
	Deceleration of Following Vehicle
	Medium

	Free Flow Speed
	Mean Free Flow Speed
	High

	Discharge Headway
	Mean Discharge Headway
	High

	Start-Up Lost Time
	Mean Start-Up Delay
	High

	Turning Speed
	Max. Allowable Left Turn Speed
	Medium

	
	Max. Allowable Right Turn Speed
	Medium


Table 5 – NETSIM Parameters with Impacts on Measures of Effectiveness (MOEs)

Benefits of Weather-Responsive Traffic Signal Timing 
Lieu and Lin used CORSIM and Synchro to assess the benefits of weather-responsive signal timing for major arterials at 11 traffic demand levels.  The authors selected five model parameters to simulate weather impacts on arterials including maximum speed, start-up lost time, queue discharge headway, additional gaps between vehicles for safety, and maximum deceleration rates for collision avoidance.

Using an arterial corridor with four fixed-time traffic signals, Lieu and Lin simulated passenger car traffic for demand levels ranging from 1,000 vehicles per hour to 1,800 vehicles per hour.  For each traffic demand level, the investigators simulated arterial operations in normal conditions, in adverse weather with normal timing, and in adverse weather with weather-responsive timing.  For the adverse weather scenarios, it was assumed that free-flow speed, queue discharge headway and start-up lost time parameters were 20% lower than those in normal conditions.  Traffic volume reductions of 15% were assumed for adverse weather scenarios.

The analysis indicated that using normal signal timing in adverse weather resulted in a 36% decrease in average corridor speed from 25 mph to 16 mph.  The authors found that using weather-responsive signal timing did not increase speed or reduce travel time when main street volumes were below 1,100 vehicles per hour or above 1,700 vehicles per hour.  Within this range, however, benefits were realized.  For example, average speed increased by nearly 19% from 16 mph to 19 mph at a volume of 1,300 vehicles per hour.  When weather-responsive signal timing was simulated at a demand level of 1,500 vehicles per hour, travel time was reduced by more than 18% from 7.0 minutes per mile to 5.7 minutes per mile.

Bernardin Lochmueller and Associates used the analysis results of their Anchorage, Alaska study to create weather-responsive timing plans with traffic signal simulation software.  When the weather-responsive plans were compared to existing timing plans, the software 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%.

Abolusu-Aminson, et al selected a study corridor in Burlington, Vermont to evaluate the benefits of weather-responsive signal timing.  A 1.1-mile arterial segment with eight signalized intersections and two unsignalized intersections was simulated using CORSIM.  The TRANSYT-7F model was used to develop optimal timing plans for clear conditions and weather-responsive timing plans for five road weather condition categories.  As shown in Table 6, the authors found that weather-responsive timing plans increased speed and reduced average delay, percentage of stops, and fuel consumption.

Maki used the observations of weather impacts on the arterial in Minneapolis/St. Paul to simulate coordinated traffic signal operation with weather-responsive signal timing plans.  Simulation results indicated that signal delay per vehicle would be reduced by nearly 8% and that average stops per vehicle would decrease by nearly 6% compared to normal timing plans.  Maki concluded that although travel speeds decreased in adverse conditions, vehicle delay did not increase significantly due to reduced volume.

Perrin, et al used simulation software to model weather-responsive signal timing on an arterial with nine intersections.  The simulation demonstrated that weather-responsive timing plans could decrease stops by 9% and reduce travel time by 18% compared to normal signal timing in adverse weather.  The authors recommended that normal timing plans be modified for inclement conditions by decreasing speeds by 30%, reducing saturation flow rates by 20%, increasing start-up delay by 23%, increasing red time by one second, and extending amber time by 10% to 15%.

In the five studies above researchers examined the benefits of implementing weather-responsive signal timing on arterial facilities with various geometric configurations, traffic demand, and road weather conditions.  Simulation results demonstrated that the benefits achieved through weather-responsive signal timing depend upon the specific corridor or intersection characteristics being modeled.

CONCLUSIONS

Weather events can reduce the effectiveness of traffic signal timing plans and reduce arterial mobility.  Several research studies found that in adverse weather 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.  Weather-related delay can be mitigated by implementing signal timing plans designed for slick pavement conditions and slower travel speeds.

An investigation of traffic parameters sensitive to adverse weather was conducted to assist analysts in developing weather-responsive traffic signal timing plans.  Researchers concluded 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 using CORSIM.  Several benefit studies revealed that weather-responsive signal timing can improve arterial mobility by increasing average speed and reducing delay.

Additional research is needed to better understand driver behavior in inclement weather, to quantify how different weather events impact arterial traffic flow, to calibrate traffic simulation models to handle adverse road weather conditions, and to develop effective weather-responsive signal timing strategies.  As a first step toward achieving these goals, the Federal Highway Administration (FHWA) Road Weather Management Program will initiate a project to conduct empirical studies on traffic flow in inclement weather.  This project will investigate and quantify the impact of various weather events on arterial and freeway traffic flow and synthesize current research and development efforts to identify gaps.
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Road Weather Conditions�
Saturation Flow Rate Reduction�
�
�
EB Approach


(at grade)�
WB Approach


(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 at Vermont Signal








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 3 – Weather Impacts at Utah Signals
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Figure 1 – City of Clearwater, FL Map





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%�
�
Table 6 – Effect of Weather-Responsive Signal Timing on Vermont Corridor
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