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ABSTRACT 

 

One of the characteristics of an efficient traffic management resides in the abundance of 

situations to which the road managers are able to adapt and react in real-time. In this respect, 

as many sources of uncertainty as possible have to be mastered in order to alleviate negative 

impacts of congestion and hence increase the level of service of associated networks. 

Inclement weather conditions are considered as one key factor which can affect traffic 

operations and safety. Whereas the impact on traffic safety is well known (frequency and 

severity of crashes), the effects of adverse weather conditions on traffic mobility need to be 

quantified and account for in the development of weather-responsive traffic management 

strategies. Integrated to a recent COST action, the objective of the research reported in this 

paper is twofold: First, it intends to exhibit the significant impact of adverse weather 

conditions on traffic operations and its quantification based on a rigorous methodology we 

have proposed in a previous work. More precisely, the assessment of the rain effects on the 

main traffic characteristics are achieved following a multi-level approach: microscopic level (, 

mesoscopic level and finally macroscopic one. Second, from an empirical analysis, the 

quantified adverse weather impact on traffic is then taken into account into a macroscopic 

traffic stream model to serve as a decision support system for online traffic management 

strategies. The Bayesian approach is used as a modeling framework through the use of 

particle filtering methods, which are suitable for solving the traffic state estimation issue. The 

results clearly demonstrate how the knowledge about the weather effects on traffic enables a 

more accurate traffic state estimation. The potential of the weather-responsive traffic model 

prototype appears as the core of a new generation of traffic management decision support 

systems (DSS). 
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1. INTRODUCTION 

 

1.1. State of the art 

  

The development of real-time traffic management strategies implies to consider all factors 

impacting the traffic operations. In this way, precipitations (rain, snow) are well recognized as 

critical weather events which can severely impact traffic in terms of safety and mobility. 

Indeed, regarding road safety, rain is one important meteorological factor leading to death and 

injuries. According to the Federal Highway Administration (FHWA, 2008), 75 percent of 

weather-related vehicle crashes occur on wet pavement and 47 percent happen during rainfall. 

Thus, inclement weather conditions affect the drivers’ safety by degrading the state of the 

pavement (Eisenberg, 2004), the visibility and the performances. A recent review (Lin and 

Nixon, 2008) concludes that rain can increase the crash rate by 71% and the injury rate by 

49%. With regard to mobility, current approaches focus either on the microscopic point of 

view (drivers’ behaviours with time headways, individual speeds, spacing) or on the 

macroscopic one (Traffic volume, capacity, flow speed etc.).  Table 1 summarizes some of the 

most relevant effects of precipitation at these two levels. 

 

Table 1 : Effects of precipitation on traffic 

DRIVERS’ BEHAVIOUR 

        Speed and acceleration   

                 Time Headways  

                  Spacing  

                 Lane Changing 

                 Platooning ? 

TRAFFIC OPERATIONS 

                     Capacity  

                Traffic Volume 

                   Speed  

               Speed Variation  

           Congestion Severity  

 

Further to seminal studies (Jones et al. 1970, Hall and Barrow 1988), analyses about the 

effects of adverse weather on traffic indicators have seen an expansion over the last years, 

especially macroscopic ones (Cools et al. 2008, Rakha et al. 2008, Unrau and Andrey 2004, 

Billot et. al. 2008 ) . However, microscopic analyses are still seldom because of a lack of data: 
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the majority of analyses deal with aggregated data (macroscopic level), preventing from 

considering the vehicles individually. Moreover, the impact of weather on platooning 

phenomenon remains undetermined. 

 

1.2. Objectives of the work 

 

In the light of this background, this papers aims at deepening the research about the weather 

effects on traffic operations. Its objectives are threefold: 

 To propose a standardized approach for the analysis of the weather impact on traffic.  

 To present some results from real world data. 

 To draw some perspectives for online weather-responsive traffic management with a 

simulation approach. 

 

This research is directly linked to the COST action TU0702, Weather-responsive tools for 

real-time monitoring, surveillance and control of road networks under adverse weather 

conditions), under the sponsorship of the COST (European Cooperation in the field of 

Scientific and Technical Research) program, aiming at developing weather-responsive traffic 

management strategies (El Faouzi 2008). 

 

 

2. METHODOLOGY 

 

2.1. Global framework 

 

A systematic methodology is proposed, enabling an analysis of the rain impact on traffic by 

tackling the problem at three different levels: micro, meso and macroscopic ones (Figure 1).  
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Figure 1: Multi-level approach 

 

2.2. Description of the multi-level approach for data analysis. 

 

The first step of a rigorous empirical analysis is data selection. The main goal is to obtain the 

isolation of weather effects and the similarity of exogenous factors. Along this principle, the 

following requirements need to be carefully examined: 

 Dataset has to be formed by paired samples with both traffic and weather data. 

Weather data must be collected near the test site to really reflect the weather 

conditions of the considered section.  

 Other meteorological factors, such as wind, light, must be known and similar for all 

datasets.  
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 Other traffic-related factors have to be kept constant or at least similar. Among 

such factors, one can mention traffic composition (in terms of % cars or HGV), day 

category and time of day, type of lane, etc. 

 

In this way, by following this standardized methodology and crossing weather and traffic 

data, relevant data subsets can be built. Hence, only weather parameters must change and 

others are kept controlled. To conduct the analysis, data subsets have to be sorted according to 

the rainfall intensity. The study can be carried out at three complementary levels: microscopic 

(individual speeds, Time headways), macroscopic (impact of rain on free-flow speed, 

capacity, and critical density through traffic stream models) and mesoscopic (weather 

influence on platoons). By combining the traffic stream model improvement enabling by the 

macroscopic approach and the assessment of the changes in drivers’ behaviors thanks to those 

analyses, such an approach paves the way for providing road operators with decision support 

tools taking into account the weather conditions. 

 

 

3. RESULTS FROM REAL WORLD DATA 
 

3.1. Description of the test site and data 

 

We shall present in this section some results from an empirical analysis carried out in France. 

Traffic data were provided by the West Paris Regional Laboratory (LROP), and collected 

from 2005 to 2007 from 9 double-trap loop sensors. The section is a two-line interurban 

freeway located on 118 National Road (RN-118) near Paris (speed limit is 110 km/h). Only 

one direction is considered in the present analysis (towards Paris). Data were selected from 3 

out of 9 sensors located on a homogeneous section (same topography). For each considered 

period, data were selected from 1 out of these 3 sensors according to the availability in the 

database. Hourly weather data were provided by a weather station located near the section 

(less than 3 km). According to the meteorological experts, three classes of rain intensity were 

defined: No rain, light rain and medium rain (table 2). Based on these three levels of rainfall 

intensity, three traffic data subsets were built. The previous methodology for data selection 

was applied. Indeed, for each dataset, data were collected during regular weekday during the 

same time periods (morning/evening peaks hours). There was a significant amount of vehicles 

and the traffic composition was the same, as table 2 shows. 
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Table 2: data description 

DATASET FAST LANE SLOW LANE 

Weather 

conditions 

# vehicles % cars # vehicles % cars 

No rain: 

0mm/h 
36 078 87.7 % 30 193 92.9 % 

Light rain: up 

to 2mm/h 
27 744 90.0 % 25 126 96.5 % 

Medium rain: 

2-3mm/h 
11 236 89.2 % 11 406 95.5 % 

 

Note that the differences in the number of vehicles are just linked to the fact that more similar 

days were available for dry and light rain conditions and those days were aggregated. 

 

3.2. Results 

 

Quantification at a microscopic level 

In the next, some results will be presented. The free statistic software R was used for the data 

analysis. First, the rain effect was investigated at a microscopic level in order to assess the 

impact on drivers’ behaviours. The results show that the primary adaptation of drivers on wet 

road surface is to reduce their speeds (figure 2). Thus, on the slow lane, a clear decrease of the 

frequencies of speeds > 110 km/h under rainy conditions was observed whereas the frequency 

of speeds between 70 and 90 km/h is higher under light rain and medium rain conditions (e.g. 

53 % under medium rain conditions versus 35 % under dry conditions). This speed drop will 

be reflected on one critical microscopic indicator: time headway. Time headway consists of 

the difference between the time when the front of a vehicle arrives at a point on the section 

and the time the front of the next vehicle arrives at the same point (in seconds). Figure 2 

presents the time headway distribution for the slow lane (right part of the figure). Since the 

sample sizes of the three datasets are not equivalent, time headway variable (TH) has been 

discretized and analysed according to the frequency of six different categories. Figure 2 

confirms the trend underlined in a previous study (Billot et al. 2008). There is a drop of the 

short TH under rainy conditions. The higher the intensity of rain is, the higher the drop is. In 

terms of frequency and regarding the short TH on the slow lane, a drop of 12.1 % of the 

TH < 2s is observed under rainy conditions (light rain). In medium rain conditions, a more 

sharp decrease of more than 18 % is observed. This drop is reported on a rise of the TH 

between 2s and 10s.  
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Figure 2: Speed and Time headway distributions (slow lane) 

Alternatively, the effect of rain on TH distribution can be assessed using a density histogram. 

Figure 3 shows in parallel the histogram of the TH under dry conditions versus medium rain 

conditions.  

 

Figure 3: Time headway histogram 

Modelling of rain effects 

Figure 3 shows graphically a significant difference between the two empirical TH 

distributions under dry and medium rain conditions. On the basis of an analytical model, it is 

relevant to model these distributions in order to better compare the three situations. 
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Lognormal distribution was selected for such fit. The log normal distribution has the 

probability density function 

21
f x, exp ln x 2 ²

x
 

where µ and  are respectively the mean and the standard deviation of the logarithm of the 

variable x. In many situations, log-normal is seen as an attractor distribution for the product of 

independent random variables. As time headway can be also seen as a result of many small 

factors, the good fit could be expected. 

The observation of the density functions appears as a convenient way to confirm the results 

foreseen with the frequency plots. Figure 4 represents the three corresponding density 

functions independently The density of the TH < 3s is higher under dry conditions whereas 

the density of TH becomes higher for the two datasets with rain from TH of about 3 to 10 

seconds. The higher the intensity of rain is, the lower the density of short TH is. These results 

confirm a clear trend already underlined in Billot et al. (2008) 
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Figure 4: Time headway modelling 

Secondly, following the multi-level approach proposed previously, the changes of the 

macroscopic traffic characteristics and the quality of traffic conditions under various weather 

conditions are observed. The most convenient way to achieve this goal is the use of the 

classical fundamental diagram describing relationships between speed, flow and density. In 

order to develop weather-responsive traffic management strategies, the bottom line is thus to 

assess the effects of weather on the fundamental diagram, which is the basis of many traffic 

management tools. It could be expected that the microscopic effects will reflect at a more 
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aggregated level. More precisely, the weather effects on free-flow speed, capacity, and critical 

density have been analyzed. Analyzing the impact of inclement weather requires an efficient 

and flexible model with enough degrees of freedom in the modeling in order to better catch 

the changes with respect to the rain intensity. For these reasons, the Van Aerde model (Van 

Aerde and Rakha 1995) was selected. The attractiveness of the Van Aerde model resides in a 

combination between Greenshield and Pipes car-followings models (Rakha and Crowther 

2002). By comparison with Pipes model, the critical point is an additional degree of freedom 

allowing the speed-at-capacity to be different from the free-speed. More details about the 

analytic form of the Van Aerde model can be found in (Van Aerde, 1995). 
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Figure 5: Rain effect on fundamental diagram 

 

The impact of rain on the fundamental diagram is clear. First, as previous studies mentioned 

(Rakha et al. 2008), it must be noticed that the jam density is not affected by weather-related 

events, here rainfall. This fact is consistent with physical considerations since the maximum 

number of vehicles to be accommodated by a roadway section is not weather-sensitive. Figure 

5 presents the speed-flow relationship and enables the observation of the drop in two key 

parameters under rainy conditions: free flow speed and capacity. The drop in free flow speed 

is of about 8.0 % under light rain conditions and of about 12.6 % under medium rain 

conditions. The capacity’s decrease is linked to the reduction of the free flow speed and the 

time headway drop previously observed at a microscopic level. The roadway capacity 

decreases by 18.5 % under light rain conditions and by 21 % under medium rain conditions. 

Regarding the critical density, there is a drop of about 26 % under light rain conditions and 40 

% under medium rain conditions. 
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To summarize, one can conclude that rain has a clear impact on drivers’ behaviors. The 

impact of rain finds expression in significant decreases of short headways under rainy weather 

conditions. It has been confirmed that the higher the intensity of rainfall is, the higher the 

effects are. At a macroscopic level, results are also significant, which underline the need to 

take the meteorological aspects into account in traffic management strategies. 

 

 

4. TOWARD WEATHER-RESPONSIVE ONLINE TRAFFIC SIMULATION 

 

4.1. Bayesian framework 

 

This part aims at showing how the new knowledge about the weather effects on traffic 

indicators (capacity, speed, critical density, jam density) could lead the road operators to react 

according to the meteorological changes. The main goal is to illustrate through a simulation 

case how the new knowledge about the weather effects could prevent from estimation errors 

in a real-time traffic management. The proposed approach takes place in a Bayesian 

framework with Monte Carlo observer-based traffic flow estimations. 

In Active Traffic Management (ATM), traffic state estimation is of paramount importance for 

real time monitoring, control and the evaluation of management strategies. Traffic state 

estimations are derived from deterministic traffic simulation models (e.g. LWR).  

In your simulation case, the traffic model we are going to use is the sending-receiving cell 

version of the LWR model (Daganzo, 1994). 

The model is classically written in a numerical discrete version (figure 6) at a section level, 

where the motorway section is partitioned in cells of the length delta xi. The cell contents are 

updated though the course of time every delta tn where the subscript N stands for                                                   

numerical. Moreover, each cell is given a Fundamental diagram, which may vary in time. 

 

Figure 6: Space discretization 

The simulation will concern the Eastern part of Lyon’s ring road, an urban motorway of the 

third biggest city in France. More precisely, the section between the 4.5 km and 10.1 km 

points in the North-South direction was considered. The discretized cells will be the segments 

between two consecutive sensors. In this highway section, three on and off-ramps located on 
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cells 3, 4 and 6 must be incorporated as source terms in the traffic model. The state vector of 

length (2n+1) is made of densities ki and flows qi in the section: 

 

 

Real-Time traffic management approach consists in analysing and making inference about 

this dynamic system by estimating the traffic state vector. The system model is the LWR 

traffic model and the measurement model resides in the noisy measurements provided by the 

sensors of the considered section, the observed quantities being flows and/or local densities. 

This simulation will be placed in a Bayesian Framework and more precisely deals with a 

Sequential Monte Carlo (SMC) filtering (Doucet 1998). In the Bayesian framework, the 

dynamic state estimation is carried out through the construction of the posterior probability 

density of the state based on all available information and new measurements. In order to 

make this estimation in time, recursive filtering is a convenient solution. The sequential 

Monte-Carlo approach is a technique for implementing the sequential Bayesian relations by 

Monte Carlo simulations, the required posterior density being represented by a set of random 

samples with associated weights. The main ingredients of the application of the SMC 

techniques to traffic flow estimation are described in (Sau et al. 2008).  

 

4.2. Integration of rain effects: proof of concept 

 

Regarding the simulation scenario, a typical day upstream demand and downstream supply 

and balances of ramp movements has been generated. The profiles of these external actions on 

the motorway system are derived from the real data. Smoothed means from highway flow 

measurements in March 2007, on two similar weekdays (Mondays and Thursday) were 

performed. The motorway section under consideration is the most frequently jammed part. 

The upstream flow comprises the flow from North-West Lyon and the on ramp from the 

Geneva highway (high values on classical hour gaps in the morning and at the end of the 

afternoon). For such an approach, the first order model must be calibrated.  Under dry weather 

conditions, the fundamental diagram of the LWR model is a triangular one with the following 

parameters: 

 Critical density: ck
= 0.1 veh/m 

 Maximum density: Mk  0.35 veh/m 

 Maximum flow: Mq = 167 veh/min 

 

A day-long scenario under adverse weather conditions is created and the real-time estimations 

are observed according to two different hypothesis. First, let us imagine that the road manager 

has no knowledge about the effects of adverse weather. The estimations are carried out using 

the general fundamental diagram with the parameters described above. The results show a 

definite difference between the estimated and measured flow on loop 4 (Figure 7, left side). 

T

nnt tqtqtqtktktkx )(,),(),(),(,),(),( 1021 
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Logically, these estimation failures are among the peaks of day traffic demands. Second, the 

values of the critical density, capacity, and free-flow speed are modified (with reduction 

coefficients) and the simulation is rerun. Then, the SMC estimations regain their efficiency 

and estimations are closer to the measured data under inclement weather conditions (figure 7, 

right side). 

 

FIGURE 7: Differences between estimated and measured flows without (at the left side) and 

with (at the right side) the use of the weather impacts knowledge on the fundamental diagram 

 

This scenario highlights the relevance of a better knowledge about the rain effects in part of a 

real time traffic management framework. Indeed, road operators need often to make inference 

about the traffic state vectors and to make on-line estimations about traffic indicators (flow, 

density). The sequential Monte Carlo techniques enable such estimations and the presented 

simulation outlines the benefits of the integration of the rain impacts into estimation tools. 

The differences between estimated and measured flows can help to detect the presence of 

adverse weather. Road operators are able to switch from a fundamental diagram to another 

and adapt the estimations to the new situation.  

 

 

5. RESEARCH  NEEDS & CONCLUSION 

 

The objectives of our work consist in contributing to the analysis of the weather impact on 

traffic. A systematic methodology has been proposed for the integration of weather effects 

into decision support systems (DSS). The originality of the approach resided in the fact that it 

tackles the problem by analysing the weather impact at three different scales from the same 

data. This methodology was applied to an empirical analysis with real-world data. The results 

clearly exhibit an impact of rain on traffic at different levels: 

 Microscopic level: individual speed reduction, decrease of the short headways under 

rainy conditions. 

 Macroscopic level: significant drop of the main traffic models parameters (free flow 

speed, capacity). 
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A modelling effort was carried out to better capture those effects and the results enable a 

future parameterization of the models according to the intensity of rain. The simulation part 

shows how this new knowledge could bring benefits into online simulation. 

Nevertheless, the work still remains incomplete and a lot has to be done in this field of 

research. One can especially mention some research needs and perspectives: 

 Traffic and weather databases: Need of a global collaboration to carry out road 

weather data collection. The goal is to have a wide range of weather conditions (more 

rain intensities, snow) 

 Mesoscopic level: this level of analysis was not presented in this study. This is an 

ongoing research. The idea is to determine whether rain affects platoons formation, 

composition and speeds. 

 Rain impact on performance indicators (e.g travel times). 

 Assessment of the behaviours of trucks under adverse weather conditions. 

 

A comprehensive knowledge about the weather effects would enable the development of 

adaptative traffic modeling according to the prevailing weather conditions. The ultimate goal 

is to provide the road operators with weather-responsive management tools. 
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