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Abstract

:

Cultural tourism helps preserve cultural heritage and provides economic opportunities for local communities. A walkable cultural tourism route has been developed for the old town of Ratchaburi, Thailand. Here, we assessed changes in PM1 after cars were banned from the walkable tourist route. A near-roadway dispersion model, R-LINE, was evaluated and used to explore the base case (BC) and two scenarios, S1 and S2. In the BC, road traffic activities reflected the current situation; in S1, all vehicles were banned from the walkable route; and in S2, all drivers were encouraged to park their vehicles outside the study area. The road traffic activities in the study area were observed and used to calculate the PM1 emission rates for the model inputs. The model was capable of simulating PM1 concentration, especially the average PM1 concentration over the monitoring period. An increase in PM1 concentration was seen at the main road in S1 due to the increased traffic volume that had been redirected from the walkable route, with an increase in daily PM1 of 4.5% compared to BC. S2 showed a decrease in the PM1 concentration of 8.9%. These findings suggest the need for traffic mitigation measures prior to initiating a walkable route for cultural tourism, to meet environmental sustainability requirements.
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1. Introduction


Global tourism has been increasing for decades. In 2022, the travel and tourism sector contributed 7.6% to global GDP, an increase of 22% from 2021 [1]. This contributes to economic benefits for both local communities and host countries [2]. An important aspect of this is cultural tourism, i.e., tourism for cultural motivations, such as attending festivals and other cultural events, visiting monuments, and traveling to learn about nature, folklore, or art [3]. Many countries, including Thailand, are promoting cultural tourism to stimulate tourism following the COVID-19 pandemic [2,4].



An old town is defined as a historic inhabited area, with unique characteristics, both physical and sociocultural, that has been continuously developed from the past to the present [5]. Old towns are beneficial for enhancing cultural tourism in a city. Thailand has approximately 39 areas that are officially designated as old towns [6].



Ratchaburi’s old town, in western Thailand, dates back thousands of years and remains a livable area today. The main old town area includes various cultural heritage sites, including a museum, an old market, old residential and commercial buildings, and a historical bridge [7,8]. This area has the potential to promote cultural tourism, and a walkable cultural tourism route has been proposed for the central part of the old town [9].



Increased tourism may, however, lead to the deterioration of old towns, e.g., increased road traffic can degrade air quality [10,11], affecting both the residents and tourists [12,13], while the atmospheric pollutants from vehicles can degrade historic buildings [14,15], with adverse consequences for the sustainability of cultural tourism in old towns. Decision-makers are therefore increasingly promoting car-free tourism routes, with all motor vehicles prohibited. Providing walkable routes helps reduce vehicle emissions and alleviate air pollution [16,17], although it may require traffic rerouting, resulting in increased air pollution near roadways where traffic has been rerouted.



Road transportation is a key source of submicron particulate matter (PM1), i.e., particles with a diameter of ≤1 μm. PM1 and PM2.5 (PM with aerodynamic diameter of ≤2.5 μm) have deleterious impacts on human health [18,19], as they can remain suspended in the air for extended periods of time, include high quantities of hazardous chemicals, and penetrate deep into the lungs [20,21,22]. Furthermore, fine PM from vehicle exhaust emissions includes elemental carbon, which plays a key role in global warming [23,24]. Although PM2.5 has been widely used as a general marker for fine-particle air pollutants, it is less useful in measuring traffic emissions [25], and vehicle exhaust contains a much larger proportion of PM1 than PM2.5 [22,26,27,28,29,30,31,32]. Most researchers have focused on road traffic-induced PM2.5, while studies on PM1 air pollution in cities remain limited, especially in the field of dispersion modeling applications.



Here, we assessed the impact on air quality due to traffic rerouting to support the walkable route in the historical area of Ratchaburi’s old town. Changes in PM1 from traffic in the study area were examined using a near-roadway dispersion model, a research line source (R-LINE) model [33], which has been used in several recent studies of the near-roadway environment (e.g., [34,35,36]). We began by conducting an evaluation of the model’s performance using onsite observations from the study area. Scenario studies were then carried out to investigate the effect of traffic rerouting. Our results will support decision-makers in developing sustainable, walkable cultural tourism routes in old towns.




2. Materials and Methods


2.1. Study Area


The study site, covering an area of 0.315 km2 (900 × 350 m) (Figure 1), was in Ratchaburi’s old town, which in 2018 covered 1.57 km2, with a population of 5117 in 1905 households [8]. The old town’s cultural heritage and iconic landscape, located alongside the Mae Klong River, made the area ideal for promotion as an iconic cultural tourism destination [7]. Based on recent work [9], the road along the embankment (the yellow line in Figure 1) was to become a walking street. All vehicles were to be banned from driving on this road, while a nearby road (the green line in Figure 1) was intended to carry traffic from the walking street. However, this road frequently experiences traffic congestion in the morning and evening. Hence, further increases in traffic may lead to elevated levels of atmospheric pollutants in the study area.




2.2. Model Application


We used R-LINE (version 1.2) to simulate changes in PM1 air pollutants from road traffic under the specified scenarios. R-LINE is a steady-state Gaussian dispersion model specifically developed to simulate mobile source dispersion in near-roadway environments. The current version of R-LINE is suitable for modeling flat roadways and has been formulated for near-surface releases [33]. The model can also deal with meandering plumes under low wind-speed conditions, which occur frequently in the study area.



We collected the data required for R-LINE from both onsite observations and secondary data sources. The road link type was determined via an onsite survey and its height (m) was assumed to be at ground level. The road links’ geometries (start and finish coordinates) and link carriageway widths (m) were determined using Google Earth. The grid receptor resolution was 10 × 10 m with a height of 1.5 m, and discrete receptors were placed at the five measurement points described in Table 1. After obtaining the model’s outputs, we generated a GIS-based spatial distribution of PM1 concentrations using Surfer software (version 8). The interpolation technique used in Surfer was inverse distance weighting (IDW), which is suitable for estimating spatial air pollution [37].



2.2.1. Traffic Activities and Emissions


Data required to calculate road traffic emissions comprise emission factors and road traffic activities for each type of vehicle (Equation (1)).


    E R   i   =   A   i     ×     E F   i    



(1)




where ERi represents the emission rate of vehicle type i (g h−1); Ai is the traffic activities of vehicle type i (number of vehicles km h−1); and EFi represents the emission factors of vehicle type i (g km traveled−1 vehicle−1).



Traffic activity consists of traffic volume per unit of time and the average distance traveled. Hourly traffic volumes (vehicles h−1) were observed using D-Cam D2 video recorders at five points (Figure 1) with different schedules (Table 1). The recordings at points 1, 2, 4, and 5 were performed over 12 h (07:00–19:00) on a workday; at point 3, traffic volumes were recorded over 24 h, from 07:00 to 07:00 (the next day), covering a period of workdays (Thursday 4–Friday 5 November 2021) and a weekend (Saturday 13–Sunday 14 November 2021). Hourly traffic volumes were determined from the video files and categorized in accordance with the European Environment Agency (EEA) guidance into four categories, i.e., motorcycles (MCs), passenger cars (PCs), light-duty vehicles (LDVs), and heavy-duty vehicles (HDVs). For points 1, 2, 4, and 5, their hourly traffic data for the remaining 12 h (19:00–07:00 the next day) on working days, as well as weekends, were estimated based on the recorded traffic volumes at point 3. Thus, all five points had a complete set of hourly traffic volumes over a 24 h period for both working days and weekends. It should be noted that the observations were performed during the COVID-19 pandemic, when citizens were urged to spend time outdoors from 04:00–23:00, leading to lighter traffic activity than usual at night.



For the average distance traveled, we assumed the travel distance equaled the length of the road segment. The road networks in the study area were segregated into 33 segments based on road widths. The hourly traffic volumes recorded at each of the five individual points described above, both on working days and on the weekend, were then averaged into a single hourly traffic volume and allocated to their nearest road segments to represent the traffic activities in the study area. An emission height of 0.3 m (representing the distance from exhaust to the ground) was specified in the model. To set the physical road link network, we selected the link type as flat terrain and its height as ground level.



PM1 emission factors were obtained from Kupiainen and Klimont [38] and estimated from the EEA database [39]. The selections were in accordance with the observed vehicle categories and their relative fuel consumption shares. The composition of fuel types, i.e., gasoline, diesel, liquified petroleum gas (LPG), and compressed natural gas (CNG), used to estimate fuel consumption, was obtained from the Department of Land Transport’s statistical report [40]. The EEA emission factors database generally reports PM2.5; however, a much greater proportion of PM1 than PM2.5 is emitted from vehicle exhausts [22,26,27,28,29,30,32]. Thus, for this study, we assumed EEA-reported PM2.5 emission factors were PM1 emission factors.




2.2.2. Meteorological Data


We generated hourly meteorological files for the R-LINE model using data from 2019. We used a meteorological processor, AERMET (version 10.2.0) in AERMOD view (version 10.2.0, Lakes Environmental Consultants Inc., Ontario, Canada) to construct the meteorological data for R-LINE. The input data for AERMET comprised surface air (i.e., wind speed, wind direction, temperature, ceiling height, and cloud cover) and upper air (i.e., wind speed, wind direction, and temperature) conditions. For surface air, we collected data from Ratchaburi Meteorological Station, while upper air data were obtained from the Thai Meteorological Department (TMD) [41] and a meteorological database service (meteoblue AG, Basel, Switzerland) [42].




2.2.3. Model Performance Evaluation


To ensure the results of the dispersion simulation, we tested R-LINE’s performance by comparing the modeled results of PM1 concentrations against the data collected at the five traffic counting points. Hourly measurements of PM1 and PM2.5 were made in parallel from 8:00 to 15:00 (7 h) on 18 May 2022, using WP6910 portable light-scattering sensors. Prior to conducting onsite measurements, zero calibration of the sensors was performed inside a chamber filled with filtered air at Silpakorn University’s Department of Environmental Science. We conducted statistical analyses to assess the model’s results. The statistical indices used to evaluate the air quality model were fractional bias (FB), normalized mean square error (NMSE), correlation coefficient (R), and the fraction of predictions within a factor of two of observations (FAC2):


  F B =       C   o    ¯  −     C   p    ¯    0.5 (     C   o    ¯  +     C   p    ¯  )   ,  



(2)






  N M S E =     (   C   o   −   C   p     )   2    ¯        C   o    ¯      C   p    ¯    ,  



(3)






  R =         C   o   −     C   o    ¯        C   p   −     C   p    ¯     ¯      σ     C   p       σ     C   o       ,  



(4)






  FAC 2 = fraction   of   data   that   satisfies   0.5 ≤     C   p       C   o     ≤ 2.0 ,  



(5)




where Cp is the model-predicted value; Co is the observed value;       C  ¯    p     is the average of the model-predicted values;       C  ¯    o     is the average of the observed values;     σ     c   p       is the standard deviation of the model-predicted value; and     σ     c   o       is the standard deviation of the observed values.



Background concentrations are defined as the proportion of measured ambient air pollution levels that is not attributable to emissions within the study area [43]. It was necessary to add the background concentrations to the model results. The background concentration can be obtained from the 20th percentile hourly minimum concentration values over the year of interest, measured at the nearest ambient air quality monitoring station to the area of investigation [44]. However, the monitoring station was generally assigned to measure PM2.5 only, as representative of human exposure to particle air pollution. We therefore specified the PM1 background concentration based on the PM2.5 background values obtained from an ambient air quality monitoring station operated by the Pollution Control Department of Thailand, located approximately 2 km southwest from the study area. The 20th percentile hourly minimum concentration of PM2.5 during days in 2019 was selected first. With the PM1 and PM2.5 values obtained from the onsite observations, the PM1 background concentration was then obtained by multiplying the selected PM2.5 background concentration by the ratio of PM1 to PM2.5.





2.3. Scenario Study


Using the model, we explored two scenario studies based on cultural tourism planning: the implementation of a walking street and the banning of all vehicles from the cultural tourism route [9].



Scenario 1 (S1) involved all vehicles present in the cultural tourism route (the yellow line in Figure 1) being switched to the main road (green line in Figure 1). Scenario 2 (S2) was assumed to involve traffic reduction, with existing vehicles from the cultural tourism route not driving on any roads in the study area, i.e., they were excluded from the model simulation. This assumption required additional traffic planning, which was beyond the scope of the current study.



To examine the impacts on air quality, the dispersion simulations of PM1 obtained from S1 and S2 were compared with a reference base case (BC), where traffic activities remained in the existing condition.





3. Results and Discussion


3.1. Traffic Activities and Emissions


3.1.1. Traffic Activities


The results of the existing vehicle fleet composition observed in the study area are presented in Figure 2. Motorcycles (MCs) comprised the highest share of vehicles (53.2%), followed by passenger cars (PCs) (45.6%), light-duty vehicles (LDVs) (0.7%), and heavy-duty vehicles (HDVs) (0.5%). The proportion of MCs in the study area was comparable to the national level in Thailand, which was 52.7% in 2022 (approximately 22 million motorcycles) [40], with an increase of 6.4% between 2019 and 2023 [45]. MCs are also becoming more prevalent globally, even in high-income countries, because they are cheaper than PCs, provide flexibility and speed for urban deliveries, and ease traveling in areas with traffic congestion [46]. PCs represented the next highest proportion of vehicles. PCs are more suitable for traveling greater distances than MCs, so the number of PCs we observed may have been a combination of those from the study area, from adjoining areas of the old town, and those belonging to travelers from further away. This was reflected by the high number of vehicles at point 1, where the greatest number of PCs were observed. This point was located at the main road, where vehicles from other areas pass by. Note that pickup trucks were included in the PC category, according to the EEA’s vehicle categories. (The overall share of pickup trucks was 39.3% of all PCs).




3.1.2. Vehicle Particulate Emission Factors


The emission factors used in the current study are presented in Table 2. The combustion of different fuel types results in different degrees of fine PM emissions. Under equivalent conditions, fine PM emissions from compression-ignition (diesel) engines are generally higher than the emissions from spark-ignition (gasoline) engines [38]. Spark-ignited engines can be modified to consume various fuels, e.g., gasoline, LPG, and CNG. Here, we assumed that PM1 emission factors of MCs (gasoline), PCs (LPG and CNG), LDVs (CNG), and HDVs (CNG) corresponded to PM2.5 emission factors for these vehicle types. This was based on the findings of previous studies, indicating that the PM emissions from these vehicles contribute to almost all particles in the PM1 range [22,26,27,28,29,30,32].




3.1.3. Temporal Variations in Traffic Emissions


Changes in hourly traffic flows at the five traffic counting points throughout the working day and on the weekend, as well as their corresponding PM1 emission rates per distance traveled (g h−1 km−1) are illustrated in Figure 3. As expected, PM1 emission rates per distance traveled varied in accordance with traffic activity. Times with less traffic resulted in emission rates notably lower than during peak hours because vehicles were more polluting in congested traffic, due to frequent low speed and idling [47,48]. The highest number of vehicles was recorded at point 1, with the fewest recorded at point 5. This is because point 1 was located at the main inbound and outbound route and had a fresh market each morning, while point 5 was linked to the low-density residential zone in the old town.



On working days (Figure 3a), more traffic was observed in the morning (07:00–11:00) and evening (16:00–18:00), as people went shopping at the morning market and traveled to work, then returned home in the evening. On the weekend, more traffic was observed at midday, lasting until nighttime (Figure 3b). Both residents and tourists spent their time outdoors during these periods, with many people engaged in sightseeing, eating, and shopping in the study area. If point 1 is taken to represent the traffic conditions in the study area, the variations on workdays and at weekends are comparable to those in Nakhon Pathom municipality, a city located in an adjacent province [49], and in Bangkok, Thailand’s capital [50], suggesting homogeneous traveling behaviors in Bangkok and its surrounding cities.



In addition, we used a multiple-linear regression model in Microsoft Excel to examine the contribution of the various categories of vehicles on PM1 emissions. The least squares method was used to fit a line through the data. The dependent variable was PM1 emissions per kilometer. The independent variables comprised the hourly numbers of MCs, PCs, LDVs, and HDVs combined for both working days and weekends at all observation points. The results can be seen in Equation (6).


   PM 1  = 0.096   MC + 0.252   PC + 0.136   LDV + 0.716   HDV  



(6)







(n = 240, p-value < 0.01).



In Equation (6), HDVs had the highest coefficient values (0.719), followed by PCs (0.252), LDVs (0.136), and MCs (0.096). Each coefficient is interpreted as the estimated change in PM1 corresponding to a one-unit change in a vehicle type, when all others are held constant. In other words, in our study, HDVs had the greatest influence on PM1 emissions, while MCs had the least. This suggests that consideration should be given to banning HDVs from accessing the old town, although it was the least proportion found in the fleet.





3.2. Evaluation of R-LINE


Figure 4 shows a comparison between PM1 concentrations yielded by R-LINE and the values obtained from the five measurement sites, averaged over monitoring hours (Figure 4a) and locations (Figure 4b). The simulated PM1 showed greater deviations on a temporal basis than on a spatial basis. The greatest difference between the observed values (10.3 ± 1.3 µg m−3) and the simulated values (8.6 ± 0.5 µg m−3) occurred during rush hour at 08:00. Spatially, the simulated PM1 values showed good agreement with the observed values (Figure 4b). R-LINE was also able to capture the highest PM1 concentration, as observed at point 2.



For the statistical analyses, the results were also plotted as single hours (SH) and the average hourly value over the measurement period of 7 h (AH), as shown in Figure 5a,b, respectively. The NMSE values of SH and AH were 0.01 and 0.06, respectively, and the FB values of SH and AH were −0.01 and 0.21, respectively. These model performance evaluation indicators were all close to the ideal values (NMSE and FB = 0.0) [51]. The results were comparable to previously reported PM levels due to road traffic activities, simulated using a line source dispersion model, CALINE 4 (NMSE = 0.08 and FB = −0.01) [52], and a Lagrangian particle model, (GRAL) (NMSE = 0.04 and FB = 0.13) [53]. The simulation performance in our study is better than the performance reported in previous work using the WinOSPM, ADMS-Urban, and AEOLIUS models (in which NMSE ranged from 0.11 to 0.23 and FB ranged from −0.08 to 0.26) [54].



The scatter plots for both SH and AH were within the factor of 2 (FAC2) boundary. However, the AH plot (Figure 5b) was closer to a 1:1 line than that of SH (Figure 5a). The linear regression equations indicated that R-LINE’s predictions tended to be underestimates, especially in the case of SH. These underestimates may be due to the absence of a chemical transformation function in the current version of R-LINE [33,55], despite the fact that atmospheric chemical reactions play a vital role in forming secondary PM in the air [21]. The AH results from the simulations ranged from 8.2 to 10.1 µg m−3, which were close to the observations ranging from 7.8 to 9.7 µg m−3. Additionally, the R value of AH (0.89) was higher than that of SH (0.51), implying that AH was more suitable to be specified as the temporal basis for the R-LINE simulation.



It should be noted that we applied R-LINE on a daily basis, not on specific periods of time, such as AH. Due to the COVID-19 pandemic, however, we were unable to conduct monitoring for a longer period, which was a limitation of this study. Nevertheless, based on the model evaluation results of our work, as well as the results of previous studies (e.g., [33]), we believe that R-LINE was appropriate for our case study.



To examine the impact of meteorological conditions on PM1 concentrations, the daily PM1 values simulated over the year were compared with wind speed (WS) and atmospheric ventilation rates (VRATE), as shown in Figure 6 and Figure 7, respectively. The model results were categorized into two groups according to the wind speed conditions, i.e., low (WS ≤ 0.6 m s−1) and high (WS > 0.6 m s−1) wind-speed conditions. The low wind-speed classification was defined based on Ling and colleagues’ 2020 study [53], in which they carried out simulations of road-traffic PM in an Asian micro-scale urban environment, similar to our study.



As seen in Figure 6a, PM1 concentrations increased during the low wind-speed regime and considerably declined when the wind speed was higher (Figure 6b). Low wind-speed conditions restricted the transport of air pollution, inducing the accumulation of air pollutants, especially at the extremely low wind-speed of less than 0.6 m s−1 present in the study area. As expected, the PM1 concentration was inversely correlated with VRATE; this was even more pronounced at higher wind speeds (Figure 7). VRATE is principally obtained by multiplying the wind speed by the height of the planetary boundary layer (PBL). Hence, a combination of high wind-speed and high PBL promotes good ventilation, resulting in better dispersion conditions and allowing PM1 to be diluted [56,57]. The results of the correlations of PM1 and the dynamic atmospheric parameters imply that the R-LINE model yielded reasonable results. However, the low statistical correlation suggested by the low Pearson correlation coefficients (the r values are provided in Figure 6 and Figure 7) implies that there are additional factors influencing the PM1 concentration in the air. Thus, further research is necessary to explore air pollution dispersion, particularly under low wind-speed conditions.




3.3. Comparisons with Similar Studies


A comparison of PM1 concentrations at our site and previously reported results is presented in Table 3. The differences in PM1 levels in a specific area depend on various factors, including emission sources; meteorological conditions; topography (e.g., complex or flat terrain) and land use (e.g., urban, suburban, rural); receptors (distances and heights in relation to the emission sources); and the timeframe under consideration (e.g., daily, seasonal, annual). Changes in behavior due to the COVID-19 pandemic could also have led to a decrease in road traffic-related particles [58] in our study area.



The ratios of PM1 to PM2.5 from our observations compared with other studies are also presented in Table 3. Our ratio (0.69) was lower than those obtained in studies from cities in China (0.75–0.88); Graz, Austria (0.78–0.91); and Varanasi, India (0.84); however, it was higher than those recorded in Istanbul, Turkey (0.55) and Algiers, Algeria (0.55), while it was comparable to that in Taichung, in Taiwan (0.73). High PM1/PM2.5 ratios imply that fine PM mainly comprises submicronic particles (PM1) and has a greater health impact [59]. High PM1/PM2.5 ratios are often observed on days with high levels of pollution; high ratios are also more likely in urban areas than in rural areas, and in winter rather than summer. It also indicates the role of combustion processes and secondary particle formation [62]. As we conducted measurements at the roadside, the PM1/PM2.5 ratio implied that PM1 mainly originated from internal combustion vehicles rather than the formation of secondary particles. This emphasized the importance of controlling these vehicles.




3.4. Changes of Vehicles in Our Case Studies’ Road Network


Observed hourly traffic volumes, both during the working day and on the weekend, on different road types (33 road segments in total) are averaged into daily mean values representing current traffic flows of the base case (BC), as presented in Figure 8. The switching of traffic activities from the cultural tourism road to the main road for S1 and S2 is also included. In BC, there were 44,903 vehicles daily on the cultural tourism route, slightly more than those on the main road, which had 42,187 vehicles. In S1, vehicles were assumed to be banned from driving on the cultural tourism route. Therefore, they were combined with those from the main road, resulting in an increased daily number of vehicles to 87,065. Traffic congestion, as well as high emissions of PM1 due to road traffic, can be expected on the main road. In S2, the number of vehicles on the main road was assumed to decrease due to the mitigation measures, discussed later. Note that traffic activities on both the road connected to the highway and the secondary road were assumed to remain the same in all cases. In addition, note that the traffic activities in Figure 8 were previously allocated to the road segments, then multiplied by the corresponding PM1 vehicle emission factors and incorporated in the R-LINE model to simulate changes in PM1 concentration. The results are described later, in Section 3.5.




3.5. Spatial Distribution of PM1 in the Case Studies


The simulations of PM1 in BC, S1, and S2 are illustrated in Figure 9. Overall, they were consistent with the results of previous studies [34,67], showing high levels of traffic-induced fine PM pollution at roadsides, which rapidly decrease with increasing distance from roads. The fine PM contributed by road traffic can be heavily influenced by curbside traffic. A previous study involving a micro-scale PM simulation in an Asian community found that curbside traffic can contribute up to 40% of fine PM during rush hour [53]. The greatest PM1 concentration was observed for the road connecting to the highway (the blue line in Figure 9). This was due to the large numbers of vehicles driven by residents and visitors, as seen in Figure 9 at point 1. Note that we added a PM1 background concentration of 9.23 µg m−3, derived from the methodology mentioned earlier, to the model results.



In the short term, based on all of our case studies (BC, S1, and S2), policymakers can utilize the results to initiate ad hoc practical mitigation measures. For instance, high PM1 concentrations regularly appeared on the western side (the red-colored band in Figure 9). Traffic management, e.g., switching traffic lanes to enhance traffic flows on connected-to-highway roads during traffic rush hours (seen in Figure 3) is recommended. Furthermore, pedestrians should be advised to minimize their outdoor activities to prevent exposure to PM near roadsides. Providing an air pollution monitoring system with a digital display screen showing the current air quality situation in this high pollution zone is recommended.



Interestingly, the PM1 concentration along the river section was lower compared with the PM1 concentrations in other parts of the study area. One reason for this is that it was away from the road-traffic emission sources. Another reason is that it supports the city’s aeration. This agrees with a recent study [68], in which black carbon was measured along bicycle routes in Wrocław, Poland. The study’s authors found that black carbon levels near to the river were noticeably lower than the levels near other routes in their study area. Rivers and embankments provide open spaces that promote better ventilation, which can dilute air pollution. Therefore, urban developers should incorporate open spaces. This will not only help in dispersing high concentrations of air pollution but also provide recreation areas for the public, including local citizens and visitors, and potentially further promoting tourism activities such as those in Ratchaburi’s old town.



The changes in PM1 air contaminants in S1 and S2, compared to the reference BC, can be described as follows. For S1, all vehicles on the cultural tourism route (the yellow line in Figure 9) were made to drive on the main road (the green line in Figure 9); subsequently, there was an accumulation of vehicles and their emissions on the main road. Thus, elevated PM1 levels were detected near the main road, while lower levels were detected near the cultural tourism route compared to BC.



For S1, vehicles were banned from the cultural tourism route, and visitors used another route, as closely as possible to the walking route. Therefore, it was not possible to avoid an accumulation of traffic and vastly increased levels of PM1 on the main road. This would result in potentially adverse health outcomes for both the population living close to this road [69] and those traveling along footpaths [70]. In addition, this may cause the negative outcome of tourists ceasing to visit the cultural tourism route [12,71], which, in turn, affects the long-term success of car-free cultural tourism routes.



For the S2 scenario, it was assumed that none of the vehicles used to drive through the cultural tourism route would enter the study area. The overall number of vehicles and their PM1 emissions were therefore reduced. Hence, clear decreases were seen in simulated PM1 concentrations, both on the cultural tourism route and the main road. The changes in PM1 concentrations at the five observation points are compared among the BC, S1, and S2 scenarios, as shown in Figure 10.



The S2 scenario was shown to be more suitable for the cultural tourism route than the S1 scenario. Mitigating road traffic was crucial to supporting the walkability of the cultural tourism route and achieving better air quality. However, S2 was more challenging in terms of traffic planning than S1. The S2 simulation suggested further traffic reduction measures would be needed, such as providing sufficient parking sites outside the focal area of the old town and appropriate vehicles, possibly electric buses, to shuttle visitors to the destination. Fortuitously, a new double-track railroad near the walkable cultural tourism route is almost complete, providing an ideal opportunity to minimize the number of personal vehicles in the area and promote the use of mass transit. Feasibility studies of such issues were beyond the scope of our work; however, we recommend conducting future studies to investigate this issue.



The practical implications of the environmental and economic aspects of implementing a walkable cultural tourism route in Ratchaburi’s old town are beyond the scope of our study and findings; however, it is crucial that they are discussed. From an environmental perspective, it is not only air pollution but also thermal comfort that can greatly influence pedestrians’ decision to walk [16]. Well-ventilated and shaded walkways along a pedestrian street can improve connectivity and comfort for tourists. Ensuring good sanitation and good practice in waste management (reduce, reuse, and recycle) are also recommended. From an economic perspective, tourism activities can provide income for local people. Increasing cultural tourism by using the Bio-Circular-Green Economic Model (BCG), introduced by the Thai research community and promoted by the Thai government as a new economic model [72], is feasible. For instance, the community could continue creating unique products with a history that reflects the local culture of Ratchaburi. Their production should also take into account the environment and sustainability, e.g., using local renewable biological resources and bio-based materials, with minimal pollution during production. Moreover, goods and services for tourism must be reasonably priced. Marketing via online applications is also encouraged to enhance product awareness at the same time as promoting tourism activities in the area. Finally, the income generated from tourism should be reinvested to support conservation programs for both tangible and intangible cultural resources in the old town. Multilateral collaboration among stakeholders, including relevant government organizations, local communities, nongovernmental organizations, and local enterprises, will be crucial for the creation and operation of the proposed plans. This aspect should also be considered in future studies.



Our study yielded several benefits. First, we evaluated the R-LINE model to ensure the trustworthiness of the simulation results, applying the model with high spatial resolution and refined traffic activity observations. Second, we investigated PM1, a more useful tracker of traffic-induced air pollution than larger PM. Third, we demonstrated the possibility of determining the contribution of road vehicles to the reduced urban air quality, essential as PM1 is now of great concern worldwide. Finally, this work supports the development of cultural tourism to help the environment, which is a key element if sustainable development of cultural tourism is to be achieved in urban areas [3].



Our study also had some limitations. First, the R-LINE model is unable to consider the arrangement of buildings, which can potentially obstruct air flow and the dispersion of air pollutants. This impact can be considerable under low wind-speed conditions. Second, the measurements used to evaluate the model’s performance were conducted during just a single day, due to restrictions imposed during the COVID-19 pandemic. Additionally, the measurement devices were based on light scattering, which is an alternative method to the method used for the official measurements of fine PM. Lastly, our study did not consider PM1 emissions from other local sources, such as wood stoves for local streetside cooking and smoke from open air incense and joss paper burning. These are related to traditional activities in Asian communities and may become potentially important sources of emissions if visitor numbers increase.





4. Conclusions


Varying traffic activities to create a car-free cultural tourism route could affect the occurrence of PM1 emissions and contribute to reduced air pollution in Ratchaburi’s old town. We found a consistency between hourly variations in traffic activities and PM1 vehicle emissions in the old town, both on the working day and on the weekend. Our evaluation of the R-LINE model indicated its performance was acceptable to simulate PM1 levels in the study area. Our study suggested that remarkable changes in PM1 concentrations could be achieved through alterations in road traffic mitigation measures: promoting the use of a new double-track railroad near the walkable cultural tourism route; providing parking sites outside the central area of the old town; and using well-organized shuttle vehicles to transport visitors from both services to the walking street. These types of changes should be considered in future studies. We suggest that decision-makers and relevant stakeholders establish traffic management plans to sustainably develop the cultural tourism route in Ratchaburi’s old town.
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Figure 1. Location of the study area in Ratchaburi’s old town, western Thailand. 
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Figure 2. Daily numbers of vehicles recorded in the monitoring locations. 
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Figure 3. Variations in hourly traffic flow and PM1 emissions during working days (a) and on the weekend (b). 
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Figure 4. Observed vs. simulated PM1 and observed PM2.5 during the monitoring period from 08:00 to 14:00 (averaged over the five roadside locations) (a) and at the five roadside locations (averaged over the monitoring period) (b). 
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Figure 5. Observed vs. simulated hourly PM1 (SH) (a) and averaged values over the monitoring period (7 h) (AH) (b) at the five roadside locations. Note: dashed lines show the boundaries of 1:1 and a factor of 2; solid line, linear trendline; a background concentration of 5.5 µg m−3 was included in the model results. 
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Figure 6. Variations of calculated PM1 at low wind-speed (WS ≤ 0.6 m s−1) (a) and higher wind-speed (WS > 0.6 m s−1) (b) at the fixed monitoring site (Point 3 in Figure 1); solid line, linear trendline; r, Pearson correlation coefficient. 
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Figure 7. Variations in calculated PM1 at the atmospheric ventilation rate (VRATE), categorized into low wind-speed (WS ≤ 0.6 m s−1) (a) and higher wind-speed (WS > 0.6 m s−1) (b) conditions at the fixed monitoring site (around point 3 in Figure 1); solid line, linear trendline; r, Pearson correlation coefficient. The ventilation rates were estimated from the Global Forecast System (GFS), National Centers for Environmental Prediction (NCEP), USA, and provided by TMD. 
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Figure 8. Changes in the mean traffic flows for the BC, S1, and S2 simulations at the different road types, with a total of 33 segments. (The locations of the roads in the study area are shown in Figure 1, with the colors of the bars in this figure being the same as the road line colors.) 
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Figure 9. Daily PM1 concentrations attributable to on-road vehicle sources in BC, S1, and S2. 
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Figure 10. Differences in simulated daily PM1 levels in the BC, S1, and S2 scenarios at the observation sites. (Figures with a minus sign indicate percentage reductions in PM1 compared to the BC values.) 
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Table 1. Locations and dates when vehicles were counted.
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	Location
	Coordinates
	Characteristics
	Monitoring Date





	Point 1
	47P 589142 1496921
	T-junction, 11.8 m in width,

the main entrance to Ratchaburi’s old town on the eastern side. High traffic flows due to connecting to a highway.
	14 October 2021



	Point 2
	47P 588413 1497270
	T-junction, 7.5 m in width,

the minor entrance to the old town on the western side.
	28 October 2021



	Point 3
	47P 588720 1496981
	Crossroad, 16.1 m in width,

the main entrance to the middle part of the old town.
	4–5 and 13–14

November 2021



	Point 4
	47P 588949 1497045
	T-junction, 9.1 m in width,

the middle part of the walking street. Adjoined to tourist attractions, e.g., old markets and the river embarkment.
	11 November 2021



	Point 5
	47P 588539 1497011
	T-junction, 9.9 m in width,

a minor road located in the residential area of the old town.
	20 October 2021










 





Table 2. Emission factors of PM1 (g vehicle−1 km−1) used in the current study.






Table 2. Emission factors of PM1 (g vehicle−1 km−1) used in the current study.





	
Vehicle Category

	
Fuel

	
PM1






	
Motorcycle (MC)

	
Gasoline

	
0.09608 b




	
Passenger car (PC)

	
Gasoline

	
0.02312 a




	
Diesel

	
0.20325 a




	
LPG

	
0.01301 b




	
CNG

	
0.01235 b




	
Light-duty vehicle (LDV)

	
Gasoline

	
0.01156 a




	
Diesel

	
0.10162 a




	
CNG

	
0.01125 b




	
Heavy-duty vehicle (HDV)

	
Diesel

	
0.67150 a




	
CNG

	
0.02250 b








a Adopted from databases reported by Kupiainen and Klimont (2004) [38]; b assumed to be equivalent to PM2.5 emission factors reported by the European Environment Agency (EEA) (2019) [39]. CNG, compressed natural gas; LPG, liquified petroleum gas.













 





Table 3. PM1 concentrations observed in the current study and in other studies.
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Location

	
Source

	
PM1

(µg m−3) *

	
PM1/PM2.5 Ratio

	
Monitoring Period

	
Temporal

Basis






	
Thailand (Ratchaburi old town/roadside)

	
This study

	
8.7 ± 0.8 a

(7.8–9.7)

	
0.69

	
18 May 2022 (08:00–15:00, 7 h in total)

	
7 h

average




	
8.8 ± 0.7 b

(8.2–10.1)

	
NA




	
Italy

(Venice)

	
[21]

	
34 ± 24 a

(winter)

6.4 ± 2.2 a

(summer)

	
NA

	
December 2013–February 2014 (winter)

May–July 2014 (summer)

	
Seasonal average




	
Algeria

(Algiers/roadside)

	
[59]

	
5.93–46.08 a

	
0.55

	
1 January–

30 September 2015

	
Daily average




	
China

(Hong Kong/roadside)

	
[60]

	
26.1 ± 0.7 a

	
NA

	
2 November–

13 December 2017

	
Daily average




	
China

(Taichung, Taiwan)

	
[61]

	
11.05 ± 5.03 a

(3.96–23.32)

	
0.73

	
15–22 April

14–23 May 2021

	
Daily average




	
China

(73 cities across the entire mainland)

	
[62]

	
4.8–84.0 a

	
0.75–0.88

	
1 November 2013–

31 December 2014

	
Daily average




	
Europe

(12 cities)

	
[63]

	
12.2 ± 9.3 a

	
NA

	
October 2015–April 2019

	
Average of different periods in each city




	
Austria

(Graz)

	
[64]

	
20 ± 11.9 a

(winter)

14.1 ± 6.5 a

(summer)

	
0.78

(winter)

0.91

(summer)

	
October 2000–March 2001 (winter)

April–September 2001

(summer)

	
Seasonal average




	
Turkey

(Istanbul)

	
[65]

	
22.1 ± 6.4 a

(7.6–30.2)

	
0.55

	
11 December 2009–9 April 2010

	
Daily average




	
India

(Varanasi)

	
[66]

	
89.9 ± 44.4 a

	
0.84

	
April 2019–March 2020

	
Over the monitoring period








* Average value (single number); average value ± standard deviation; minimum value–maximum value; a monitoring results; b modeling results; NA, not available.
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