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Abstract

:

On highways, it is commonplace to observe car-following behavior among vehicles. Unfortunately, this behavior results in significant particulate matter (PM) emissions, which greatly contribute to environmental pollution. Additionally, adverse weather conditions such as rain can negatively affect vehicles’ car-following behavior and have further influences on their PM emissions. The technology of connected automated vehicles (CAVs) offers a promising solution for mitigating these negative influences. This paper investigates the effect of various rainy weather conditions on PM emissions during car-following behavior on highways and proposes a CAV car-following strategy to reduce these emissions. Firstly, we employed a calibrated car-following model of traditional vehicles to perform simulation experiments, examining characteristics of PM emissions under four levels of rain and two simulation scenarios. Secondly, based on the relationship between PM emissions and speed fluctuations, we proposed a CAV car-following strategy by stabilizing traffic flow to smooth speed fluctuations. The proposed CAV car-following strategy was then validated through simulation experiments, and its effectiveness in reducing PM emissions under rainy conditions was assessed. The results indicate that higher speed fluctuations during car-following behavior lead to more PM emissions in rainy weather. By utilizing the proposed car-following strategy, CAVs can significantly reduce PM emissions in rain conditions, with average reductions of 41.07%, 59.46%, 49.60%, and 71.66% under very light rain, light rain, moderate rain, and heavy rain conditions, respectively. The findings of this paper facilitate the assessment of PM emissions fluctuations in different rainy weather conditions, which in turn can contribute to the development of more effective PM emissions control strategies. The proposed CAV car-following strategy can smooth speed fluctuations, and improve traffic flow stability, thus reducing PM emissions in rainy weather. It has the potential to mitigate environmental pollution from the transportation sector.
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1. Introduction


In recent years, economy growth has led to a rapid increase in vehicle ownership [1]. This surge in vehicle ownership has raised concerns about the increase in pollutant emissions caused by highway traffic, which is an issue attracting more and more attention [2,3,4,5]. Pollutant emissions are recognized as a major challenge in contemporary transportation planning [6]. Vehicles operating on highways generate significant amounts of exhaust fumes and soot, which have severe environmental consequences, including the release of particulate matter (PM) [7,8,9]. Therefore, the issue of PM emissions on highways is closely associated with global environmental concerns and is a fundamental component of global plans aimed at promoting emission reduction.



The car-following behavior of vehicles on highways has a significant impact on the emission of PM pollutants. Adverse weather conditions, particularly rain, can negatively affect the car-following behavior, resulting in speed fluctuations that are directly linked to changes in traffic pollutant emissions [10]. This weather condition can cause deteriorations in road surface and driver visibility, leading to changes in the driving behavior of vehicles and production of an increased amount of pollutant emissions [11]. Studies have shown that drivers tend to drive more cautiously during rainy weather, reducing their speed by more than 5 km/h below the speed limit with a probability of 23% to 29% [12], because of reduced visibility and slick road conditions. As the intensity of rainfall increases, the driving environment becomes more dangerous, which can lead to frequent adjustments in the driving behavior of vehicles and fluctuations in traffic speed [13]. This, in turn, could lead to traffic flow instability, increasing fuel consumption rates, and, as a result, producing more pollutant emissions [14,15,16,17,18,19]. With rainy weather being a common occurrence on highways, pollutant emissions from vehicles on these roads are an important research focus in the transportation field. Therefore, it is necessary to understand how PM emissions vary when there are changes in rainfall [20]. In conclusion, analyzing highway pollutant emissions, particularly PM emissions, during rainy weather is an essential factor to consider in efforts to reduce the environmental impact of highway traffic.



As a promising new technology, connected automated vehicles (CAVs) have the potential capability to optimize car-following behavior on highways, thus reducing PM pollutant emissions in rainy weather. Previous studies have shown that CAVs can significantly reduce transportation emissions on highways [21,22]. CAV characteristics, such as CAV penetration rates and positions, can affect overall pollutant emissions in traffic [23]. In achieving the minimization of emissions, the trajectories of CAVs during the car-following behavior have been of concern [24,25,26]. For example, He et al. [27] established an optimal control model for CAVs that obtains the motion information of surrounding vehicles to reduce pollutant emissions. Similarly, Ghiasi et al. [28] presented a speed harmonization model that smoothed the CAV trajectory under various traffic conditions to reduce emissions.



Despite the potential of CAVs to reduce PM emissions, there remain major barriers to the adoption of CAVs, including technical, normative, ethical, and social problems [29]. Social issues, particularly related to the acceptability of this new technology, may lead to a certain a priori reluctance toward CAVs, hindering their full operational implementation [30]. The acceptability of CAVs has only recently gained attention from the research community. According to Cascetta et al. [31], the acceptability of CAVs may be enhanced if they are indistinguishable from human-driven vehicles under regular driving conditions. Chikaraishi et al. [32] also revealed that the effective management of information dissemination, involving public information campaigns, test-drive events, and transparency about safety options, are capable of influencing the societal acceptability of CAVs and are critical to their successful market introduction.



To sum up, there are certain limitations in the current research regarding the effects of CAVs on PM pollutant emissions. The impact of external factors, such as the environment, on driving behavior has not been fully taken into account. For instance, rainy weather, a common adverse condition, can negatively disrupt car-following behavior on highways, which in turn can escalate PM pollutant emissions. Therefore, this paper aims to examine the impact of rainy weather conditions on PM emissions during car-following behavior on highways. It further proposes a CAV car-following strategy that can reduce PM emissions in rainy weather by stabilizing traffic flow to smooth speed fluctuations. In doing so, this strategy can effectively mitigate the deleterious impacts of rainy weather on PM emissions.



The primary contribution of this study lies in analyzing PM emission characteristics under different rainy weather conditions and proposing a novel car-following strategy for integrating CAVs to reduce PM emissions in rainy weather. Additionally, the proposed CAV strategy offers insights into stabilizing traffic flow and smoothing speed fluctuations, facilitating effective reductions in PM emissions in rainy weather.



The rest of this paper is organized as follows. Section 2 presents a literature review. Section 3 analyzes the impacts of rainy weather conditions on PM emissions based on car-following simulation experiments. Then, the CAV car-following strategy is proposed and validated in Section 4, followed by discussions in Section 5. Conclusions are summarized in Section 6.




2. Literature Review


2.1. Car-Following Behavior in Adverse Weather


In adverse weather conditions, car-following behavior is more complex than that in normal weather. Drivers in adverse weather not only have to react to the behavior of the vehicle in front of them, but must also react to uncertain conditions caused by adverse weather. Studying car-following behavior in adverse weather is conducive to the exploration of traffic management measures under adverse weather conditions. At present, many studies have been conducted to evaluate car-following behavior in adverse weather conditions and have mainly focused on comparing the differences in car-following behaviors in different weather conditions. The commonly used indexes for evaluating car-following behavior include but are not limited to speed, spacing, and headway [33,34,35]. Hammit et al. [36] investigated the effects of three types of adverse weather, i.e., rain, snow, and fog, on car-following behavior, and their results showed that there was significant variability in car-following behavior under different adverse weather conditions and that this variability in car-following behavior was positively correlated with the degrees of adverse weather conditions. Huang et al. [35] investigated car-following behavior variability and following distance characteristics in foggy weather. The results indicated that car-following behavior heterogeneity increased with decreasing fog density, while the average following distance tended to increase as the fog density decreased. Rahman and Lownes [37] found that drivers may reduce speed, maintain greater spacing, and drive more carefully in adverse weather to compensate for reduced visibility and slippery road conditions. The road weather management program conducted by the federal highway administration (FHWA, 2009) compiled research on the effects of adverse weather on traffic, and it cited that rainy weather can cause average speeds to decrease by 3% to 17% [38]. Ibrahim and Hall [39] investigated differences in car-following behavior using real-world data in light rain, heavy rain, and snow, when compared to clear weather. The results showed that driving speeds were reduced by 3–5% in light rain and light snow, 14–15% in heavy rain, and 30–40% in heavy snow.




2.2. Applications of CAVs in Reducing Pollutant Emissions


Over the past decade, advances in diverse and interoperable technologies have enhanced vehicles with self-driving capabilities, leading to the development of CAV technology [40]. Related technologies including but not limited to vehicle trajectory prediction, machine learning, and deep learning algorithms have been proven to be applicable in CAVs [41,42]. Zhai et al. [43] proposed a periodic intermittent cruise controller to reduce the duration and amplitude of traffic oscillations. Numerical simulation results showed that the periodic intermittent cruise control can significantly reduce pollutant emissions. Based on a nonlinear predictive control approach, Wang et al. [44] proposed a transient control model to mitigate traffic oscillations and stop-and-go traffic situations, which can reduce the pollutant emissions of traffic flow through the localized instantaneous control of several intelligent vehicles. Similar studies include those of Makridis et al. [45], Aljamal et al. [46], and Kopelias et al. [47]. In addition, for a mixed traffic flow consisting of connected vehicles and human-driven vehicles, Huang et al. [48] designed a cooperative control strategy to indirectly take over the uncontrollable human-driven vehicles to improve the stability of mixed traffic flow, which resulted in reductions in pollutant emissions. Meanwhile, several studies have focused on the impacts of CAV platoons on pollutant emissions, suggesting that CAV platoons are beneficial in reducing pollutant emissions. These advanced studies have highlighted a link between speed fluctuations and pollutant emissions [49,50,51].



Although CAVs are beneficial for reducing pollutant emissions and achieving the goal of sustainable development, we would like to mention that CAVs need to be implemented with the involvement of stakeholders from all parties, and proper stakeholder participation ensures that decisions are transparent and likely to be successfully implemented [52]. In the context of CAV deployment, stakeholders will include users of different modes of transportation, transportation policymakers, transportation service providers, vehicle manufacturers, infrastructure operators, transportation researchers, etc. [53,54,55,56]. It is important to ensure that stakeholders are engaged from the outset, whether it is to establish a common vision or to successfully implement measures to achieve sustainable transportation [57]. Only in this way can we ensure the successful implementation of CAVs, which will in turn realize the role of CAVs in reducing pollutant emissions.





3. Characteristic Analysis of PM Emissions in Rainy Weather


Table 1 summarizes some previous studies on traffic emissions, from which it can be seen that numerical simulations have been widely adopted to analyze pollutant emissions under clear weather conditions, while fewer studies have been conducted to calculate pollutant emissions in rainy weather.



This section analyzes the characteristics of PM emissions during car-following behavior on highways in rainy weather through simulation experiments. To ensure practical results, we utilized a car-following model of a traditional vehicle that was calibrated using real experimental data on a highway in rainy weather. The framework of our characteristic analysis is as follows. To begin, it is important to select a car-following model that can accurately represent vehicles’ car-following behaviors on a rainy highway. Once the car-following model was using by real experimental data in rainy weather, we established simulation scenarios for numerical experiments, which generated trajectory data of vehicles during car-following behavior. The trajectory data obtained from the simulation experiments were then used to calculate results of the PM emissions.



3.1. Car-Following Model of Traditional Vehicles in Rainy Weather


Generally, it is challenging to conduct a direct emission analysis of highway traffic during rainy weather conditions through real-world experiments. To overcome this challenge, simulation experiments have been developed to analyze traffic emissions [63]. In addition, the naturalistic driving study (NDS) database, which is part of the second strategic highway research program (SHRP2) in the United States, contains a large amount of trajectory data derived from real-world situations. These data have been widely used for the parameter calibration of car-following models of traditional vehicles in simulations [64].



Based on the NDS database of SHRP2, Hammit et al. [36] selected the root mean square error and spacing distance as the goodness-of-fit function and objective function, respectively. They calibrated the Gipps car-following model by solving the objective function based on a genetic algorithm. After verification, the calibrated Gipps model can effectively describe the driving behavior of traditional vehicles on highways under four different rain conditions, i.e., very light rain, light rain, moderate rain, and heavy rain. For the definitions of different rain types, we referred to the NDS database of SHRP2 in the United States [36,64], which includes the trajectory data of vehicles in various weather conditions for the calibration of a car-following model. Therefore, we chose this model as the car-following model of traditional vehicles on a highway under the four rain conditions. The Gipps model is written as follows:


   v n  ( t + τ ) = min        v n  ( t ) + 2.5  a n  τ ×   1 −    v n  ( t )    v f      ×   0.025 +    v n  ( t )    v f             b n  τ +    b n 2   τ 2  +  b n     v n  ( t ) τ +    v  n − 1  2  ( t )    b  n − 1     + 2 d − 2  s n  ( t )            



(1)




where vn(t) is the speed of vehicle n at time t, an is the maximum acceleration, vf is the free flow speed, bn is the braking deceleration of vehicle n, bn−1 is the braking deceleration of vehicle n − 1, τ is the response time, sn(t) is the following distance of vehicle n at time t, and d is the following distance at stop. The parameter values of the Gipps model calibrated under four rain conditions are shown in Table 2 [36].



It is essential to clarify that this calibrated Gipps model is specifically designed for passenger cars. In addition, according to Díaz et al. [65], most vehicles on highways are passenger cars, and more than one-third of passenger cars are powered by diesel engines. Meanwhile, diesel combustion is characterized by diffusion combustion, and will lead to higher total PM emissions [66], which is helpful in assessing the negative impacts of highway traffic on PM emissions. Moreover, analyses of traffic flow characteristics have predominantly concentrated on diesel passenger cars [67,68,69]. Therefore, this study primarily examined the PM emission characteristics of diesel passenger cars in rainy weather.




3.2. Simulation Experiments Based on Calibrated Car-Following Model


3.2.1. Simulation Scenarios


The primary car-following behaviors during rainy weather is acceleration and deceleration [12]. It has been found that the frequent acceleration and deceleration of vehicles can result in a higher level of PM emissions [70]. Therefore, in this section, we will present the designs of two simulation scenarios that focus on acceleration and deceleration, with the goal of analyzing the impact of rainy weather on vehicle PM emissions. In both scenarios, a platoon consisting of a leading vehicle and nine following vehicles will be considered. The motion of the leading vehicle follows a given trajectory, while the motions of the following vehicles in the platoon will be controlled by the rainy weather car-following model of traditional vehicles mentioned in Section 3.1. The motion trajectories of the leading vehicle in these two simulation scenarios are as follows.



Scenario 1: The leading vehicle experiences brief acceleration and deceleration movements with a consistent rate of acceleration and deceleration. The leading vehicle travels at a constant speed of 25 m/s before t = 60 s and then decelerates from t = 60 s to t = 63 s with a deceleration rate of −1 m/s2. After that, the leading vehicle accelerates from t = 63 s to t = 66 s with an acceleration rate of 1 m/s2. After 66 s, the leading vehicle travels at a constant speed of 25 m/s until the end of simulations. The speed v1(t) of the leading vehicle over time is defined as follows:


   v 1  ( t ) =       25   m / s     0   s < t < 60   s       ( 25 − t + 60 )   m / s     60   s < t < 63   s       ( 25 + t − 66 )   m / s     63   s < t < 66   s       25   m / s     66   s < t        



(2)







Scenario 2: The leading vehicle experiences periodic acceleration and deceleration movements with consistent rates of acceleration and deceleration. From t = 0 s to t = 50 s, the leading vehicle travels at a constant speed of 25 m/s. From t = 51 s to t = 100 s, the leading vehicle performs periodic acceleration and deceleration movements with an acceleration rate of ±1 m/s2 within a period of 8 s. After 100 s, the leading vehicle travels at a constant speed of 25 m/s until the end of the simulation.



The simulation time for the above scenarios is 200 s, with a simulation step of 0.01 s. In addition, it can be inferred from the above scenarios that the frequencies of the acceleration and deceleration movements of the vehicles in Scenario 2 are higher than those in Scenario 1.




3.2.2. PM Emission Model


Based on simulation experiments, we can obtain the trajectory data of vehicles throughout the simulation process. Additionally, it is necessary to incorporate a PM emission model in order to calculate the pollutant emissions across various simulation scenarios. As previous studies have indicated [71,72], there is a strong correlation between PM emissions and the instantaneous speed and acceleration of vehicles. A common PM emission model utilized in traffic simulations, based on the instantaneous speed and acceleration of vehicles, was proposed by Panis et al. [73] and has since been widely used in this field [70,74]. This PM emission model is as follows:


   E n  ( t ) = max    E 0  ,  f 1  +  f 2   v n  ( t ) +  f 3   v n    ( t )  2  +  f 4   a n  ( t ) +  f 5   a n    ( t )  2  +  f 6   v n  ( t )  a n  ( t )    



(3)




where En(t) is the value of the PM emissions of vehicle n at time t, E0 is the minimum PM emissions of the vehicle (g/s), vn(t) is the instantaneous speed, an(t) is the instantaneous acceleration, and f1 through f6 are model parameters. Calibrated values of this PM emission model are shown in Table 3 [73].





3.3. Characteristic Results of PM Emissions


With the simulation experiments described above, we were able to obtain results on PM emissions across four different rain conditions and two simulation scenarios. The characteristic results of the PM emissions are shown in Figure 1.



According to Figure 1, Scenario 1 has minimal PM emissions under the very light rain condition and has maximal value of PM emissions under the heavy rain condition. When compared with the very light rain condition, PM emissions increase by 52.49%, 7.55%, and 144.17% under light rain, moderate rain, and heavy rain conditions, respectively. In Scenario 2, minimal PM emissions were observed under the moderate rain condition, whereas a maximal value was observed under the heavy rain condition. When compared with the moderate rain condition, the PM emissions increased by 11.29%, 40.90%, and 72.55% under the very light rain, light rain, and heavy rain conditions, respectively. Based on these observations, it can be found that the difference in PM emissions between light rain and moderate rain is relatively small for both scenarios. It indicates that the impacts of both light rain and moderate rain on PM emissions are similar.



In addition, it is necessary to compare the results of PM emissions across different simulation scenarios under constant rain conditions in order to examine the characteristic relationship concerning acceleration and deceleration car-following behavior. As can be observed from Figure 1, there are notable differences in the PM emissions among various simulation scenarios across four rain conditions. Specifically, Scenario 1 shows the minimum amount of PM emissions, while Scenario 2 portrays the maximum value. As previously noted, Scenario 1 and Scenario 2 correspond to the lowest and highest frequencies of acceleration and deceleration behavior. Therefore, there exists a significant correlation between car-following behavior during rainy conditions and PM emissions levels. This observation indicates that frequent acceleration and deceleration behaviors may lead to higher PM emissions during rainy weather.



Based on the above characteristics, we can propose a car-following strategy to smooth the acceleration and deceleration behaviors of vehicles on highways in rainy weather. Such a strategy for CAVs has the potential capability to considerably reduce PM emissions, which will be discussed in the following section.





4. Car-Following Strategy for CAVs to Reduce PM Emissions


In this section, we propose a CAV car-following strategy designed to reduce vehicle PM emissions on highways in rainy weather. During car-following behavior, acceleration and deceleration actions can often result in speed fluctuations among vehicles. According to traffic flow theory, these speed fluctuations tend to propagate backward along the platoon, ultimately causing instability in the traffic flow [75,76,77]. Therefore, this section aims to explore a CAV car-following strategy that can reduce PM emissions under rain conditions by enhancing traffic flow stability through the smoothing of speed fluctuations.



4.1. Stabilizing the Traffic Flow with CAVs


To propose the CAV car-following strategy, it is necessary to analyze the stability of the traffic flow. The car-following behaviors of vehicles in traffic flow can be uniformly expressed as follows:


   v n  ( t + τ ) = f (  x  n − 1   ( t ) −  x n  ( t ) ,  v n  ( t ) ,  v  n − 1   ( t ) ) = f ( ϕ , ψ , χ )  



(4)




where f is the general car-following law,  ϕ  is the spacing between the preceding and following vehicles,  ψ  is the speed of the following vehicle n,  χ  is the speed of the preceding vehicle n − 1, vn(t) is the speed of vehicle n at time t, xn(t) is the location of vehicle n at time t, τ is the response time, vn(t + τ) is the speed of vehicle n at time t + τ, vn−1(t) is the speed of vehicle n − 1 at time t, and xn−1(t) is the location of vehicle n − 1 at time t.



For a stability analysis of the traffic flow, we considered the traffic system as a closed mathematical system, where the relationship between the speeds and positions of the vehicles can be expressed as follows:


     x n  ( t + τ ) −  x n  ( t )  τ  =  1 2   v n  ( t ) +  1 2   v n  ( t + τ )  



(5)




where vn(t) is the speed of vehicle n at time t, xn(t) is the location of vehicle n at time t, τ is the response time, vn(t + τ) is the speed of vehicle n at time t + τ, and xn(t + τ) is the location of vehicle n at time t + τ.



Then, we can rewrite Equation (5) as


   x n  ( t + τ ) =  x n  ( t ) +  τ 2   v n  ( t ) +  τ 2   v n  ( t + τ )  



(6)




where vn(t) is the speed of vehicle n at time t, xn(t) is the location of vehicle n at time t, τ is the response time, vn(t + τ) is the speed of vehicle n at time t + τ, and xn(t + τ) is the location of vehicle n at time t + τ.



Substituting Equation (4) into Equation (6), we obtain the following:


   x n  ( t + τ ) =  x n  ( t ) +  τ 2   v n  ( t ) +  τ 2  f (  x  n − 1   ( t ) −  x n  ( t ) ,  v n  ( t ) ,  v  n − 1   ( t ) )  



(7)




where vn(t) is the speed of vehicle n at time t, xn(t) is the location of vehicle n at time t, f is the general car-following law, τ is the response time, vn−1(t) is the speed of vehicle n − 1 at time t, xn−1(t) is the location of vehicle n − 1 at time t, and xn(t + τ) is the location of vehicle n at time t + τ.



Because x(t + τ) and v(t + τ) are determined by x(t) and v(t), we can define tm = t0 + mτ, xm,n = xn(tm), and vm,n = vn(tm) with the subscript m representing time interval. Then, Equations (4) and (7) can be transformed as follows:


         x  m + 1 , n   =  x  m , n   +  τ 2   v  m , n   +  τ 2  f (  x  m , n − 1   −  x  m , n   ,  v  m , n   ,  v  m , n − 1   )        v  m + 1 , n   = f (  x  m , n − 1   −  x  m , n   ,  v  m , n   ,  v  m , n − 1   )        



(8)




where xm,n is the location of vehicle n at time tm, vm,n is the speed of vehicle n at time tm, f is the general car-following law, τ is the response time, xm+1,n is the location of vehicle n at time tm+1, xm,n−1 is the location of vehicle n − 1 at time tm, vm,n−1 is the speed of vehicle n − 1 at time tm, and vm+1,n is the speed of vehicle n at time tm+1.



At an equilibrium state of traffic flow, all vehicles in the platoon travel at the equilibrium speed v* and maintain an equilibrium spacing s*. At this point, the relationships between speed, position, and spacing can be written as follows:


       v  m , n   =  v *       x  m , n   =  x 0  + m  v *  τ − n  s *       s  m + 1 , n   =  x  m + 1 , n − 1   −  x  m + 1 , n        



(9)




where v* is the equilibrium speed, s* is the equilibrium spacing, xm,n is the location of vehicle n at time tm, vm,n is the speed of vehicle n at time tm, sm+1,n is the spacing of vehicle n at time tm+1, x0 is the location of vehicle n when t = 0, m is the time interval, τ is the response time, n is the vehicle number, xm+1,n is the location of vehicle n at time tm+1, and xm+1,n−1 is the location of vehicle n − 1 at time tm+1.



We substitute Equation (9) into Equation (8) to calculate


         s  m + 1 , n   =  s  m , n   +  τ 2  (  v  m , n − 1   −  v  m , n   ) +  τ 2    f (  s  m , n − 1   ,  v  m , n − 1   ,  v  m , n − 2   ) − f (  s  m , n   ,  v  m , n   ,  v  m , n − 1   )          v  m + 1 , n   = f (  s  m , n   ,  v  m , n   ,  v  m , n − 1   )        



(10)




where vm,n is the speed of vehicle n at time tm, sm,n is the spacing of vehicle n at time tm, f is the general car-following law, τ is the response time, vm,n−1 is the speed of vehicle n − 1 at time tm, vm,n−2 is the speed of vehicle n − 2 at time tm, vm+1,n is the speed of vehicle n at time tm+1, sm+1,n is the spacing of vehicle n at time tm+1, and sm,n−1 is the spacing of vehicle n − 1 at time tm.



We proceed to define the spacing and speed disturbances as follows:


          s ˜   m , n   =  s  m , n   −  s *          v ˜   m , n   =  v  m , n   −  v *         



(11)




where     s ˜   m , n     and     v ˜   m , n     are the spacing disturbance and speed disturbance, respectively, v* is the equilibrium speed, s* is the equilibrium spacing, vm,n is the speed of vehicle n at time tm, and sm,n is the spacing of vehicle n at time tm



Substituting Equation (11) into Equation (10) and expanding the result using the first-order Taylor’s formula, we can obtain the following:


          s ˜   m + 1 , n   =   s ˜   m , n   +  τ 2  (   v ˜   m , n − 1   −   v ˜   m , n   ) +  τ 2       ∂ 1  f (   s ˜   m , n − 1   −   s ˜   m , n   ) +      ∂ 2  f (   v ˜   m , n − 1   −   v ˜   m , n   ) +      ∂ 3  f (   v ˜   m , n − 2   −   v ˜   m , n − 1               v ˜   m + 1 , n   = (  ∂ 1  f )   s ˜   m , n   + (  ∂ 2  f )   v ˜   m , n   + (  ∂ 3  f )   v ˜   m , n − 1          



(12)




where     s ˜   m , n     and     v ˜   m , n     are the spacing disturbance and speed disturbance, respectively; f is the general car-following law; τ is the response time; and    ∂ 1  f  ,    ∂ 2  f  , and    ∂ 3  f   are partial derivatives of the car-following model with respect to the spacing, speed of the following vehicle, and speed of the leading vehicle, respectively. These three partial derivatives are calculated as follows:


         ∂ 1  f =   ∂ f ( ϕ , ψ , χ )   ∂ ϕ   | (  s *  ,  v *  ,  v *  )        ∂ 2  f =   ∂ f ( ϕ , ψ , χ )   ∂ ψ   | (  s *  ,  v *  ,  v *  )        ∂ 3  f =   ∂ f ( ϕ , ψ , χ )   ∂ χ   | (  s *  ,  v *  ,  v *  )        



(13)




where  ϕ  is the spacing between preceding and following vehicles,  ψ  is the speed of the following vehicle n,  χ  is the speed of the preceding vehicle n − 1, v* is the equilibrium speed, and s* is the equilibrium spacing.



Based on a previous study [77], we have    ∂ 1  f > 0  ,    ∂ 2  f < 0  , and    ∂ 3  f > 0  .



In substituting Equation (13) into the Gipps car-following model and solving the result at equilibrium, the following relationship can be obtained:


         ∂ 1  f = −    b n     v *  −  b n  τ          ∂ 2  f =  1 2     b n  τ    v *  −  b n  τ          ∂ 3  f =      b n     b  n − 1      v *     v *  −  b n  τ          



(14)




where bn is the braking deceleration of vehicle n, bn−1 is the braking deceleration of vehicle n − 1, τ is the response time, and v* is the equilibrium speed.



Expanding the spacing disturbance and speed disturbance in the discrete Fourier series with wave numbers k = 0, 1, 2, …, n − 1 yields the following:


          s ˜   m , n   = r e (  c s   λ m   ω n  )         v ˜   m , n   = r e (  c v   λ m   ω n  )        



(15)




where re( ) is the Fourier transform,     s ˜   m , n     and     v ˜   m , n     are the spacing disturbance and speed disturbance, respectively, cs and cv are complex constants, λ is an eigenvalue, and ω is a unit-magnitude complex parameter that is defined as follows:


      ω =  e  i ξ       ξ =   2 k π  n       



(16)




where  ξ  and i are parameters, and k is the wave number.



Substituting Equation (15) into Equation (12), we obtain:


        λ  c s  =  c s  +  τ 2   c v  +  τ 2  (  ω  − 1   − 1 )   (  ∂ 1  f )  c s  + (  ∂ 2  f )  c v  + (  ∂ 3  f )  ω  − 1    c v          λ  c v  =   (  ∂ 1  f )  c s  + (  ∂ 2  f )  c v  + (  ∂ 3  f )  ω  − 1    c v           



(17)




where cs and cv are complex constants; λ is an eigenvalue; ω is a unit-magnitude complex parameter; and    ∂ 1  f  ,    ∂ 2  f  , and    ∂ 3  f   are partial derivatives of the car-following model with respect to the spacing, speed of the following vehicle, and speed of the leading vehicle, respectively.



According to Equation (17), we can further calculate the following:


        λ − 1    c s  =  τ 2  (  ω  − 1   − 1 )   λ + 1    c v        λ − (  ∂ 2  f ) − (  ∂ 3  f )  ω  − 1      c v  = (  ∂ 1  f )  c s       



(18)




where cs and cv are complex constants; λ is an eigenvalue; ω is a unit-magnitude complex parameter;    ∂ 1  f  ,    ∂ 2  f  , and    ∂ 3  f   are partial derivatives of the car-following model with respect to the spacing, speed of the following vehicle, and speed of the leading vehicle, respectively; and τ is the response time.



We eliminate cs and cv from Equation (18) to simplify as follows:


     λ 2  −   1 +  τ 2  (  ω  − 1   − 1 )  ∂ 1  f + (  ∂ 2  f ) +  ω  − 1   (  ∂ 3  f )   λ     +   −    T n   2  (  ω  − 1   − 1 )  ∂ 1  f + (  ∂ 2  f ) +  ω  − 1   (  ∂ 3  f )   = 0    



(19)




where λ is an eigenvalue; ω is a unit-magnitude complex parameter;    ∂ 1  f  ,    ∂ 2  f  , and    ∂ 3  f   are partial derivatives of the car-following model with respect to the spacing, speed of the following vehicle, and speed of the leading vehicle, respectively; and τ is the response time.



For any given parameter values and wave numbers, Equation (19) can be used to solve for λ. The modulus of the eigenvalue λ determines the stability conditions of the traffic flow. If |λ| < 1, disturbances decay, indicating stable traffic flow conditions. Conversely, if |λ| > 1, disturbances grow, indicating instability in the traffic flow. Previous research results [78] indicate that max(|λ−|, |λ+|) reaches its maximum value at ξ = π. When ξ = π, traffic flow is in the most unstable condition. Therefore, the stability of the traffic flow is determined by whether the traffic flow is stable at ξ = π. Then, substituting ξ = π (which makes ω = −1) into Equation (19) yields


   λ 2  −   1 − τ (  ∂ 1  f ) + (  ∂ 2  f ) − (  ∂ 3  f )   λ +   τ (  ∂ 1  f ) + (  ∂ 2  f ) − (  ∂ 3  f )   = 0  



(20)




where λ is an eigenvalue;    ∂ 1  f  ,    ∂ 2  f  , and    ∂ 3  f   are partial derivatives of the car-following model with respect to the spacing, speed of the following vehicle, and speed of the leading vehicle, respectively; and τ is the response time.



In solving Equation (20), the following can be obtained:


  λ =  1 2    1 − τ (  ∂ 1  f ) + (  ∂ 2  f ) − (  ∂ 3  f )   ±  1 2          1 + τ (  ∂ 1  f ) − (  ∂ 2  f ) + (  ∂ 3  f )    2  − 8 τ (  ∂ 1  f )      



(21)




where λ is an eigenvalue;    ∂ 1  f  ,    ∂ 2  f  , and    ∂ 3  f   are partial derivatives of the car-following model with respect to the spacing, speed of the following vehicle, and speed of the leading vehicle, respectively; and τ is the response time.



Because of   8 τ (  ∂ 1  f ) ≥ 0   in Equation (21), we have


  0 ≤         1 + τ (  ∂ 1  f ) − (  ∂ 2  f ) + (  ∂ 3  f )    2  − 8 τ (  ∂ 1  f )     ≤ 1 + τ (  ∂ 1  f ) − (  ∂ 2  f ) + (  ∂ 3  f )  



(22)




where    ∂ 1  f  ,    ∂ 2  f  , and    ∂ 3  f   are partial derivatives of the car-following model with respect to the spacing, speed of the following vehicle, and speed of the leading vehicle, respectively, and τ is the response time.



Based on Equation (22), it is known that both roots obtained from Equation (21) are less than 1. Therefore, the instability onset of traffic flow is determined by λ = −1. Substituting λ = −1 into Equation (22) yields


  (  ∂ 3  f ) − (  ∂ 2  f ) = 1  



(23)




where    ∂ 2  f   and    ∂ 3  f   are partial derivatives of the car-following model with respect to the speed of the following vehicle and speed of the leading vehicle, respectively,



Substituting Equation (14) into Equation (23) obtains the following:


     b  n − 1   −  b n     b n   b  n − 1      v *  =  τ 2   



(24)




where bn is the braking deceleration of vehicle n, bn−1 is the braking deceleration of vehicle n − 1, τ is the response time, and v* is the equilibrium speed.



Equation (24) determines a functional relationship among the corresponding parameters when traffic flow is at the critical state between stability and instability. Since the right-hand side of Equation (24) is greater than 0, when Equation (24) holds, it is necessary to ensure that bn−1 − bn > 0. Moreover, considering the physical meaning of bn, reducing bn exacerbates the growth of disturbances in the traffic flow. Meanwhile, reducing bn causes an increase in the left-hand side of Equation (24), which can result in that the left-hand side is greater than the right-hand side.



Therefore, an instability constraint of traffic flow can be derived as follows:


     b  n − 1   −  b n     b n   b  n − 1      v *  >  τ 2   



(25)




where bn is the braking deceleration of vehicle n, bn−1 is the braking deceleration of vehicle n − 1, τ is the response time, and v* is the equilibrium speed.



From Equation (25), it is evident that bn−1 < bn is a sufficient condition for traffic flow stability under the control of the Gipps car-following model. Increasing bn is conducive to improving traffic flow stability.



Regarding CAVs, they can obtain the preceding vehicle’s deceleration through vehicle-to-vehicle (V2V) communication technology and control bn based on bn−1 to achieve the smoothed speeds of traffic flow. Hence, the CAV car-following strategy is proposed as follows:


     v n  ( t + τ ) = max    b n  ,  b  n − 1     ⋅ τ +       max      b n  ,  b  n − 1      2   τ 2  + max    b n  ,  b  n − 1        v n  ( t ) τ +    v  n − 1  2  ( t )    b  n − 1     + 2 d − 2  s n  ( t )        



(26)




where vn(t) is the speed of vehicle n at time t, vn(t + τ) is the speed of vehicle n at time t + τ, vn−1(t) is the speed of vehicle n − 1 at time t, bn is the braking deceleration of vehicle n, bn−1 is the braking deceleration of vehicle n − 1, τ is the response time, sn(t) is the following distance of vehicle n at time t, and d is the following distance at stop.



Utilizing the CAV car-following strategy proposed in Equation (26), we can mitigate speed fluctuations during car-following behavior on highways in rainy weather, thereby having a potential capability to reduce PM emissions.




4.2. Validating the Effectiveness of the Proposed Strategy


To validate the effectiveness of the proposed CAV car-following strategy, we conducted the same simulation experiment to compare the levels of PM emissions with and without the strategy. With the proposed strategy, all CAVs within the platoon are controlled to deal with the speed trajectory of the lead vehicle. The performance outcomes of the CAVs are compared with those of traditional vehicles that lack the strategy in Section 3.



4.2.1. Effectiveness for Smoothing Speed Fluctuations


For each scenario, we compare the speed fluctuations of CAVs equipped with the proposed car-following strategy to those of traditional vehicles without the strategy across four different rain conditions, as shown in Figure 2, Figure 3, Figure 4 and Figure 5. In Figure 2, we present a comparison under the very light rain condition, while Figure 3 showcases a comparison under the light rain condition. For the moderate rain condition, we refer to Figure 4, whereas Figure 5 examines comparisons under the heavy rain condition. These figures label vehicles in the platoon from n = 1 as the lead to n = 10 as the tail.



It was found that the CAV car-following strategy can smooth speed fluctuations well over time under the various rain conditions and scenarios, compared with traditional vehicles without this strategy. By smoothing speed fluctuations, CAVs equipped with the proposed strategy will reduce PM emissions, which is discussed in the next section.




4.2.2. Effectiveness for Reducing PM Emissions


For each scenario across four rain conditions, we proceeded to compare the PM emissions of CAVs with the proposed car-following strategy to those of traditional vehicles without this strategy. In Figure 6, Figure 7, Figure 8 and Figure 9, comparisons of instantaneous PM emissions over time are presented.



In Figure 6, Figure 7, Figure 8 and Figure 9, it can be seen that under the proposed CAV car-following strategy, the PM emissions for each rainy condition show a significant reduction. Additionally, in the same scenario and rainy condition, speed fluctuations over time exhibit a trend similar to the fluctuations in the PM emissions over time. Therefore, it can be inferred that the proposed CAV car-following strategy can effectively smooth speed fluctuations, subsequently reducing PM emissions.



To further quantitatively analyze the effectiveness of the proposed CAV car-following strategy, PM emissions were calculated as a reduction percentage from the baseline of the PM emissions of traditional vehicles without this strategy. The results are shown in Table 4. It can be observed that the average reductions in PM emissions through the CAV car-following strategy were 41.07%, 59.46%, 49.60%, and 71.66%, respectively, under the very light rain, light rain, moderate rain, and heavy rain conditions.






5. Discussion


Based on simulation experiments of the car-following model and the PM emission model, we conducted an analysis of the impact of different rainy weather conditions on PM emissions. Subsequently, we propose a CAV car-following strategy involving stabilizing the traffic flow. Through a comparison of speed fluctuations and PM emissions before and after the proposed strategy, we identified a significant correlation between speed fluctuations and PM emissions. Moreover, the proposed strategy can effectively mitigate speed fluctuations, consequently reducing PM emissions in rainy weather.



These findings hold practical significance for contemporary environmental governance. Firstly, analyzing PM emission characteristics in different rainy weather conditions contributes to assessing PM quality fluctuations in rainy weather. This aids in formulating more effective strategies for preventing and controlling PM emissions. Secondly, the proposed strategy can be beneficial in enhancing air quality in rainy weather and promoting sustainable development. Thirdly, the proposed strategy aligns with environmental regulations regarding vehicle emissions, aiding automotive manufacturers in meeting the increasingly stringent PM emission standards of vehicles. Additionally, the proposed strategy primarily controls the deceleration of the following vehicle based on the leading vehicle’s deceleration. In comparison to trajectory optimization, eco-driving, machine learning algorithms, and other CAV control strategies, it boasts the advantages of simplicity in structure and ease of implementation. In the future, in utilizing on-board and road-testing units, the real-time detection of the deceleration of the leading and following vehicles can be used to realize the proposed strategy, aiming to smooth speed fluctuations and reduce PM emissions.



It is essential to highlight that we utilized an established PM emission model for calculating PM emissions in rainy weather. This model, relying on the instantaneous speed and acceleration of passenger cars as inputs, effectively produces corresponding PM emission outputs, and demonstrates commendable generalization and robustness. Moreover, it is currently employed by numerous scholars for the analysis of PM emissions in traffic flows, as evidenced by works such as those of Yang et al. [62], Wang et al. [70], and Ma et al. [74]. Besides the PM emission model, the car-following model of vehicles is also related to the PM analysis, because it will derive the instantaneous speeds and accelerations of vehicles. Following previous studies [2,22,59,63,73], the car-following model utilized in this paper was designed for passenger cars, leading to an exclusive analysis of PM emission characteristics specific to passenger cars. Moreover, the proposed strategy was tailored solely to passenger cars in rainy weather, lacking universal applicability. Given disparities in car-following behaviors among various vehicle types, a comprehensive analysis of the PM emission characteristics of different vehicle types in rainy weather demands the use of distinct car-following models to capture their car-following behaviors. Unfortunately, limited research exists on car-following models for different vehicle types in rainy conditions. The future focus will be on exploring car-following models for different vehicle types in rainy weather, accompanied by the proposition of relevant car-following strategies to enhance the research content of this paper.



In addition, due to technical limitations, the analysis and results of this paper are based on theoretical-level simulations, and we did not conduct real-world experiments to validate the effectiveness of the proposed CAV car-following strategy. This might result in potential disparities between anticipated outcomes and actual results [79]. Moving forward, we will explore the integration of the proposed CAV car-following strategy into actual experiments with real vehicles. This endeavor aims to uncover any disparities between anticipated outcomes and actual results.




6. Conclusions


In this study, we investigated the effects of rainy weather on highway PM emissions and presented a CAV car-following strategy that can mitigate them. Our proposed strategy has the ability to lower PM emissions under different rainy conditions. To achieve this, we employed a car-following model, calibrated with empirical data, to describe driving behavior during very light, light, moderate, and heavy rain. Using this model, we examined how rainy conditions affect the PM emissions of vehicles on a highway. Furthermore, we proposed a CAV car-following strategy from the perspective of stabilizing traffic flow. Through simulation experiments, we demonstrated the effectiveness of this strategy in smoothing speed fluctuations and reducing PM emissions. Based on our analysis, we arrived at several key conclusions, which are detailed below.



Rainy weather conditions can significantly affect the PM emissions of vehicles on highways. In Scenario 1, the lowest level of PM emissions was recorded during very light rain, whereas the highest level was observed during heavy rainfall. Compared to the very light rain condition, PM emissions increased by 52.49%, 7.55%, and 144.17% under light, moderate, and heavy rain, respectively. In Scenario 2, the PM emissions reached the lowest level during the moderate rain condition while peaking at their highest level during heavy rain. When contrasted against the baseline under moderate rain, PM emissions escalated by 11.29%, 40.90%, and 72.55% for the very light rain, light rain, and heavy rain conditions, respectively.



It was further found that PM emissions exhibit a strong correlation with speed fluctuations. When comparing various rain conditions in a given simulation scenario, we observed that rain conditions with higher speed fluctuations correspond to greater PM emissions. Additionally, when we examined the same rain condition in different scenarios, our findings indicated that the PM emissions in Scenario 2 were higher than those in Scenario 1. This difference can be attributed to the frequency of acceleration and deceleration, in terms of the larger speed fluctuations in Scenario 2.



The proposed CAV car-following strategy has the ability to effectively mitigate speed fluctuations, thereby resulting in a noticeable reduction in PM emissions. Based on the simulation experiments, the findings show that PM emissions can be reduced by 41.07%, 59.46%, 49.60%, and 71.66%, respectively, across the four different rainy weather conditions. These results illustrate the viability and effectiveness of the proposed strategy in mitigating the negative impacts of PM emissions in rainy weather.



The main contribution of this paper lies in proposing a car-following strategy for CAVs aimed at minimizing the PM emissions of vehicles on highways in rainy weather. By creating a more stable traffic flow and reducing speed fluctuations, this CAV strategy achieves its objective of reducing PM emissions. However, it is important to acknowledge the limitations of this paper. Due to the limited research on lane-changing behavior in rainy weather, the simulation scenarios in this paper are restricted to single-lane scenarios, and the potential influence of lane-changing behavior on PM emissions was not taken into account. Moving forward, we will continue to investigate this area of interest in order to further advance our understanding of the dynamics between driving behavior and PM emissions in different rainy weather conditions. In addition, we overlooked considerations of rain’s physical removal of PM emissions, which is another research line and presents an interesting research area. Our future investigations will delve into exploring this physical inhibition of PM in different rainy weather conditions. Meanwhile, inspired by Jia et al. [80], the role of biochar in reducing PM emissions is also attracting attention for future work.



Furthermore, the car-following model utilized is specific to diesel passenger cars in rainy weather. This study primarily focused on analyzing the PM emissions of diesel passenger cars and did not encompass other vehicle types. It is noteworthy that diesel passenger cars, being the most popular vehicle type on highways, have usually also been considered in previous studies on traffic flow characteristics [67,68,69]. While acknowledging the importance of analyzing PM emissions for other vehicle types, the authors note the absence of a rainy weather car-following model for such vehicle types, presenting a challenge in assessing their PM emissions. Future efforts will be dedicated to exploring car-following models for other vehicle types in rainy weather, with the aim of providing a comprehensive evaluation of PM emissions for different types of vehicles on highways in rainy weather.
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Figure 1. Results of PM emissions under four rain conditions and two simulation scenarios. 
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Figure 2. Speed fluctuations with and without the strategy under the very light rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy. 
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Figure 3. Speed fluctuations with and without the strategy under the light rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy. 
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Figure 4. Speed fluctuations with and without the strategy under the moderate rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy. 
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Figure 5. Speed fluctuations with and without the strategy under the heavy rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy. 
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Figure 6. PM emissions with and without the strategy under the very light rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy. 
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Figure 7. PM emissions with and without the strategy under the light rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy. 






Figure 7. PM emissions with and without the strategy under the light rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy.
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Figure 8. PM emissions with and without the strategy under the moderate rain condition. (a) Scenario 1 without strategy. (b) Scenario 1 with strategy. (c) Scenario 2 without strategy. (d) Scenario 2 with strategy. 
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Figure 9. PM emissions with and without the strategy under the heavy rain condition. (a) Scenario 1 without strategy (b) Scenario 1 with strategy. (c) Scenario 2 without strategy (d) Scenario 2 with strategy. 
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Table 1. Comparison of previous studies on pollutant emissions.
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	Literature
	Trajectory Data Sources
	Weather
	Target Emissions





	Zong and Yue [23]
	Simulation experimental data
	Clear weather
	CO2



	Zhai et al. [43]
	Simulation experimental data
	Clear weather
	CO, HC, NOX



	Wang et al. [49]
	Simulation experimental data
	Clear weather
	CO2, HC, NOX, VOC



	Shang et al. [58]
	Simulation experimental data
	Clear weather
	CO2, CO, HC



	Zhou et al. [59]
	Real experimental data
	Clear weather
	CO2



	Wang et al. [60]
	Simulation experimental data
	Clear weather
	CO, HC, NOX



	Jin et al. [61]
	Simulation experimental data
	Clear weather
	CO2



	Fernandes et al. [62]
	Real experimental data
	Clear weather
	CO2, NOX










 





Table 2. Parameter values of Gipps model calibrated under four rain conditions.
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	Rain Conditions
	vf (m/s)
	an (m/s2)
	bn (m/s2)
	bn−1 (m/s2)
	τ (s)
	d (m)





	Very light rain
	33.2
	1.6
	−2.5
	−2.3
	1.1
	3.1



	Light rain
	31.1
	1.7
	−2.5
	−2.2
	1.0
	3.2



	Moderate rain
	30.2
	1.5
	−2.5
	−2.3
	1.0
	3.6



	Heavy rain
	34.3
	1.3
	−2.2
	−1.7
	1.7
	3.8










 





Table 3. Parameter values of PM emission model.






Table 3. Parameter values of PM emission model.





	Parameters
	Values





	E0
	0.00



	f1
	0.00



	f2
	3.13 × 10−4



	f3
	−1.84 × 10−5



	f4
	0.00



	f5
	7.50 × 10−4



	f6
	3.78 × 10−4










 





Table 4. PM emissions reductions.
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Rain Conditions

	
Reduction Percentages




	
Scenario 1

	
Scenario 2

	
Average Reduction






	
Very light rain

	
44.06%

	
38.08%

	
41.07%




	
Light rain

	
62.57%

	
56.34%

	
59.46%




	
Moderate rain

	
51.72%

	
47.47%

	
49.60%




	
Heavy rain

	
78.71%

	
64.60%

	
71.66%
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