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Abstract

:

There is a need for accurate monitoring of PM2.5 that adversely affects human health. Consequently, in addition to the monitoring performed by fixed microbalance instruments installed under legal obligation, we are proposing to deploy the Pollutrack network of mobile sensors within the city of Paris (France). The measurements are performed by mobile aerosol counters mounted on the roof of cars, providing a constant series of readings in the 0.3–10 µm size range that are then aggregated to identify areas of mass concentrations of pollution. The performance of the Pollutrack sensors has been established in ambient air in comparison with the microbalance measurement devices and with the Light Optical Aerosols Counter (LOAC) aerosol counter. A measurement uncertainty of about 5 µg. m−3 is obtained with absolute values from the Pollutrack measurements made at a given location. Instead of the current modelizations based on very few PM2.5 values, maps built from real measurements with a spatial resolution down to 100 m can now be produced each day for Paris, and potentially for specific times of the day, thanks to the high number of measurements achievable with the Pollutrack system (over 70,000 on weekdays). Interestingly, the global trend of PM2.5 content shows several significant pollution events in 2020 despite the COVID-19 crisis and the lockdown. The Pollutrack pollution maps recorded during different PM2.5 pollution conditions in the city frequently identified a strong spatial heterogeneity where the North and the East of Paris were more polluted than the west. These “hot spots” could be due to the city topology and its sensitivity to wind direction and intensity. These high-resolution maps will be crucial in creating evidence for the relevant authorities to respond appropriately to local sources of pollution and to improve the understanding of transportation of urban PM.
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1. Introduction


Atmospheric pollution by particulate matter (PM) in urban conditions is of crucial importance for human health [1,2,3]. The smallest particles can penetrate deeper in the body [4], can be found in various organs [5,6,7] and can be carcinogenic [8]. The recommendations from the WHO (World Health Organization) for PM2.5 mass concentrations are a mean annual value below 10 µg. m−3 and daily value below 25 µg. m−3 no more than 3 days per year. Such pollution adversely affects the health of more than 11 million inhabitants of the Paris region of France [9]. Following the report of the ICCT (International Council on Clean Transport) Paris had the ninth-highest percentage of deaths among major cities of the world from air pollution attributable to transportation emissions in 2015 [10].



In the following, PM2.5 refers to particles with aerodynamical diameter smaller than 2.5 µm, which could differ from the equivalent or optical diameter in case of irregular shaped particles. In urban conditions [11], these particles can be primary in nature and directly produced by various sources, but also secondary in nature, produced from chemical reactions involving sun light, ammonium, nitrous oxide and sulfur oxide, mainly attributed to anthropogenic sources (transport, heating, industries, building activities, agriculture).



The Paris region is characterized by having relatively few industries, but intense traffic circulation and also agricultural activities commence just a few tens of kms from the Paris boundaries. The Paris region urban background conditions are driven by long-distance transportation of pollutants on a regional scale, accounting for up to 70% of PM2.5 mass-concentration [12,13,14,15,16]. On the other hand, local sources of primary particles are dominated by traffic emissions and by residential heating in winter, as in many other urban environments [17,18]. In fact, the spatial distribution of particle concentrations can vary significantly depending on the dispersion of air mass driven by the urban topography and the local sources. Thus, this needs to be studied in greater detail to accurately evaluate the exposure of the population to pollution at a more local level.



The PM concentration is continuously monitored by legally obligated air quality networks which provide the mass concentrations of PM10 using microbalances or equivalent instruments at different locations. In the region known as “Ile de France” having a surface of 12.012 km2 and including the city of Paris, these measurements are conducted by Airparif [19]. It uses 13 measuring stations for PM2.5 (with only 3 entire Paris) and 24 stations for PM10. This technique provides good estimates of the presence of the largest particles but cannot provide insight on the concentrations of submicron particles that only marginally contribute to the mass. Consequently, complementary measurements providing particle number concentrations in addition to mass concentrations may be necessary to properly understand the distribution and dynamics of urban PM.



A first step towards monitoring the number concentrations using aerosol style counters has been achieved with the Light Optical Aerosols Counter (LOAC) instrument at a Paris tourist attraction known as “Ballon de Paris Generali” located in the south-west of Paris. Commencing in 2013, this instrument has provided number concentrations for 19 size classes in the 0.2–50 μm range at ground level and also during flights up to an altitude of about 300 m [20,21,22]. It also provides an indication of the typology of the particles based on their light adsorption properties. Another LOAC instrument has been used at ground level since 2017 at the SIRTA observatory, Palaiseau, south of the Paris region. Such instruments have allowed us to study some pollution events and the variation of the size distributions and concentrations depending on the origins of the pollution, but these fixed stations cannot provide information on the spatial variability of the PM number concentrations within the urban topology. Thus, there is a need for mobile measurement stations utilizing counting instruments to map the local content of PM and to study its temporal and local variability at street level. The primary aim of the Pollutrack project is to conduct such a strategy but, because of its cost, the instruments must be economically viable whilst being accurate.



In the following, we will present the instrument used for the project, evidence of its accuracy obtained during various sessions of inter-comparison with different instruments providing PM mass and number concentrations, and the main results obtained with this mobile network for 2020.




2. Concept of PM Measurements with the Mobile Pollutrack Sensors


The Pollutrack sensors are based on the principle of a small optical particle counter. The particles are injected inside an optical chamber where they cross a laser beam. The intensity of the light scattered is related to the size of the particles. The instrument provides, second by second, the number concentration of particles in the 0.3–0.5 µm, 0.5–1 µm, 1–2.5 µm, 2.5–5 µm and 5–10 µm; and then the counts are converted into mass-concentrations for the PM2.5 and PM10 using internal calibrations.



Instead of performing ambient air pollution at fixed stations as with the air quality networks, the sensors are mounted on the roof of professional vehicles (Figure 1) from 3 major partners that have fleets circulating in almost all streets of Paris and its inner suburbs (these partners are: Enedis, the national public electricity distributor; DPD group, the largest European parcel delivery service; and Marcel Cab, contributing a fleet of compact electric taxis owned by Renault). To evaluate the possible loss of sensitivity of sensors or technical failures, fixed stations with the same sensors are installed at different locations such as vehicles depots or often passed by the vehicles during the day allowing frequent quality controls.



Tests have been conducted to find the better positioning of the instrument on the roof of the car. The sensors are oriented in the opposite direction of the car motion unless of course the vehicle is reversing. The isokinetic conditions necessary for the best efficiency of the inlet system depend on the relative speed between the inlet and the wind, and on the aerodynamical size of the particles. The inlet for the Pollutrack sensors was designed to provide its best efficiency for particles of a few µm and for a relative speed of about 40 km/h. Tests have been conducted in a wind tunnel to validate the system. Consequently, the mobile Pollutrack system is mainly designed for the estimation of PM2.5 mass concentration.



In general, individual small PM sensors can be less accurate than more expensive and heavier OPC and microbalances instruments, although they can provide good indications of the PM mass concentrations [23]. A statistical approach is used by the Pollutrack sensors to increase the accuracy of the measurements. Instead of considering the results from a given instrument and following its measurements during its travel, Paris is divided in small square parcels where all the measurements produced in each parcel are averaged to provide a mean mass concentration value. The size of the parcel and the duration of integration can be chosen depending on the number of measurements and the expected accuracy; for example, 100 measurements in steady-state temporal and spatial conditions will increase the counting statistic by a factor 10 (the root mean square of 100) and therefore the accuracy of the retrieved number and mass concentrations. At present, nearly 500 cars are circulating in Paris with the Pollutrack sensors, producing over 70,000 validated measurements per weekday. This is a major step forward when compared to the 24 hourly PM2.5 data historically produced by the official PM2.5 fixed stations located in the Paris region. Obviously, such an approach assumes that no permanent bias is present in the counting, which needs to be evaluated and considered as appropriate.




3. Evaluation of Performance from Different Sessions of Inter-Comparison with Other Instruments


3.1. Reproducibility of the Sensors in Static Conditions


Laboratory tests have been conducted in a closed chamber with 10 Pollutrack sensors using Arizona sand grains in dry conditions and KCl particles in wet conditions, to produce PM2.5 mass concentrations in the 20–700 µg. m−3 and 50–150 µg. m−3 respectively. The wind speed inside the chamber was 2 m. s−1.



For the two different natures of the samples, the variability of the results from all instruments is similar and remains below 25%, which is similar to the reproducibility on the LOAC instruments [20]. This value indicates the reproducibility of the instruments and provides a starting value of uncertainty before averaging measurements coming from different sensors in same ambient air conditions.




3.2. Inter-Comparison of Fixed Pollutrack Sensors with the Fixed Counting Instrument LOAC


Sessions of inter-comparison of one Pollutrack sensor and one transportable copy of the LOAC instrument [20] have been conducted in some streets in the east of Paris. The objective was to compare the PM2.5 and PM10 mass-concentrations calculated by the software of each instrument and to evaluate the ability of Pollutrack sensors to provide useable results during snapshot measurements.



Four sessions of 40 min of measurement were conducted in 4 different locations on 23 October 2019 and 6 November 2019. Figure 2 presents the inter-comparison of the measurements from the two instruments for PM2.5 and PM10 mass-concentrations integrated each day. When combining the PM2.5 and PM10 measurements, the correlation is of 0.98, the slope of the fit is of 1.0 and the value at origin is −3.3 µg. m−3. The standard deviation between Pollutrack and LOAC measurements is about 4 µg. m−3, which potentially demonstrates a first indicator of the Pollutrack Sensor’s accuracy in static conditions.



A longer session of inter-comparison between one Pollutrack sensors and LOAC was conducted in the Park “Andre Citroën” in the south-west of Paris (48.84° N, 2.27° E), from 20 May 2020 to 31 December 2020. A LOAC device was fixed on the gondola of the tourist attraction “Ballon de Paris Generali” [22] at 1 m above ground. The measurements when the balloon was in flight were not considered here, as well as sudden concentration increases due to human activities close to the balloon such as presence of people looking at the sensor or perhaps smoking. The Pollutrack sensor was fixed in front of a building 50 m away from the balloon and at an elevation of 4 m. The measurements, available for 218 days with the Pollutrack sensor and 184 days with LOAC sensor, are averaged daily.



The comparison of the size distribution averaged over the days where both LOAC and Pollutrack data was available are presented in Figure 3. The LOAC size classes have been pinned to be as close as possible to the Pollutrack size classes. Nevertheless, due to their own particle size calibrations when the particles are irregular-shaped, some difference can occur in the concentrations retrieved for each size class. Thus, the concentrations are plotted considering the whole size range (horizontal bars in the Figure 3). Both instruments provide the same trend for the size distribution, although the Pollutrack sensor seems to underestimate the concentrations or the sizes below about 1 µm.



As stated previously, the main goal of Pollutrack is to provide the PM2.5 mass-concentrations. Accordingly, Pollutrack’s daily averaged measurements are compared to the daily averaged PM2.5 LOAC mass-concentrations and to the low-oriented PM2.5 measurements of the Airparif air quality network (Figure 4). From the 13 Airparif PM2.5 measuring stations operated in the Paris Region [19], we have chosen 4 of them that are in the south of Paris and its surrounding region, which are representative of the pollution conditions that can be encountered at the “Ballon de Paris Generali”.



During this period, the pollution level was relatively low mainly due to the COVID-19 induced reduction of overall activity and to some unstable weather conditions, except for several days at the end of November and the beginning of December 2020. All the instruments have captured the same features in terms of pollutions peaks, although some difference in absolute values sometimes occurred due to the difference of location and conditions of air sampling.



Figure 4 and Table 1 present the difference between the 3 different sets of values (the amplitude of the values is not large enough to plot a correlation that can provide significant results). The standard deviation of the difference of Pollutrack sensors with the two other sensors remains in the 4–6 µg. m−3 range (Figure 5), with no significant permanent bias (mean of the differences below 2 µg. m−3). Considering the LOAC uncertainties that are of ±20% and the TEOM microbalances like those used by the Airparif network that can suffer of uncertainties of several µg. m−3 [24], we can consider that the agreement between all these instruments is satisfactory.



The same work has been conducted for the PM10 mass concentrations (Table 2). This time we used the data from an Airparif station located at about 1 km south of the “Ballon de Paris Generali”, and closer to the local traffic. Whilst the LOAC and Airparif sensors appear to be in agreement, the Pollutrack sensor significantly underestimates the concentrations although the main peak pollution peaks are well detected. This difference could be due to the Pollutrack air sampling device purposely conceived for PM2.5 tracking, the collecting conditions not being particularly efficient for the largest particles, these particles being less relevant from a health impact perspective.




3.3. Inter-Comparison of the Mobile Sensors with a Fixed PM Monitoring Station


We consider in this part and in the following part the intercomparison between instruments at fixed stations and Pollutrack instruments that pass near the stations. Tens of different Pollutrack sensors were involved in the process. That way, the measurements uncertainty retrieved for these intercomparison processes encompasses both the reproducibility of the instruments and the measurement errors.



Among the three monitoring stations operated by Airparif that provide the PM2.5 mass concentrations inside Paris (one station) and alongside to its beltway that circles central Paris (two stations), we chose the beltway station at the east of Paris (48°50′22″ N, 2°24′46″ E) which is highly representative of traffic pollution. The inlet for this particular device is at a height of 2.9 m and the station is a few metres away from the border of the ring road.



This time, we have considered all of the Pollutrack measurements performed at less than 100 m distance from the Airparif station over the entire year of 2020. More than five sessions of measurements per day are available for 343 days (over the 366 days of 2020, or 94%) with an average of 20 sessions per day. The daily averaged Pollutrack and Airparif data demonstrate very good agreement (Figure 6); the Pollutrack sensors have detected all the main pollution events. The mean difference between the two set of data is of 2.3 µg. m−3 with a standard deviation of 5.3 µg. m−3 (Figure 7). The Pollutrack measurements are on average a little higher than the Airparif ones. In the correlation plot (Figure 8) the slope of the fit is of 0.75, and the value at origin is of 0.2 µg. m−3, with a correlation of 0.88. Reducing the Pollutrack value by 25% will reduce the mean difference to 1.7 µg. m−3 with a standard deviation of 3.7 µg. m−3, and the slope in the correlation plot will be of 1.0. This 25% difference could be partly due to the difference in the collecting conditions since the Pollutrack inlets are at a lower height (about 2 m) than for the Airparif sensors and are well inside the traffic area and thus much closer to the pollution sources.




3.4. Inter-Comparison of the Mobile Sensors with the Fixed Counting Instrument LOAC


The last inter-comparison concerns the size distributions of LOAC sensor and the mobile Pollutrack sensors obtained in a square of 1 km in diameter centered on the LOAC position at the “Ballon de Paris Generali” (Figure 9), for the 27 March 2019–26 March 2020 period. At this location, the traffic is less intense around the park “André Citroën” than for the previous study in the East part of the Paris beltway). Only the LOAC measurements available at the same time as the Pollutrack measurements are considered for comparison.



The data are averaged over this period to produce a mean size distribution profile for both Pollutrack and the LOAC sensor. Considering the size range calibration previously mentioned, the agreement between the two sets of measurements is very good (Figure 10), and better than in Figure 3. This previous intercomparison was conducted using only one Pollutrack sensor, whilst the present one uses many sensors, which statistically reduce the uncertainties. A small discrepancy remains for the larger particles, once again probably due to the inlet. In the 0.5–3 µm size range, the agreement in the measurements is very good, which is mandatory for the calculation of the PM2.5 mass-concentrations. On the other hand, the number concentration of particles below 0.5 µm are underestimated by the Pollutrack sensors.




3.5. Conclusions of the Inter-Comparisons


From the various inter-comparison exercises presented above, we can conclude that the Pollutrack sensors measure appropriately for the determination of PM2.5 mass concentrations with an uncertainty (standard deviation) of about 5 µg. m−3 or less. The inter-comparisons were conducted during different wind conditions and with vehicles that have different speeds below 70 km/h. No effect of the variability of these parameters on measurement accuracy was detected. Consequently, the relative spatial and temporal variability will be readily detected when greater than several µg. m−3. Obviously, increasing the number of measurements at a given location and in constant pollution level content will increase the accuracy of the results.



The counting inter-comparison with LOAC suggests that the Pollutrack sensors could also be used for the study of PM1 mass-concentrations and for the number concentrations of particles down to about 0.3 µm. On the other hand, the PM10 measurements can still be considered, albeit cautiously, as this is a not a real problem since the legally obligated measurements of PM10 are well performed by the microbalance stations. The smallest particles, which are the most dangerous for human health, can also be studied by other kinds of instruments including the mobile Pollutrack sensors.





4. High-Resolution Maps of Urban PM Pollution


Being able to accumulate such large number of measurements allows us to study the spatial and temporal evolution of urban PM2.5 pollution instead of using calculations based on models constrained by measurements coming from fixed and sparsely located instruments. The number of Pollutrack measurements benefits from the huge number of locations visited, with the main streets offering most of the measurements. Thus, a statistical approach must be used to find the best compromise between the spatial resolution and temporal resolution to produce pollution maps.



4.1. Trends of PM2.5 Content in 2020


As a first step to analyze the spatial variability of the PM2.5 pollution during 2020, Paris was divided in square zones of 1 km side length where the data were averaged annually. Zones of lowest and highest pollution are searched for, excluding the zones adjacent the Paris beltway where the pollution is high due to the traffic level. The lower values are found in the south-west of Paris, which encompass the Park “Andre Citroën” where the “Ballon de Paris Generali” with the LOAC instrument is installed. This could be due to the absence of major roads and to the river Seine that could act as a corridor to carry the winds. The higher values are often encountered in the north-east of Paris but remarkably there are none of the legally obligated measuring stations nor PM2.5 instruments installed at such locations.



Four locations were chosen to illustrate this spatial variability (Figure 11). Zone 1 corresponds to the lower PM2.5 levels, zone 4 corresponds to the higher PM2.5 levels, and zones 2 and 3 are representative of medium levels. The data are averaged every 4 days to point out the main trends. (Figure 12). During background conditions and during some moderate pollution events <20 µg. m−3 at around days 115 and days 260–270, the zone 1 measurements are always below the other zone measurements with a difference of up to 15 µg. m−3 (thus well above the sensor uncertainty), as shown in Figure 13. This could be explained by a lower level of primary PM sources in this zone compared to the other zones. On the other hand, during some pollution events, around days 25, 80, 105, 290, 315 and 335–345, the four zones exhibit similar values. This could indicate the presence of imported pollution and the production of secondary aerosols at a regional scale. Additionally, the local sources that occupy the boundary area during anticyclonic conditions, as for the days 330–345, can slowly extend to cover all the city. This last case can explain why the PM2.5 content is lower for zone 1 than for the other zones at the beginning of the pollution event in day 330, and then progressively increases to reach the same level as for the other zones few days later.



These first results show the heterogeneity of the PM2.5 level at the urban scale linked to the different sources of PM, to the weather conditions, and to the local topology of the city. Accordingly, high resolution mapping of the PM2.5 pollution is necessary to positively evaluate local variabilities and to identify “hot spots” of PM pollution.




4.2. High Resolution Maps


Daily maps where the measurements are averaged in squares of 100 m side length are used to analyze the different PM2.5 pollution conditions encountered in 2020. As shown in Figure 12, the pollution levels were low from June to September 2020, well below 10 µg. m−3, mainly because of the reduction of industrial and tourist activities during the COVID-19 crisis and the summer holidays. Figure 14 presents the pollution map for the 1 of July 2020 (the grey zones correspond to the absence of measurements). The higher values were obtained for some parts the Paris beltway, some main highways leaving Paris, and locally in some streets and crossroads. Nevertheless, inside Paris, the values remain low and relatively homogenous.



The situation was different for the two moderate pollution peaks in the 20–30th March 2020 periods (days 80–90). These events occurred during the French COVID-19 lockdown (17 March–11 May 2020), where almost all activities were stopped apart from the heating which continued. Obviously, the traffic strongly decreased and thus the number of Pollutrack measurements. The data were averaged over 3 days (26–28 March) to reach a sufficient spatial coverage. This time, the pollution content was not homogeneous, from 20 to 60 µg. m−3 depending on the location inside Paris (Figure 15), with some “hot spots” mostly in the North and East of Paris and lowest values in the West.



Because of the lockdown, the traffic cannot be involved, as confirmed by the typology measurement of LOAC at the “Balloon de Paris Generali” showing that concentration of carbonaceous particles greater than 0.2 µm was reduced by at least 50%. Of some significance is that March is the period of the abundant use of fertilizers by agricultural activities around the Paris region. Accordingly, moderate continental winds of about 5 m. s−1 had transported the nitrate and ammonium gas emitted by the agricultural fields; these gases then combined with nitrogen and sulphate gases to produce secondary aerosols, favoured by sunny and hot conditions. Similar conditions occurred in March 2015 in Paris [25]. However, this time the Pollutrack measurements had shown that the spatial repartition of pollution is more complex than expected even if the contribution of local primary PM sources is low.



Another moderate pollution event occurred between 23 November and 9 December 2020 (days 328–344). More data are available at these dates than in March because of the partial restart of the economy after the lockdown. In the Figure 16, similar spatial variability was detected as during the March pollution event with mass concentrations in the 20–60 µg. m−3 range. The lowest values were encountered in the center-west of Paris. The highest values were encountered in some parts of the Paris beltway but also in some main streets and crossroads inside Paris.



Finally, the highest pollution levels were detected between 21 and 26 January 2020, during strong winter anticyclonic conditions. This time, the pollution seemed relatively spatially homogenous, with values often above 60 µg. m−3 (Figure 17). Vertical profile of the particle number concentrations performed by the LOAC instrument on the 22 January 2020 at the “Ballon de Paris Generali” during the beginning of the pollution episode indicates that the concentrations of particles greater than 0.2 µm remained stable for altitude below 150 m and then decrease above this height. (Figure 18). This situation is similar to the mid-December 2013 pollution event in Paris [22] where the pollution, coming from traffic, heating and industrial activities, was confined close to the ground due to the presence of a temperature inversion layer.




4.3. Pollution “Hot Spots” Inside Paris


The existence of regular “hot spots” can be searched for during the main pollution events. The mean PM mass concentration value is calculated using all the measurements; then only the measurements above this mean value are kept. For the three months with significant pollution events (January, March and November 2020), excesses of PM concentrations are located at the Paris beltway and the motorways leaving Paris (Figure 19). Inside Paris, pollution “hot spots” are mainly present in the North and East during the January and March events, but also during a less important pollution event in September. On the other hand, hot spots are more dispersed for the November event although the West of Paris is again spared. During the period of low pollution, no tendency for the repartition of the hot spots can be pointed out.



The presence of hot spots mainly in the North and East of Paris and their temporal variability, is probably linked not only to the source of the particles and the weather conditions, but also to the local topology of the city. The wind direction and intensity, and the orientation of the streets could affect the way that pollution that is close to the ground is transported and dispersed, where the straight and large streets could benefit from better ventilation than the narrow and winding streets (“the canyon effect”). Further analysis on the transport of primary and secondary aerosols will be needed to confirm or discredit this hypothesis.





5. Conclusions


The high-resolution maps obtained in Paris with the mobile Pollutrack sensors have shown heterogeneities in the spatial distribution of the PM2.5 pollution, which could be due to the topology of the city and its sensitivity to the wind intensities and directions. The North and Eastern parts of Paris are often more polluted than the West, as well as the Paris beltway. Being able to provide such maps in real time could help citizens to adapt (if possible) their travel routes in order to limit their exposure to the more polluted parts of Paris. Additionally, these maps can help the political authorities to limit the traffic in the polluted “hot spots” to reduce the local pollution that affects the citizens (for example close to the schools), and to contribute to the appropriate delineation and monitoring of Low Emission Zones (LEZ) and Ultra Low Emission Zones (ULEZ). Furthermore, the maps can be used to tentatively redefine the best places to install the legally obligated air quality monitoring stations.



In 2021, this strategy of measurement has begun to be implemented in twenty other major European cities in partnership with DPD, which has become the largest European parcel delivery service in the wake of COVID-19’s steady impact on e-commerce activities. Such measurements could be used in the future to improve the European PM2.5 pollution maps routinely produced at present by official air quality agencies from a combination of sparsely located fixed measurement stations, remote sensing satellite measurements and from calculated models.
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Figure 1. The Pollutrack sensor on the roof of vans. 
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Figure 2. Correlation plot between Pollutrack and LOAC during 4 sessions measurements of 40 min in different streets of Paris. 
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Figure 3. Mean size distribution for the Pollutrack and LOAC sensors at the “Ballon de Paris Generali” for the 20 May 2020 to 31 December 2020 period. 
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Figure 4. Temporal evolution of the PM2.5 mass concentration at the “Ballon de Paris Generali (LOAC and Pollutrack) with mean value of the microbalances of the Airparif network in the south of Paris and its region. 
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Figure 5. Temporal evolution of the difference of the PM2.5 mass concentration for the 3 sets of measurements; the dashed line represents the mean and the dotted lines represent the standard deviation. 
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Figure 6. Comparison between the Pollutrack and Airparif daily averaged PM2.5 measurements. 
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Figure 7. Black line: difference between Pollutrack and Airparif daily averaged PM2.5 measurements Full green line: mean; green dashed line: standard deviation. 
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Figure 8. Correlation plot between Pollutrack and Airparif daily averaged PM2.5 measurements. The correlation is of 0.88. 






Figure 8. Correlation plot between Pollutrack and Airparif daily averaged PM2.5 measurements. The correlation is of 0.88.



[image: Atmosphere 12 00529 g008]







[image: Atmosphere 12 00529 g009 550] 





Figure 9. Location of the Pollutrack measurements (small diamonds) and position of the LOAC instrument red Scheme 27 March 2019–26 March 2020 period. 
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Figure 10. Mean size distribution for the mobile Pollutrack sensors around the “Park André Citroën” and LOAC at the “Ballon de Paris Generali” for the 27 March 2019–26 March 2020 period. 
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Figure 11. Squares of 1 km width for the averaged Pollutrack PM2.5 measurements. North is up. 
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Figure 12. Temporal evolution of the PM2.5 measurements for the 4 zones; the data are averaged over 4 days for clarity reasons. 
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Figure 13. Temporal evolution of the differences between zones 2 to 4 and zone 1. 
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Figure 14. Pollution map in Paris for the 1 July 2020. North is up. 
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Figure 15. Pollution map in Paris averaged for the 26–28 March 2020. North is up. 
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Figure 16. Pollution map in Paris averaged for the 25–27 November 2020. North is up. 
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Figure 17. Pollution map in Paris for the 25 January 2020. North is up. 
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Figure 18. Vertical evolution of the number concentrations of particles greater than 0.2 µg obtained on 22 January 2020 with the LOAC aerosol counter at the “Ballon de Paris Generali”. 
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Figure 19. Hot spots » for January 2020 (a), March 2020 (b), September (c) and November 2020 (d). Linear scale where yellow color represents 50% of measurements above the mean and red color represents 100% of measurements above the mean. North is up. 
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Table 1. Statistics of the differences between the 3 sets of measurements for the PM2.5.
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	Instruments
	Mean of the Difference (µg. m−3)
	Standard Deviation of the Difference (µg. m−3)





	Pollutrack-LOAC
	−1.8
	6.4



	Pollutrack-Airparif
	−0.7
	4.4



	Airparif-LOAC
	−0.8
	4.7
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Table 2. Statistics of the differences between the 3 sets of measurements for the PM10.
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	Instruments
	Mean of the Difference (µg. m−3)
	Standard Deviation of the Difference (µg. m−3)





	Pollutrack-LOAC
	−6.9
	8.2



	Pollutrack-Airparif
	6.5
	13.2



	Airparif-LOAC
	−0.4
	6.8
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