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Abstract

:

The regularly reported associations between particulate matter (PM) exposure, and morbidity and mortality due to respiratory, cardiovascular, cancer, and metabolic diseases have led to the reduction in recommended outdoor PM10 and PM2.5 exposure limits. However, indoor PM10 and PM2.5 concentrations in subway systems in many cities are often higher than outdoor concentrations. The effects of these exposures on subway workers and passengers are not well known, mainly because of the challenges in exposure assessment and the lack of longitudinal studies combining comprehensive exposure and health surveillance. To fulfill this gap, we made an inventory of the PM measurement campaigns conducted in the Parisian subway since 2004. We identified 5856 PM2.5 and 18,148 PM10 results from both personal and stationary air sample measurements that we centralized in a database along with contextual information of each measurement. This database has extensive coverage of the subway network and will enable descriptive and analytical studies of indoor PM exposure in the Parisian subway and its potential effects on human health.
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1. Introduction


Particulate matter (PM) refers to particles, either solid or liquid, suspended in the air with sizes ranging from 2.5 to 100 µm. The span of the diameter for PM2.5 is less than or equal to 2.5 µm while that of PM10 is less than or equal to 10 µm. Within electric subways, particulate matter is produced by three primary sources through the process of abrasion between the wheel-rail, wheel-brake, and the rolling stock with the power supply system [1]. Numerous studies revealed that PM mass concentrations in subways are often higher than outdoor PM concentrations. This has been observed in the subways of London [2,3], Rome [4], Lisbon [5], Shanghai [6], Seoul [7], and Paris [8]. Studies of subway PM concentrations allowed identifying several concentration determinants, including ventilation rate [9], railway rolling stock [10], presence of platform screen doors [11], railway depth [12], station passenger traffic [10], local ambient air [13], train frequency [14], and others. It was also reported that subway PMs have different physical and chemical properties compared to outdoor PMs, due to their particular shape [15], size [2], and elemental content rich in heavy metals, particularly iron [16].



It has been well established that PM exposure is associated with an increase in the incidence of inflammatory chronic diseases such as respiratory diseases [17,18], cardiovascular diseases [19,20], cancer [21], metabolic diseases such as diabetes [22], and also with mortality [23]. The metallic components of PM appear to play an important role in oxidative stress induction and the resulting inflammatory process. Oxidative stress and inflammation are considered the key elements in the pathogenesis of several chronic diseases, particularly those related to PM exposure [24,25]. PM size also plays an important role in pathogenesis, since fine particles, such as PM2.5 and ultrafine particles (UFPs, i.e., particles with an average aerodynamic diameter smaller than 0.1 µm) are more likely to reach distal airways and lung alveoli and translocate into the bloodstream [26,27,28]. The greater adverse health effects of UFPs compared to those of PMs that have been demonstrated in different studies [29] might also be explained in part by the large surface area (at the same volume) in contact with pulmonary alveoli [26,30]. Given the evidence of the adverse health effects of PM exposure [31,32], the World Health Organization (WHO) revised its recommended air quality guidelines (AQG) in 2021 and reduced the AQC levels for both PM2.5 and PM10. Today, the WHO recommended annual mean AQG level for PM10 and PM2.5 is set to 15 µg/m3 and 5 µg/m3 while the recommended daily mean (24 h) is set to 45 µg/m3 and 15 µg/m3, respectively [33]. It is worth mentioning that in its assessment, the WHO considered the exposure through ambient air, which encompasses the exposure in both outdoor and indoor environments. Therefore, the application of the WHO’s AQGs, which have been established for ambient PM, cannot be directly relevant for subway PM exposure.



Despite the accumulating knowledge on the adverse health effects of ambient PM, studies on subway PM exposure remain rare [34,35,36,37,38]. Moreover, none of the existing studies have considered long-term exposure (i.e., longer than two weeks), to enable prospective or retrospective exposure assessment, which is necessary in epidemiology. This situation precludes any conclusion regarding the long-term effects of occupational exposure to PM on subway workers’ health [39].



In France, occupational exposure to chemicals is regulated by the French labor law. In this regulation, insoluble or poorly soluble particles in the size range of PM are considered as dusts without specific effect (i.e., dusts that do not present any effect other than those resulting from the consequences of pulmonary overload, in the absence of having been able to demonstrate a specific effect) [40]. For these dusts, two occupational exposure limits (OELs) will take effect on 1 January 2023. The OEL for the alveolar deposition fraction of dusts, assessed over an eight-hour period, is set at 0.9 mg/m3, and that of total deposition fraction or total dusts is set at 4 mg/m3 for (article R-4222-10 of the French labor law). However, the obligation to monitor occupational exposure to PM only applies to settings where specific pollution is generated. As such, in the Parisian subway network (14 metro lines and two intercity lines, all powered by electricity), the regulation applies differently across various jobs. For the three jobs that constitute the majority of the underground workforce of 15,000 individuals (i.e., locomotive operators, security guards, and station agents), there is no regulation in place toward occupational exposure. Despite this, several exposure measurement campaigns including PM measurement have been conducted. The first, very exploratory, measurements started in the late 1990s. However, a more systematic methodology was established and implemented in 2004, subsequent to a research project on subway air quality.



Our objective was to conduct an inventory of the historical PM measurements conducted in the Parisian subway network since 2004, and to create a database of measured PM2.5 and PM10 concentrations along with contextual information of each measurement.




2. Materials and Methods


2.1. PM Measurements Conducted in the Parisian Subway


PM measurements have been usually conducted within the company in two ways: stationary (using fixed samplers) or personal (using portable samplers positioned within proximity to the worker). The department housing the air quality section is solely responsible for the monitoring of stationary PM concentrations. In contrast, personal measurements are usually commanded either by the department housing the occupational health section (at the mandate of occupational physicians) or by departments specific to each profession. Departments have the flexibility in commanding measurement campaigns either by mandating the company-affiliated laboratory specialized in physicochemical measurement, or by mandating other laboratories external to the company, certified for physicochemical measurements.




2.2. Identification of Available PM Measurement Data


We contacted all the departments susceptible to have commanded PM measurements and scheduled two meetings in order to identify all existing PM measurement campaigns and their data. The first meeting aimed to formally inform them about the study and to set the data identification and collection procedure. This meeting was held in the presence of two occupational physicians from the health service, hygienists from all departments, as well as with officials of the company-affiliated laboratory. The second meeting was held individually with each department in the presence of the department head and hygienists and aimed to review all exposure measurement campaigns conducted by external laboratories and to identify those where PM concentrations have been measured.



The company-affiliated laboratory provided the identified data either through an online company data repository or in paper format (i.e., for the reports prior to 2008). In fact, PM measurement results were recorded in the campaign reports, which were cataloged and kept for a minimum of ten years.



After identifying and reviewing all available reports of PM measurement campaigns conducted in the subway network, we excluded those conducted due to exceptional requests, such as the observation of a dust cloud, or measurements other than PM2.5 and PM10. All other reports were used for quantitative and contextual data extraction.




2.3. Analytical Methods Considered


The PM mass concentration measurements at the Parisian subway network were conducted using three different methods and devices (Figure 1).



The gravimetric method represents the reference method on which PM regulations in both the United States (US) and the European Union (EU) are based [42,43]. Its working principle consists of weighting PM left on the sampler’s filter. The samplers’ pump collects PM by sucking air through a pre-weighed Teflon filter (pump flow rate: 4 L/min) that is re-weighted under controlled conditions to determine the quantity of PM accumulated on it. The PM mass concentration is then estimated using sample volume measurements, and converted into occupational exposure based on an 8 h shift, i.e., the 8-h time-weighted average (TWA) exposure [44].



The DustTrack is a real-time optical device that operates by light scattering using a laser diode. The generated signal is converted into a voltage that is proportionate to the PM mass concentration of the sample [45]. This device (model: DRX, brand: TSI), used to conduct the measurements, was intended for hierarchical comparison of recorded PM concentrations between stations and, on a larger scale, between subway lines.



The Tapered Element Oscillating Microbalance (TEOM) is another direct-reading instrument widely used at the company. In this device (model: 1400; brand: Thermo Scientific), PM of a specific size range is pumped through a tube, and the difference in magnitude detected on the filter’s frequency induced by the collection of particles is translated into particle mass [46]. This device is validated by the French accreditation committee (COFRAC) and provides average concentrations over a period of 15 min for PM2.5 and PM10.




2.4. Construction of a PM Database


The relevant contextual measurement data, as well as the measured PM concentration values were extracted from the reports using an ad hoc developed data extraction form to feed a database, that is structured in a similar way to the ExpoSYN [47]. The ExpoSYN database contains quantitative data on occupational exposure to five major lung carcinogens and has been used to develop a job-exposure matrix SYN-JEM [48] enabling retrospective quantitative exposure in epidemiological studies. Table 1 describes the content of our database and the data format. Besides numeric values of PM concentrations, about 30 contextual variables characterizing each recorded PM measurement were documented. These data will later be used in a statistical analysis of subway PM exposure and its determinants [49].



Within this database, mass concentrations were distinguished between the analytical methods and also, between raw measured values and 8 h TWA values, which were assessed using the gravimetric method. The jobs and workplace locations were also systematically extracted.



2.4.1. Definition of Jobs


Jobs were defined according to the worker’s occupation, workplace location, and tasks performed. There are three main occupations in the underground subway network (i.e., locomotive operators, security guards, and station agents). Among station agents, we distinguished those with a fixed workplace (at the ticket counter desk at a subway station) and mobile station agents. Moreover, station agents are assigned within each line to a geographic sector (i.e., East, West, North, and South) covering a certain portion of stations. The security service of the company, employing security guards, is divided into five geographical zones (GZ). The city of Paris is covered by the GZ1, while the other four zones cover the suburbs of Paris. Since the work-assignment logic is different for each job, two additional variables were created to specify the station agents’ sector and the security guard’s geographical zone. All locomotive operators are assigned to a specific subway line with the exception of a small number of reserve locomotive operators who can operate on several lines.




2.4.2. Missing Data


The missing data were classified into three modalities: 1. “no relevance” (i.e., data not documented), for example, for a job variable in case of stationary measurements; 2. “no measurement” (i.e., data not measured), for example, in case of renovation work at the station; and 3. “no data” (i.e., data absent despite its measurement, for example, in case of the non-respect of the analytical protocol or due to a dysfunction of the measuring instrument.





2.5. Statistical Analysis


Statistical analysis consisted of descriptive estimates of the PM concentrations stratified by type of measurement campaign and by type of measurement method. Analysis was conducted separately for PM2.5 and PM10. Whenever possible we estimated monthly and annual average concentrations by aggregating data from the same measurement method. Furthermore, to explore the usefulness of this database for monitoring temporal and spatial variation in PM concentrations, we summarized and visualized the data using box plots. All analyses were conducted using STATA (version 16) statistical software.





3. Results


3.1. Stationary Measurement Campaigns


Two types of stationary measurement campaigns were identified (Table 2). The first type records measurements once in a while, and is referred to as occasional measurements throughout this article. The second type records the measurement results repeatedly, and will be referred to as continuous measurements.



In terms of occasional measurements, two campaigns were conducted in order to map PM concentrations over the subway network. The measurements were conducted on train platforms using the DustTrak device, and average concentrations were estimated based on the measurement duration. The first of the two occasional mapping campaigns of stationary PM measurements was conducted in 2014 (January) on lines 1 and 9. The measurements lasted for 15 min on platforms in both directions between 7:00 a.m. and 9:00 a.m. (i.e., 30 min per station). The second campaign of stationary PM measurements was conducted in 2016 (between June and December) on all stations of the subway, comprising 14 subway lines and two intercity lines, namely, RER A and RER B. The RER lines (regional express network, from Réseau Express Regional (RER) in French) operate less frequently but are faster and cover regions outside the city, compared to regular subway lines. The measurements lasted for 30 min on platforms in a single direction between 7:30 a.m. and 9:30 a.m. Exceptionally, when platforms were not facing one another, measurements were taken for both directions. It should be noted that measurements were not conducted at uncovered aerial stations that constitute (over the total number of stations) a proportion equal to or less than 10% on all lines. The only exceptions are line 2 and line RER B, which have 16% and 84% of uncovered aerial stations, respectively. DustTrack measurements are carefully controlled through systematic calibration to zero, before each usage, of the device in a particle-free environment (environment supplied with the device). Moreover, the company-affiliated laboratory in charge of PM measurements manages to annually send each DustTrack device to a metrology laboratory to ensure the full calibration. Data measurements are also controlled through the validation of an expert physical–chemical engineer at the laboratory. Each significant change in concentration must be interpreted with regard to the context of the measurements. In the absence of explaining factors, these data are considered aberrant and invalid. Nevertheless, this is seldom the case, and we have no invalidated measurements in the database.



In terms of continuous measurements, in 1997, the company decided to set up an underground air quality monitoring program, named “Squales”. This program aimed to monitor trends at two subway stations “Chatelet” on line 4 and “Franklin Roosevelt” on line 1 and at three intercity train stations on the RER A line: “Chatelet les Halles”, “Auber”, and “Nation” of the same direction, namely, Boissy-Saint-Leger (Figure 2). Measurements within this monitoring program have also been conducted on other stations but discontinuously (over several months or years, Table 2). Squales measurements were conducted using TEOM devices (Figure 1 and Figure 2), such devices are certified by the French accreditation committee (COFRAC); they must be calibrated on a regular basis to comply with the standards. Since 2004, the measurement results were provided in monthly reports by the company-affiliated laboratory, although in varying levels of detail. Some reports contained daily average concentrations over 24 h, as well as monthly average concentrations, while others only included monthly average concentrations. PM10 concentrations were measured at all stations, as opposed to PM2.5 concentrations, which were taken at five among the nine stations that were subjected to measurements within the Squales monitoring program. Incidentally, within the stations that record PM2.5 concentrations, measurements are discontinuous for certain periods. Additional measurements obtained during the operational hours of the subway (i.e., between 5:30 a.m. and 1:30 a.m.) for both PM2.5 and PM10 were included in the reports during certain periods. Furthermore, Squales measurements do lack data for certain months/years in some stations for different reasons but mostly due to periods of renovation when measurements have ceased.




3.2. Personal Measurement Campaigns


Three personal measurement campaigns have been identified (Table 2). All estimated an 8-h time-weighted average (TWA) exposure using the gravimetric method. The campaign conducted in 2016 was focused on locomotive operators. The 2017 campaign was focused on security guards, while in 2019, three types of subway jobs were monitored: locomotive operators, security guards, and station agents.



In the campaign conducted in 2016, measurements were conducted on a single day for each subway and intercity line for locomotive operators on active duty during their morning shift (from November to December). In addition, three locomotive operators were monitored using the gravimetric method, while one of them was monitored by the DustTrak at the same time. The DustTrak measurements were taken at the start of the shift, but they were shorter due to the device’s reliance on battery life, which only lasts around four hours.



In the 2017 campaign, measurements were conducted during a three-day period on one security guard team for each of the three geographic zones (GZ1-Paris, GZ 2-La Defense, and GZ 3-Bobigny), while on active duty during their afternoon shift (in January and February). Every security team was monitored by the gravimetric method and the DustTrak on a daily basis. The gravimetric measurements were recorded over the work shift, while the DustTrak measurements were shorter.



In the campaign conducted in October and November 2019, which corresponds to a pilot study conducted as part of a research project ROBoCoP, measurements were only conducted using the gravimetric method every day for two weeks of active duty for each of the three jobs (i.e., station agents, locomotive operators, and security guards [50,51]. Two measurements were conducted on station agents during their afternoon shift on subway line 7 at two distinct stations: one at the information desk with two fixed station agents and another one on a mobile station agent. One series of measurements operated every day in turn on one of the three locomotive operators during their morning shift. Finally, the third series of measurements operated every day on a security team from the Paris GZ, during their afternoon shift.




3.3. Database Measurements Content


In total, 372 measurement campaign reports were identified and checked for eligibility by the work group. Five reports were excluded. A total of 18,148 PM10 and 5856 PM2.5 measurements recorded between January 2004 and November 2020 were compiled in the database. For PM10 measurements: the Squales-monitoring program accounted for 96.3% (N = 17,475 including 17,106 records of daily average concentrations and 369 records of monthly average concentrations) of the recorded measurements (24 h or during the operational hours of the subway, i.e., 5:30 a.m.–1:30 a.m.); occasional mapping campaigns for 3.1% (N = 563). Personal measurement campaigns accounted for only 0.6% (N = 112). For PM2.5, these proportions were 88.4% (N = 5179 including 5062 records of daily average concentrations and 117 records of monthly average concentrations), 9.6% (N = 563), and 1.9% (N = 114), respectively (Table 2). Among the missing data in PM10 measurement records, the number of “no data” accounted for 5.7% (N = 866) in the Squales-monitoring program and 6.2% (N = 9) in personal measurement campaigns, while there were no missing data in the occasional mapping campaigns. For PM2.5 measurements, these proportions were 6.9% (N = 382) in the Squales-monitoring program and 4.9% (N = 7) in personal measurement campaigns, while there were no missing data in the occasional mapping campaigns.



Figure 3 presents the annual distributions of PM10 and PM2.5 concentrations measured on the Auber platform of the RER A intercity line (direction: Boissy Saint Leger) from 2010 to 2018 within the Squales-monitoring program (using TEOM). For both types of PM, we observed a large variation in monthly average concentration in 2010, 2013, and 2015. While annual average concentration did not change much between 2010 and 2018 (PM10 concentrations decreased from 170 to 130 µg/m3, while PM2.5 concentrations decreased from around 70 to 55 µg/m3), there was a marked decrease in PM exposure between 2013 and 2017 in both PM2.5 and PM10. For both particle sizes, this corresponds to a reduction of approximately 25%. The drop in PM concentration initiated in 2014 coincides with the change in rolling stock, with MS61 (suburban equipment built in 1961) being replaced by MI09 (Intercity equipment bought in 2009).



Despite some fluctuations, the PM10 concentrations recorded at different stations of the Squales network (three stations belonging to the RERA line: Nation, Auber, and Chatelet les Halles noted as “ChateletLH” on the graph; and two other stations Franklin Roosevelt and Chatelet belonging to line 1 and 4, respectively) show a general decrease since 2017 (Figure 4). It is worth noting that the decreasing slope was of the same order of magnitude for the four stations concerned by this between 2017 and 2020. The only exception is the Auber station, for which we only had data from 2016 to 2018.



To illustrate the spatial distribution of PM concentrations over the network, we used the measurements recorded by DustTrack, and presented the average concentrations. In Figure 5, we presented the distributions of PM2.5 and PM10 concentrations recorded in the 2016 mapping campaign at three subway lines (line 1; line 2; and line 6). We chose these three lines as they cover different geographical areas and serve emblematic monuments within the French capital. On the one hand, we observe a proportionality of PM2.5 and PM10 concentrations between the three lines that were the subject of the graphical representation (line 1; line 2; and line 6). The median of the concentrations of line 1 is slightly higher than that of line 2, which is itself much higher than that of line 6. On the other hand, we can observe that the intra-line distribution of PM2.5 and PM10 (represented by the width of the box) is similar for each of the three lines mentioned. The levels of these PM2.5 and PM10 concentrations present more heterogeneity for line 2 than for line 1, while line 6 seems relatively homogeneous. The analysis of contextual information along with data on exposure determinants, such as topography, ventilation, and architecture of the different stations on the same line, will be helpful to better understand these figures and results.





4. Discussion


4.1. Strengths and Limitations of the Database


The constructed database is divided into three types of measurements, i.e., personal measurements, occasional mapping measurements, and continuous measurements conducted on a few stations of the Parisian subway network. Among these data, stationary measurements comprise the vast majority of results. According to Borghi et al., all types of measurements should be used to obtain the most accurate retrospective exposure assessment [52].



The personal measurements, on the downside, are rare but, on the upside, they were recorded in realistic working conditions while having the added advantage of using the standard gravimetric technique. Furthermore, the campaign conducted in 2019 on the three types of jobs was conducted over a relatively long period of two weeks, which should serve as a reflection of regular professional activity. These measurements should be used as a starting point to assess occupational exposure, as suggested in the literature [53].



The stationary mapping campaign measurements were conducted by the DustTrack device occasionally: however, on the upside, the mapping campaign maintained a high coverage of the underground subway. The measurements operationalized using devices such as the DustTrack, often lacked accuracy. Therefore, recommendations related to calibration must be followed in order to undertake comparisons of these recorded measurements with personal measurements and Squales measurement campaigns using the gravimetric technique and TEOM [54].



Finally, the stationary measurements within the Squales-monitoring program were conducted on the subway network at a few selected stations; however, these measurements were conducted over for more than a decade using the TEOM device, which is validated and certified in France. These measurements will be analyzed as a function of a certain number of potential determinants for PM concentrations and will assist in the modeling of temporal trends.



The combination of measurements and subsequently the strengths identified in each campaign will compensate for their limitations and will serve for assessing PM exposure retrospectively. In fact, by containing more than a decade of measurements, this database represents the longest documentation period for PM measurements in subway environments found in the literature.



Indeed, the combined use of different types of data will require rigorous processing of the raw data, including between-method calibration, time standardization, and application of appropriate conversion equations to render them comparable. This work should be conducted as a next step, prior to a comprehensive statistical analysis of PM exposure and its potential determinants. The absence of data prior to 2004 is the main limitation of the current study and resulting database. This limitation can hardly be managed in the future, as PM exposure monitoring in subways is still not compulsory in many countries.



Since the presence of ultrafine particles (UFPs) in subway networks was pointed out as a concern, it seems suitable in the future to include UFP concentrations in our database as well. As for the time being, UFPs are not subject to any regulation, and their measurements in the Parisian subway are still exceptional [55,56,57]. Moreover, details on the chemical composition of PMs, especially their heavy metal content, which plays a role in the biological inflammation caused by these pollutants [24,25], would be important to assess in the future.




4.2. Relevance of the Database for Monitoring PM Exposure and Investigating Its Origins


The elaborated database will be used to analyze PM exposure by comparing concentrations recorded in different locations within the Parisian subway network and beyond. This will provide a better understanding of the exposure levels to which both the agents working in this environment and the millions of subway passengers, who use it on a regular basis, are exposed. For example, using the data for Auber station in 2018, we clearly see that PM concentrations in the subway are much higher than outdoor concentrations in Paris and its suburbs. At Auber station, the annual average concentration was nearly 130 µg/m3, while that recorded by the 10 outdoor air monitoring stations (near the main road axes) using the same analytical method (TEOM) ranged from 22 to 42 µg/m3. These data suggest that the PM present in the subway has, for the most part, an internal origin. Since all these concentrations massively exceed the recently updated WHO AQGs (i.e., 5 µg/m3 for PM2.5 and 15 µg/m3 for PM10), monitoring and recording of this exposure for epidemiological study purposes is important



This database will also be used to carry out further analysis on PM concentrations in relation to a variety of potential determinants, similar to what was conducted on the effects of changing parameters in the subway system (e.g., the rolling stock) on PM2.5 concentrations recorded between 2011 and 2018, in the subway of Toronto [58]. Several parameters have been identified in the literature as potential determinants of PM exposure. Among these parameters, we are currently collecting data on the depth of the rails (distance from the surface above ground), the type of railway rolling stock, the passenger frequency at the station, the number of transitory lines at the station, the presence (or absence) of platform screen doors, the number of fans operating in the station, the station design (underground; semi-underground; aerial), the train frequency, and the season. In order to identify the determinants of PM concentrations in the Parisian subway, we intend to conduct analyses on the effect of these parameters on PM concentrations using statistical modeling. This will allow us to have a better understanding of the variability of PM concentration levels across the Parisian subway network. Moreover, this could subsequently facilitate the implementation of exposure control interventions in the subway network (e.g., installation of platform screen doors) and assessment of their effectiveness.




4.3. Relevance of the Database for Retrospective Exposure Assessment


The elaborated database will enable the construction of a job–exposure matrix (JEM) for subway workers and use it in epidemiological studies. JEMs are an efficient tool widely used in occupational epidemiology in order to classify job titles based on the knowledge of exposure while this job or a particular task is performed [59]. The JEM that will be developed could become a valuable tool for retrospective exposure assessment as well as being the first JEM for PM exposure in the subway environment. As we collected a large volume of quantitative results of PM measurements within the database, the combined use of these data, after appropriate calibration, will allow the construction of a quantitative JEM. Thanks to the contextual information available in the database, this future JEM will have three dimensions: the job, the work-assignment site, and the calendar period.



Quantitative JEMs, unlike qualitative or semi-quantitative JEMs, allow the quantitative assessment of occupational exposure to be performed retrospectively. This feature is highly valuable in epidemiological studies aimed to investigate exposure–response relationships. Indeed, any inaccuracy in the exposure assessment might have a significant impact on the findings in terms of relationships between exposure and its health effects [60]. The future JEM for subway PM exposure could then be used to estimate workers’ cumulative exposure based on their occupational history, which is retraced based on human resources data in the EDGAR cohort of 45,000 subway employees dating back to 1 January 1980 [61].



Consequently, our database offers a great opportunity to develop a JEM for PM exposure in the Parisian subway and use it for investigating their relationship with health impairments in the cohort of Parisian subway workers. This would expand the scientific understanding of the health effects of long-term exposure to PM in subway environments, which is presently lacking in the international literature. It should be noted that there are already several instances of quantitative JEMs on air pollutants in the literature [48,62,63,64,65], including one on PM2.5 and total PM [63].



Further work will be included in the development of the JEM. The time interval that should define the step of the period variable constituting the JEM, based on relatively homogenous concentration levels [60], will be defined later through the time trends statistical modeling that will be applied to the Squales-monitoring program measurements. Furthermore, the JEM will be constructed concurrently with incorporating the expertise of hygienists and occupational physicians, who may contribute their knowledge from the field of PM exposure determinants [66].





5. Conclusions


We made an exhaustive inventory of the PM10 and PM2.5 measurement records available since 2004. Overall, 24,004 quantitative records of PM concentrations were centralized in a database along with contextual data on exposure measurement campaigns, which permits to inform occupational and environmental PM exposure in the Parisian subway over the last 16 years. The data show that PM concentrations have declined over the last five years. However, the current PM exposure is still higher than the WHO air quality guidelines. The database constructed in this study will be used along with contextual data to examine the exposure determinants in order to identify those that enable a reduction in PM exposure (e.g., platform screen doors and ventilation). The data will be also used for constructing a job–exposure matrix for PM in the Parisian subway, as part of a retrospective occupational exposure assessment in the frame of an epidemiological study of subway workers.
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Figure 1. Devices used in PM measurement campaigns conducted within the Parisian underground subway: Left: Gravimetric method equipment [41]; Middle: TEOM (model: 1400; brand: Thermo Scientific); Right: DustTrack (model: DRX; brand: TSI). 
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Figure 2. One station on the intercity line RER A of the Parisian subway network chosen to illustrate the PM monitoring measurements: (a) Map of the Parisian subway network. (b) Map of the RER A intercity line. (c) Cabinet dedicated for PM measurements (right figure) on the Auber station platform (left figure). 
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Figure 3. PM mass concentration monitored at “Auber” station of the Parisian subway network (using TEOM device): (a) PM10 mass concentration. (b) PM2.5 mass concentration. 






Figure 3. PM mass concentration monitored at “Auber” station of the Parisian subway network (using TEOM device): (a) PM10 mass concentration. (b) PM2.5 mass concentration.



[image: Atmosphere 13 01061 g003]







[image: Atmosphere 13 01061 g004 550] 





Figure 4. Geometrical means and confidence intervals of the PM10 mass concentration monitored on five stations of the Parisian subway network over the five last years of the data collection (using TEOM). On the Y-axis: Yearly average (95% CI) of monthly stationary PM10 measurements (µg/m3) since 2016 according to five underground stations. 
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Figure 5. PM mass concentrations monitored in underground stations of three metro lines (l.1; l.2; l.6) deserving emblematic monuments within the French capital (using DustTrack device): (a) PM10 mass concentration. (b) PM2.5 mass concentration. 
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Table 1. Variables included in the Subway-PM database.






Table 1. Variables included in the Subway-PM database.











	Type of Informations
	Variables
	Label
	Format





	General
	Report_ID
	Report of measurement campaign
	Alphanumeric



	
	Report_Date
	Date of final report
	DD-MM-YYYY



	
	Commander
	Department ordering measurements
	Text



	
	Executor
	Laboratory executing samplings and analyses
	Text



	
	Worker_ID
	Reference characterizing the worker
	Text



	
	Sample_ID
	Reference characterizing the sample
	Text



	
	Subway_line
	Train line
	Number



	
	Subway_station
	Train station
	Text



	
	Rolling_stock
	Rolling stock type operating on the train line
	Alphanumeric



	
	Subway_frequency
	Train frequency
	Number



	
	Fans_number
	Number of operating fans in the train station
	Number



	
	Subway_setting
	Underground or Above ground or Hybrid
	Text



	Job_characteristics
	Job
	Station agent or Security guard or Locomotive operators
	Text



	
	SA_sector
	Station agent’s assigned workplace sector
	Text



	
	SG_Sector
	Security guard’s assigned workplace sector
	Number



	
	LEV
	Presence of local exhaust ventilation at workplace
	Yes/No



	Measurement
	Sample_date
	Date of the measurement
	DD-MM-YYYY



	
	Weekday
	Day of the week
	Text



	
	Sample_duration
	Duration of samplings
	Number



	
	Sample_dur_unit
	Min or Hour or Day
	Text



	
	Sampler_Place
	Sampler location at the station
	Text



	
	Sampler_Height
	Height in meters
	Number



	
	Sample_type
	Personal or Stationary
	Text



	
	Starting_Time
	Starting time of measurement
	HH-MM



	
	Meas_conc
	Measured concentration value
	Number



	
	Meas_unit
	Measured concentration unit
	Text



	
	TWA_Conc
	Time-weighted average concentrations
	Number



	
	TWA_unit
	Adjusted TWA unit
	Text



	
	Hours_TWA
	Time duration TWA in hours
	Number



	
	Analyse_method
	TEOM or Dustrak or Gravimetric method
	Text



	
	LOQ_value
	Limit of Quantification value
	Text



	
	LOQ_cat
	Above the LOQ or Bellow LOQ or Equal
	Number



	
	LOQ_unit
	Unit of LOQ
	Text
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Table 2. Inventory of PM measurement campaigns conducted in the Parisian subway (2004–2020).
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Campaign Name

	
Type and Place of Air Sampling

	
Network Coverage

	
Calendar Period

	
Device Used

(PM Size)

	
Measurements Time Interval

	
Measurement Duration

	
Measurement

Shift

	
Reported PM Concentration

	
Number of Recorded Measurements N (%)




	
PM2.5

	
PM10






	
Squales

	
Stationary

(1 platform)

	
6 stations (l.1; l.4; l.9; 3 on RER A)

	
January 2004–November 2020

	
TEOM

(PM 10 with or without PM 2.5)

	
15 min

	
24 h/7 days

	
Continuous

	
Daily

	
2531

(43.2%)

117

(2.0%)

	
10,510

(57.9%)

369

(2.0%)




	
Monthly




	
5:30–13:30

	
Daily

	
2531

(43.2%)

–

(0%)

	
6596

(36.3%)

–

(0%)




	
Monthly




	
Mapping-2014

	
Stationary

(2 platforms)

	
l.1 and l.9 stations

	
January 2014

	
DustTrak

(PM 2.5; PM 10)

	
30 s

	
15 min

	
7:00 to 9:00

	
Average concentration on 30 min

	
122

(2.1%)

	
122

(0.7%)




	
Mapping-2016

	
Stationary

(1 platform)

	
All network lines and stations

	
June–December 2016

	
DustTrak

(PM 2.5; PM 10)

	
30 s

	
30 min

	
7:30 to 9:30

	
Average concentration on 30 min (1 platform)

	
441

(7.5%)

	
441

(2.4%)




	
Occupational exposure assessment 2016

	
Personal

(3 locomotive operators per line)

	
along all network lines

	
November–December 2016

	
Gravimetric method *

(PM 2.5; PM 10)

	
_

	
7 h workshift

	
Morning

(≃5:00 to 12:00)

	
exposure (8 h TWA)

	
47

(0.8%)

	
45

(0.2%)




	
Personal

(1 locomotive operator per line)

	
DustTrak

(PM 2.5; PM 10)

	
30 s

	
≃ 4 h

	
Average concentration on ≃4 h

	
14

(0.2%)

	
14

(0.1%)




	
Occupational exposure assessment 2017

	
Personal

(each GZ team)

	
GZ 1, 2, 3 †

	
January–February 2017, February 2018

	
Gravimetric method *

(PM 2.5; PM 10)

	
_

	
7 h work shifts

	
Afternoon

(≃12:00 to 19:00)

	
Exposure (8 h TWA)

	
8

(0.1%)

	
8

(4‰)




	
DustTrak

(PM 2.5; PM 10)

	
30 s

	
≃ 4 h

	
Average concentration on ≃4 h

	
9

(0.2%)

	
9

(5‰)




	
ROBoCoP

pilot study

2019

	
Personal

(for each station agents type)

	
2 stations of l.7 (station agents)

	
October 2019

	
Gravimetric method *

(PM 2.5; PM 10)

	
_

	
10 days work shifts

	
Afternoon

(≃12:00 to 19:00)

	
exposure (8 h TWA)

	
20

(0.3%)

	
20

(0.1%)




	
Personal

	
Along l.7 (locomotive operators)

	
October 2019

	
Gravimetric method *

(PM 2.5; PM 10)

	
_

	
9 days work shifts

	
Morning

(≃5:00 to 12:00)

	
Exposure (8 h TWA)

	
8

(0.1%)

	
8

(4‰)




	
Personal

	
GZ 1 (security guards)

	
November 2019

	
Gravimetric method *

(PM 2.5; PM 10)

	
_

	
9 days work shifts

	
Afternoon

(≃12:00 to 19:00)

	
Exposure (8 h TWA)

	
8

(0.1%)

	
8

(4‰)








*: Teflon filter and pump debit (4 L/min); †: GZ 1: Paris; GZ 2: La Défense; GZ 3: Bobigny.
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