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Abstract

[bookmark: _Hlk3926928][bookmark: _Hlk528263252][bookmark: _Hlk4000904]Health effects from long- and short-term exposure to fine particulate matter (PM2.5) have resulted in an annual average PM2.5 standard across Europe and World Health Organisation guidelines for annual (10 µg m-3) and 24h PM2.5 concentrations (25 µg m-3). Developing strategies to reduce both annual and 24h average PM2.5 requires that the conditions that produce the magnitude of these metrics are understood. This paper presents a standard and replicable set of statistics that link the magnitude of annual and daily PM2.5 metrics to variation in i) hourly PM2.5 concentrations, ii) geographic regions traversed by air mass back trajectories, and iii) the ‘urban increment’ and ‘regional contribution’ to urban PM2.5 concentrations. These statistics are calculated between 2009 and 2018 at monitoring sites across Paris and the Île-de-France region, France, where there is a national objective to achieve the WHO annual PM2.5 guideline, and where short-term PM2.5 episodes still occur. The aim is to investigate changes in the conditions producing annual average, and 24h PM2.5 concentrations exceeding 25 µg m-3, and how these long- and short-term metrics could be reduced further. The statistics indicate that reductions between 2009 and 2018 in both annual PM2.5 concentrations (PM2.5AA, -0.79 µg m-3 y-1 averaged across 3 urban background sites (33% average 2009-2018 reduction)) and the number of days with 24h PM2.5 concentrations above 25 µg m-3 (D24h25, -6 days y-1 (62% average 2009-2018 reduction)), were driven by reductions in local emissions in Paris and the Île-de-France region. For example, reduction in PM2.5AA and D24h25 were greater at urban traffic sites, and between 2009 and 2018 the highest hourly PM2.5 concentrations occurred less frequently during rush hour periods, while the lowest hourly PM2.5 concentrations occurred more frequently during the day. In addition, when relatively moderate and high hourly PM2.5 concentrations were measured, air mass back trajectories spent more time (during the 4 preceding days) over European geographic regions, compared to the ocean indicating an increased relative contribution from regional transport to these hourly PM2.5 concentrations. Consequently, there is now a greater difference in the contribution of different hourly PM2.5 concentrations to annual and 24h PM2.5 compared with 2009, with relatively high hourly PM2.5 concentrations having a larger contribution to D24h25, and moderate hourly PM2.5 concentrations having a larger contribution to PM2.5AA. Strategies to reduce PM2.5 concentrations in Paris should consider how mitigation measures will affect different ranges of hourly PM2.5 concentrations to understand the (potentially differing) effect on long- and short-term PM2.5 impact metrics. Comparison of hourly PM2.5 concentrations at urban sites and upwind rural sites showed regional contributions to PM2.5AA of approximately 50% and 70% at urban traffic and urban background sites, respectively. The largest regional contributions were also estimated for the highest hourly PM2.5 concentrations, compared to moderate hourly PM2.5 concentrations. Regional emission reductions could therefore make a substantial contribution to achieving the WHO air quality guidelines in Paris. 
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1. Introduction

[bookmark: _Hlk4010119]Exposure to particulate matter with aerodynamic diameter less than 2.5 µm (PM2.5) is associated with negative human health effects from both short- and long-term exposure, with risk estimates generally higher for long-term exposure (REVIHAAP, 2013). In response, many countries and regions have established air quality standards and target values for the protection of human health. In the European Union (EU), the PM2.5 limit value has been set at 25 µg m-3 as an annual average concentration. In addition, there are also further objectives that are designed to target the exposure to PM2.5 of the general population, and defined as an ‘exposure concentration obligation’ (20 µg m-3), and a ‘national exposure reduction target) (to achieve at least (18 µg m-3) for annual average PM2.5 concentrations based on an ‘average exposure indicator’ value calculated across each EU Member State (European Council Directive 2008/50/EC, 2008). The World Health Organisation has a lower guideline value for annual average PM2.5 concentrations of 10 µg m-3, and a short-term exposure guideline value of 25 µg m-3 as a 24h average concentrations (WHO, 2006). 

To assess compliance with air quality standards across cities, countries and regions, air quality monitoring networks are commonly used (Guerreiro et al., 2014). The calculation of a regulatory/impact metric, e.g. annual or 24h average PM2.5 concentrations, across these monitoring sites provides a common method for assessment of the severity of PM2.5 concentrations within and between different regions (EEA, 2016). However, the annual or daily average PM2.5 concentration(s) (as well as other air pollution impact metrics) is derived from the pattern of shorter-term, e.g. hourly, variation in PM2.5 concentrations across the year. Variation in hourly PM2.5 concentrations are determined by multiple drivers, such as i) variation in the proximity and strength of local and regional emission sources of primary PM2.5 and secondary PM2.5 precursors (Air Quality Expert Group, 2012; Viana et al., 2008; Vieno et al., 2014), ii) atmospheric chemistry (e.g. formation of secondary organic and inorganic PM2.5) (Putaud et al., 2010) and iii) variation in meteorological conditions affecting dispersion of emissions from their source, and long-range transport of emissions from source to receptor (Fuzzi et al., 2015; Monks et al., 2009). The combination of these drivers at different locations can drive substantial short-term variation in PM2.5 concentrations that then determine the magnitude of an annual or daily PM2.5 impact metric. Different mitigation strategies, implemented locally or regionally, may be more effective at reducing different ranges of hourly PM2.5 concentrations, or that occur during different times of the year or day. Therefore, to assess the likely effectiveness of different mitigation actions to simultaneously reduce annual and daily PM2.5 in a location, it is important to understand the similarities and differences in the variation of hourly PM2.5 concentrations that determines the annual average and daily PM2.5 concentrations. 

[bookmark: _Hlk4010434]There is a clearly defined, and consistently applied, method for the interpretation of monitoring site data to quantify the magnitude of an impact metric, outlined in EU legislation (de Leeuw and Ruyssenaars, 2011; European Council Directive 2008/50/EC, 2008). However, there is not an analogous methodology for the analysis of monitoring data to assess how variation in hourly PM2.5 concentrations determines the magnitude of a regulatory or impact metric such as annual or daily average PM2.5 concentrations. The aim of this work is to present a standard set of statistics that can be relatively easily calculated from a time series of hourly PM2.5 concentrations across a monitoring network that investigates the nature of this variation. Specifically, the goal is to link the magnitude of both annual and daily average PM2.5 concentrations in a location, through variations in hourly PM2.5 concentrations to identify the drivers of this variation. This methodology has been previously described as a ‘chemical climatology’ framework that defines a standard set of statistics to link the magnitude of a specific impact metric (e.g. annual or daily PM2.5 concentrations), through the variation in atmospheric composition that gives rise to it, to its causal drivers (see Section 2.2 for further explanation) (Malley et al., 2016b, 2016a, 2014). 

[bookmark: _Hlk4010622]The PM2.5 monitoring network covering Paris and the Île-de-France region (the region of France that includes Paris), France, was chosen as a case study to demonstrate the additional information gained through the consistent calculation of a standard set of ‘chemical climatology’ statistics that link the magnitude of annual and daily PM2.5 impact metrics to variation in hourly PM2.5 concentrations across a compliance monitoring network. Paris has 2.2 million inhabitants, and the metropolitan area containing Paris and the surrounding area has 12.5 million (INSEE, https://www.insee.fr/fr/information/2008354). AIRPARIF, the organisation in charge of monitoring air quality in the Paris agglomeration, has a network comprising 70 monitoring sites located at traffic, urban background and rural background locations, including 13 sites monitoring PM2.5 (Airparif, 2018a). France has a target to meet the more stringent WHO annual PM2.5 guideline, and which monitoring sites in Paris do not yet meet (Airparif, 2018b). Pascal et al. (2016) estimated that meeting this target could avoid over 5000 premature deaths annually in Paris (and 17,000 premature deaths across France). The French Agence Nationale de Securité Sanitaire de l’Alimentation, de l’Environnement et du Travail (ANSES) recently recommended to adopt lower limit values for annual PM2.5 as well as a daily standard, while simplifying the different layers of standards coexisting in France (ANSES, 2017). In addition, Paris continues to have instances of short-term episodes of degraded air quality (Airparif, 2018a). This makes it a useful case study to apply these statistics to investigate how long- and short-term PM2.5 impact metrics could be simultaneously reduced. 

[bookmark: _Hlk4011186]Measurements from the network of PM2.5 monitoring sites in Paris and the Île-de-France region are used to calculate the set of standard statistics. These statistics quantify the magnitude of two ‘impact’ metrics, i.e. annual average PM2.5 concentrations (PM2.5AA) and the number of days when 24h PM2.5 concentrations exceed 25 µg m-3 (D24h25). These impact metrics are linked to variation in hourly PM2.5 concentrations by calculating the percentage contribution of hourly PM2.5 concentrations in 10 µg m-3 ranges to the magnitude of each impact metric. To understand the variation in hourly PM2.5 concentrations that determines the magnitude of these impact metrics, the proportion of hourly PM2.5 concentrations in each range that occurred in each season,  at each hour of the day, and during the arrival of air masses from different geographic regions was calculated. Finally, to assess local vs regional contributions to hourly PM2.5 concentrations, the increase in hourly PM2.5 concentrations at urban background and traffic sites above upwind rural background concentrations (i.e. the ‘urban increment’) was determined when hourly PM2.5 concentrations of different magnitudes were measured at each site. The aim in calculating these statistics at the Paris and Île-de-France region monitoring sites specifically was to identify i) the relative importance of different ranges of hourly PM2.5 concentrations in determining annual average PM2.5 and daily PM2.5 concentrations above 25 µg m-3 (i.e. the contribution of infrequent peak concentrations vs frequent moderate concentrations), and how these have changed between 2009 and 2018, ii) what this indicates about changes in the relative contribution of local vs regional emission sources to annual and daily PM2.5 concentrations at these sites and iii) how effective further reductions in relatively low, moderate and high hourly PM2.5 concentrations would be in achieving additional reductions in annual and daily PM2.5 concentrations e.g., to achieve the WHO guidelines. 

Previous studies have assessed spatial and temporal variation in PM2.5 concentrations across Paris and the Île-de-France region using a variety of techniques, including ground-based monitoring over the long-term and during short-term ‘campaigns’ (Airparif, 2018a, 2018b, Beekmann et al., 2015, 2010; Bressi et al., 2014; Colette et al., 2008; Drewnick et al., 2014; Favez et al., 2009, 2007; Ghersi et al., 2012; Gros et al., 2007; Petetin et al., 2014; Sciare et al., 2010), atmospheric chemistry transport modelling (Bessagnet et al., 2005; Diamantopoulou et al., 2016; Kim et al., 2015; Thunis et al., 2017; Vautard et al., 2007), back trajectory analysis (Dimitriou and Kassomenos, 2014; Petetin et al., 2014), and remote sensing observations (Beekmann et al., 2015; Chazette and Royer, 2017). These previous studies have provided insight into the factors producing PM2.5 variation in Paris, including the substantial contribution from emission sources outside of Paris (Beekmann et al., 2015; Ghersi et al., 2012; Petetin et al., 2014), as well as the contribution of different chemical components (Beekmann et al., 2015), emission sources (Bressi et al., 2014), and the conditions that contribute to the peak, high PM2.5 concentration episodes (Chazette and Royer, 2017). 

[bookmark: _Hlk4011407]This paper builds on these previous studies by providing a framework and set of statistics that focus analysis on how these factors (e.g. local vs regional emission sources, peak vs moderate hourly PM2.5 concentrations) determine specific PM2.5 impact or regulatory metrics, i.e. annual average PM2.5 and daily PM2.5 concentrations above 25 µg m-3. For example, this work informs on the relative effectiveness of reducing PM2.5AA and D24h25 in Paris from implementing mitigation strategies on local vs regional scales, or from strategies which may differently affect hourly PM2.5 concentrations occurring at different times of the year, times of the day, or which focus on peak or moderate PM2.5 concentrations. Finally, the application of this standard set of statistics in other cities where fewer studies have been conducted could increase understanding of what strategies would be more efficient in simultaneously reducing annual and 24h average PM2.5 concentrations in these locations. Their standardised application across different cities would facilitate comparison and provide insight into whether mitigation strategies implemented in one city will likely be as effective at reducing annual and 24h PM2.5 concentrations at other locations.

2. Methods

2.1 Measurement and air mass back trajectory data

Hourly time series of PM2.5 concentrations were obtained for all years between 2009 and 2018 from the Airparif publicly accessible data repository (https://www.airparif.asso.fr/en/telechargement/telechargement-polluant). In total, 13 sites across Paris and the Île-de-France region had measured hourly PM2.5 concentrations across 2009-2018 (Table 1, Figure 1). The classification of each site follows the EU Airbase classification scheme that combines the type of environment within which a site is located (urban, suburban, rural) with the type of station (traffic, industrial, background) (European Commission, 2013).

In addition to the hourly PM2.5 concentrations, air mass back trajectories were calculated to estimate the location of an air mass at each hour during the 96 hours before an air mass arrived in Paris. These trajectories were analysed alongside the hourly PM2.5 time series for each monitoring site to identify the geographic regions that were traversed in the 96 hours prior to an air mass arriving in Paris and a particular hourly PM2.5 concentration being measured. The HYSPLIT model was used to calculate these 96-hour back trajectories for each hour across the year between 2009 and 2018 using the Openair package within the R statistical software (Carslaw and Ropkins, 2012; Draxler and Rolph, 2013; R Core Team, 2016). The NCEP-NCAR reanalysis data was the meteorological data that was used as input to the air mass back trajectory calculations (Kistler et al., 2001). The output from applying the HYSPLIT model to calculate back trajectories was the latitude, longitude, and height of the air mass that arrived in Paris (lat: 48.867, lon: 2.333, arrival height: 10 m) during a particular hour of the year, for each of the 96 hours before it arrived in Paris for each hour during all years between 2009 and 2018. 

2.2 ‘Chemical climatology’ statistics

A standard set of statistics were calculated at each site within Paris and the Île-de-France region to provide a consistent framework to assess variation in PM2.5 concentrations across the monitoring network. The statistics calculated are summarised in Table 2, and are based on a ‘chemical climatology’ framework outlined previously (Malley et al., 2014), and builds on its application at two sites in the UK (Malley et al., 2016b). The specific aim of this framework is to define a standard set of statistics that can be used to link a specific ‘impact’ of atmospheric composition, through the ‘state’ of variation in atmospheric composition that produces the magnitude of the impact metric, to its causal ‘drivers’. Therefore, the application of this framework necessitates that an ‘impact’ metric(s) is defined, for which the ‘state’ and ‘drivers’ statistics are then specifically calculated. Here, the impact metrics were the annual average PM2.5 concentration (PM2.5AA), and the number of days when the daily (24h) mean PM2.5 concentration exceeded 25 µg m-3 (D24h25). These statistics were calculated at a site for each year with greater than 75% hourly observations across the whole year. 

Additional statistics were then defined to investigate the conditions producing both of these ‘impact’ metrics by linking the magnitude of both metrics to variation in hourly PM2.5 concentrations. Therefore, the frequency of hourly PM2.5 concentrations in 10 µg m-3 ranges (i.e. between 0-10, 10-20, 20-30, 30-40, 40-50 and > 50 µg m-3) were calculated, along with the percentage contribution to PM2.5AA and D24h25 from hourly PM2.5 concentrations in each 10 µg m-3 range. The frequency with which hourly PM2.5 concentrations in each range occurred during different seasons (Spring: MAM, Summer: JJA, Autumn: SON, Winter: DJF), and during each hour of the day was calculated. The air mass back trajectories were combined with the hourly PM2.5 data by first assigning the position of the air mass at each of the 96 hours before it arrived at the site as being over France, ocean or sea, or one of the broad UN European regions. Hence in a non-leap year, there were 8760 hours when air masses arrived at the site, and for each of these hours, the position of the air mass during the 96 hours before it arrived was categorised. Hours when PM2.5 concentrations were in each 10 µg m-3 range were then grouped, and the average proportion of time spent over each European region calculated (Table 2). 

For these additional statistics to be valid, it was required that there were 75% of hourly observations in each month of the year and hour of the day as well as the annual 75% data capture criteria outlined above. In practise data capture was generally substantially higher across the monitoring sites that were measuring PM2.5 in Paris during a particular year between 2009 and 2018. For example, there were 94 years across the 13 sites included between 2009 and 2018 during which PM2.5 was measured, and of these 91 years (97%), and 63 years (67%) had annual data capture exceeding 90% and 95%, respectively. Trend estimates in each statistic described above, and summarised in Table 2, were calculated where these data capture criteria were met in 8 or more years between 2009 and 2018. The magnitude and direction of the trend was calculated using the non-parametric Theil-Sen statistic, i.e. the median of trends between all pairs of data points (Theil, 1950a, 1950b, 1950c). The statistical significance of the trend was estimated using the non-parametric Mann-Kendall statistic (Mann, 1945). These statistics have been applied previously to assess trends in air pollutant concentrations (Lefohn et al., 2018).

Finally, within the study area there were three ‘rural background’ sites that should be less influenced by local emission sources compared with ‘urban background’ and ‘urban traffic’ sites. Previous studies have used the difference between upwind rural background sites and urban sites to define the ‘urban increment’, and the ‘regional contribution’, i.e. the contribution to PM2.5 concentrations in a city from sources within, and outside that city, respectively (Lenschow, 2001). A larger difference indicates that the hourly PM2.5 concentration at the urban site is determined more by local processes, while a smaller difference between urban and rural background hourly PM2.5 concentrations indicates that regional emissions and transport makes a larger contribution to determining the measured PM2.5 concentration during that hour at the urban site. 

The urban increment and regional contribution were calculated at each hour of the day for the urban sites in Paris. Continuous rural monitoring of PM2.5 in areas surrounding Paris only started in 2013, and therefore quantification of the i) regional contribution, the percentage of hourly PM2.5 at urban sites accounted for by measured PM2.5 at an upwind rural site, and ii) the urban increment, the percentage of hourly PM2.5 at an urban site in excess of the hourly PM2.5 measured at an upwind rural site was calculated for 2014-2018. Various methods have been used to determine the most representative ‘upwind’ site at a particular hour, including wind direction measurements from a central location in the city (Airparif, 2012), and back trajectories (Beekmann et al., 2015; Petetin et al., 2014). 

In this study, the availability of wind direction measurements from the Montsouris meteorological station in central Paris, and the calculation of back trajectories, allowed the variability in urban increment and regional contribution estimates to be compared for different methods. There were two rural background sites located broadly south of Paris, and one rural background site located north of Paris (Figure 1). Therefore, for the wind direction method, when the wind direction at Montsouris was between 0 and 90 degrees, and 270 and 360 degrees, the RUR-N site to the north of Paris was selected as being the most upwind rural sites, and when the wind direction at Montsouris was between 90 and 270 degrees, the RUR-S and RUR-SE sites were selected as the most upwind sites, and the average hourly PM2.5 concentration was calculated between the two sites. 

For the back trajectory method, the number of hours spent in the northern and southern sections (as defined above) during the final four hours before arriving in Paris was calculated. When the air mass spent the majority of time in the northern section, RUR-N was selected as the upwind site, and when the majority of time was spent in the southern section, the average of RUR-S and RUR-SE was used. For both methods, for each site at each hour, the difference between upwind PM2.5 and the concentration measured at the urban site was calculated, as was the percentage of urban PM2.5 accounted for by the upwind PM2.5 measurement. When upwind PM2.5 exceeded the urban PM2.5 measurement, this percentage was set to 100%. For the wind direction method, the rural PM2.5 concentration exceeded the urban PM2.5 concentration during 13.5% of hours across all sites between 2014 and 2018. The majority of these instances occurred during hours when hourly PM2.5 concentrations measured at the urban sites were low (<10 µg m-3 (57% of instances), and 10-20 µg m-3 (25% of instances)). During hours where hourly PM2.5 concentrations at the upwind rural site exceeded the urban concentration, the median difference across all sites was on average 2 µg m-3 (average 5-95th percentile difference across all sites: 0.5-9.9 µg m-3).  Hours were grouped into the 10 µg m-3 hourly PM2.5 concentration ranges and the average percentage of urban PM2.5 concentration accounted for by the upwind measurement (i.e. the regional contribution) was calculated for hourly PM2.5 concentrations in each range. From these statistics the overall regional contribution to PM2.5AA and the average regional contribution on days when the 24h average concentration exceeded 25 µg m-3 was calculated.

[bookmark: _Hlk4047257]Sensitivity analyses were performed where the northern and southern sections were defined as smaller segments centred on the rural monitoring sites (i.e. a 45° and 90° segment that encompassed the rural monitoring site). Hence the regional contribution was calculated only when air mass back trajectories spent the majority of time within a 45° and 90° segment encompassing the rural monitoring site during the final four hours before arrival in Paris. These calculations assessed the difference in urban increment and regional contribution when they were estimated during the conditions when the rural monitoring sites were most representative of the hourly PM2.5 concentrations being transported to the urban monitoring sites. It is assumed when calculating the regional contribution and urban increment at hourly time steps that the rural PM2.5 concentration measured at hour h is representative of the regional contribution to PM2.5 concentrations measured at the urban site at hour h, and does not account for any time lag in the transport of an air mass from rural to urban sites. To assess the effect of this assumption, a further sensitivity analysis calculated the regional contribution and urban increment for annual average PM2.5 using 24h average PM2.5 concentrations and wind direction data.  This averages out any hourly differences in measured rural hourly PM2.5 concentration and the regional contribution to measured hourly PM2.5 concentrations at the urban site due to short-term time lags in the transport of air masses between urban and rural sites. 

3 Results

The variation in the magnitude of the long- (annual average PM2.5 concentrations (PM2.5AA)) and short-term (number of days when 24h average PM2.5 concentrations exceeded 25 µg m-3 (D24h25)) impact metrics at the monitoring sites in Paris and the Île-de-France region between 2009 and 2018 are first described (Section 3.1). This is followed by analysis of the contribution of different ranges of hourly PM2.5 variation to each metric (Section 3.2.1), the timing of these different hourly PM2.5 concentrations across the year, and across the day (Section 3.2.2), and during the arrival of air mass back trajectories that traversed different European regions (Section 3.3). Finally, Section 3.4 describes the regional contribution to relatively low, moderate and high hourly PM2.5 concentrations.

3.1 Impact metrics: Annual average PM2.5 concentrations (PM2.5AA) and daily average PM2.5 above 25 µg m-3 (D24h25)

In 2018, PM2.5AA at the 13 monitoring sites measuring PM2.5 across Paris and the Île-de-France region was largest at urban traffic sites, as expected, and ranged from 13 to 18 µg m-3 (Figure 2a), compared to 12-15 µg m-3 at 4 urban background sites. At two of three rural background sites, PM2.5AA was lower than 10 µg m-3, the WHO air quality guideline and French air quality objective. D24h25 was also highest, and most variable, across traffic sites (25-65 days in 2018), compared to urban background (19-40 days) (Figure 2b). 

Only four of the monitoring sites, three urban background and one urban traffic site had sufficient data capture to calculate PM2.5AA for all 10 years. These sites, and those where the time series started later (e.g. in 2011), indicate a reduction in PM2.5 between 2009 and 2018. Annual PM2.5 concentrations decreased on average by 0.79 µg m-3 y-1 (33% average 2009-2018 reduction) at the three urban background sites (site ids: BOB, GEN and VITRY) between 2009 and 2018, with statistically significant (p < 0.05) decreasing trends calculated at all sites (Table S1). The reduction was even larger (-2 µg m-3 y-1, 41% reduction between 2009 and 2018) at the traffic site, AUT, where PM2.5AA was approximately 30 µg m-3 in 2009, peaked in 2011, before decreasing to almost half this value in 2018. Other traffic sites with shorter time series show a similar reduction (e.g. the A1 and RN6 sites had sufficient data capture from 2011, and PM2.5AA decreased 2.40 µg m-3 y-1 (47% reduction between 2011 and 2018) and 1.38 µg m-3 y-1 (37%), respectively (Table S1)). 

There was also a statistically significant reduction in D24h25 (Figure 2b, Table S1). In the earliest years D24h25 exceeded 200 days at some traffic sites, compared to less than 60 days at all urban traffic sites in 2018. At urban background sites the number of exceedances was approximately 80 days in 2009, to less than 40 in 2018, with an average reduction of 6 days y-1 across the BOB, GEN and VITRY urban background sites. Consequently, the contribution from D24h25 days to PM2.5AA has reduced since 2009, when up to 80% of PM2.5AA was derived during days when the 24h mean PM2.5 concentration exceeded 25 µg m-3 at traffic sites, and over 40% at urban background sites, but decreased to between 15 and 30% of PM2.5AA in 2018 at both urban traffic and urban background sites (Figure S1). The larger decrease in PM2.5AA and D24h25 at urban traffic sites suggests that local emission reductions, in particular from road transport, may have resulted in the reduction in both long and short-term impact metrics at the sites in Paris between 2009 and 2018. 

3.2 Variation in hourly PM2.5 concentrations

3.2.1 Contribution of hourly PM2.5 concentrations to long- and short-term impact metrics

Urban traffic sites had the largest reduction in PM2.5AA and D24h25 between 2009 and 2018, and highest short- and long-term PM2.5 concentrations in 2018. Results are therefore first presented for urban traffic sites here and then compared to urban background locations. 

The urban traffic site located at Porte Auteuil on the Paris ring road (site id: AUT) has the longest time series of the urban traffic sites, with sufficient data capture to calculate a complete set of ‘chemical climatology’ statistics between 2010 and 2017. The location of the AUT site on the heavily-trafficked Paris ring road means that it may not be representative of other urban traffic locations in Paris and Île-de-France region. The distribution of hourly PM2.5 concentrations across the year, and the percentage of time that hourly PM2.5 concentrations in each 10 µg m-3 range occurred at this site between 2010 and 2017 are shown in Figures 3a and 3b, respectively. At AUT, the reduction in PM2.5AA and D24h25 was associated with a reduction in the frequency of hourly PM2.5 concentrations above 20 µg m-3 (Figure 3b, Table S2). In 2017 during almost 75% of hours, hourly PM2.5 concentrations were below 20 µg m-3, compared to only 20% of the hours in 2010. In 2010, there was a similar contribution from different hourly PM2.5 concentrations to both PM2.5AA (Figure 3c) and D24h25 (Figure 3d) compared to 2017. However, in 2017 there was a larger contribution from relatively low and moderate hourly PM2.5 concentrations (0-30 µgm-3) to PM2.5AA, compared to a similar contribution to D24h25 as in previous years from across the hourly PM2.5 ranges. 

[bookmark: _Hlk4048199]Relatively moderate hourly PM2.5 concentrations make the largest contribution to PM2.5AA at the AUT site (10-20, 20-30 and 30-40 µg m-3, which contribute approximately 40%, 25% and 12% to PM2.5AA respectively) (Figure 3c). Therefore, actions which have the effect of reducing these moderate hourly PM2.5 concentrations could further reduce PM2.5AA. In addition, the highest hourly PM2.5 concentrations above 40 µg m-3 occurred less than 5% of the time but contributed approximately 15% to PM2.5AA. Therefore, actions that reduce the highest hourly PM2.5 concentrations could also make a disproportionate contribution to reducing PM2.5AA. Hourly PM2.5 concentrations greater than 40 µg m-3 also contributed on average over 30% to 24h PM2.5 concentrations exceeding 25 µg m-3, with the remaining contribution from hourly PM2.5 concentrations between 20 and 40 µg m-3 (Figure 3d). The patterns shown for AUT were broadly similar at other urban traffic sites (Figures S2-S4, Table S2). For example, at the three other urban traffic sites included (A1, BP-EST and RN6), hourly PM2.5 concentrations above 40 µg m-3 contributed 14%-18% of PM2.5AA in 2017, and 33-40% to 24h PM2.5 concentrations exceeding 25 µg m-3. There was also a greater frequency of relatively high hourly PM2.5 concentrations in earlier years (2010-2011) where data was available, compared to the most recent years included in the analysis. 

Consistent with the smaller reduction in PM2.5AA and D24h25 at urban background sites (from lower starting values in 2009), the changes in the contribution of hourly PM2.5 to these metrics were also less pronounced compared with urban traffic sites. Figures 4 shows the corresponding plots to Figure 3 for the Bobigny urban background site (site id: BOB) in the metropolitan area of Paris which had sufficient data capture to calculate these statistics for every year between 2009 and 2018. At BOB there was a decrease in the frequency of all hourly concentrations above 10 µg m-3 between 2009 and 2018 (Table S2). In 2017 (the latest year with sufficient data capture at both BOB and AUT), a larger proportion of PM2.5AA at BOB was determined by concentrations below 10 µg m-3 compared to AUT, with a smaller proportion determined by hourly PM2.5 concentrations between 10 and 30 µg m-3. However, the moderate hourly PM2.5 concentrations between 10 and 40 µg m-3 still made the largest contribution to PM2.5AA at BOB. Hourly PM2.5 concentrations between 20 and 40 µg m-3 made the largest contribution to 24h PM2.5 concentrations exceeding 25 µg m-3 at BOB. Finally, the highest hourly PM2.5 concentrations (>40 µg m-3) at BOB contributed approximately the same proportion to PM2.5AA (~15%), and to D24h25 (~30%) as at urban traffic sites in 2017. The patterns at the BOB site were similar to those at other urban background sites. The highest hourly PM2.5 concentrations contributed 12-18% to PM2.5AA, and 31-37% to D24h25 at the three other urban background sites (VITRY, PA04C and GEN) included in the analysis in 2017 (Figures S5-S7). 

3.2.2 Variation in hourly PM2.5 concentrations across the year and day

[bookmark: _Hlk4049332]In the last few years, the highest hourly PM2.5 concentrations above 40 µg m-3 generally occurred in winter or spring at both sites, while lower hourly PM2.5 concentrations occur more evenly across all seasons at both urban background and urban traffic sites (Figures 5 and 6).   There was not a consistent trend in the contribution of seasons to different hourly PM2.5 concentration bins (Table S3). Variation in the percentage contribution to PM2.5AA and D24h25 from different seasons may be driven by interannual variability in the frequency of meteorological conditions that lead to chemical formation of secondary PM2.5, regional transport of PM2.5 into Paris and Île-de-France (e.g. arrival of air masses from central and eastern Europe), and the accumulation of local PM2.5 and precursor emissions. Airparif (2018a) identified 2009, 2011, 2012 and 2013 as being years where these meteorological conditions occurred most frequently over the time series studied in this work.

At AUT in 2010, the lowest hourly PM2.5 concentrations occurred predominantly at night, but in in more recent years, a larger proportion of low hourly PM2.5 concentrations occurred during the day (e.g. 86% of hourly PM2.5 concentrations between 0 and 10 µg m-3 occurred between 19:00 and 07:00 in 2010, compared to 54% in 2017, Figure 7, Table S4). In addition, the frequency of moderate hourly PM2.5 concentrations between 20 and 40 µg m-3 during rush hour periods increased between 2010 and 2017, and decreased during the middle of the day (Figure 7, Table S4). 

For the highest hourly PM2.5 concentrations (>50 µg m-3), there was a significant decrease in the percentage occurring during rush hour periods, and a more even distribution of these hourly PM2.5 concentrations above 50 µg m-3 occurring across the day (Table S4, Figure 7). Hence during rush hour periods, there was an increase in the frequency of moderate PM2.5 concentrations. These patterns are consistent with a reduction in local emissions to the extent that i) during the day conditions are more frequently conducive to producing very low hourly PM2.5 concentrations, ii) conditions that would previously have produced relatively high hourly PM2.5 concentrations, e.g. during rush hour periods of heavy traffic, now result in relatively moderate hourly PM2.5 concentrations, and iii) high hourly PM2.5 concentrations are now being driven less by local traffic emissions. These patterns were also observed at other urban traffic sites which had shorter time series, e.g. at the A1 traffic site between 2011 and 2018 (Figures S7-S9, Table S4). 

At the urban background sites, changes in the frequency of hourly PM2.5 concentrations occurring during different hours of the day were less pronounced than at traffic sites (Table S4), likely reflecting their greater distance from large local emission sources with distinct diurnal profiles (Figure 8 for BOB, Figures S10-S12 for the other urban background sites). Across all years there was a less distinct daily pattern in when the highest PM2.5 concentrations occurred at BOB and other urban background sites, which could reflect a lower local contribution to the highest hourly PM2.5 concentrations at urban background locations throughout the study period (Figure 8 and Figures S10-S12 c.f. Figure 7 and Figures S7-S9). 

3.3 Air mass back trajectory analysis

The air mass back trajectories arriving at each hour indicate the geographic regions traversed during the 96 hours prior to an hourly PM2.5 concentration being measured at a site. For all sites, higher PM2.5 concentrations were associated with a larger percentage of these 96 hours being spent traversing over land, and specifically over central and eastern Europe (Figure 9, Figures S14-S15). Between 2009 and 2018, there was an increase in the proportion of time spent over land during the 96 hours before relatively moderate and high hourly PM2.5 concentrations were measured at the Paris monitoring sites, especially at traffic sites. At AUT, when concentrations between 20-30, 30-40, 40-50 and >50 µg m-3 were measured, the percentage of time trajectories spent over land (all non-marine geographic regions) increased from approximately 40 to 60%, 50 to 70%, 60 to 75% and 70 to 90% between 2010 and 2017, respectively (Figure 9a, Table S5). This pattern was also observed at the A1 traffic site (Table S5, Figure S14). At the BOB urban background site, the increase in proportion of time spent over land between 2009 and 2018 was mainly associated with hourly PM2.5 concentrations between 10 and 30 µg m-3, and was similar across 2009-2018 for higher hourly PM2.5 concentrations (Figure 9b, Table S5). This pattern is reflected at other urban background sites, which show for hourly PM2.5 concentrations between 0-10, 10-20, 20-30, 30-40, 40-50 and >50 µg m-3 approximately 30-35%, 50-55%, 60-70%, 65-75%, 75-80%, and 80->90% of time spent over land, respectively, in the most recent years (Figure 9b and Figure S15). 

Hence in the earlier years, the percentage of time trajectories spent over land when relatively moderate and high hourly PM2.5 concentrations were measured at AUT and other urban traffic sites was lower compared to urban background sites. However, by 2017/2018, trajectories spent a more similar percentage of time over land when hourly PM2.5 concentrations between 20 and >50 µg m-3 were measured at both urban traffic and urban background sites (e.g. Figure 9a c.f. Figure 9b for comparison of AUT and BOB). This suggests that in earlier years conditions were such that relatively high hourly PM2.5 concentrations could occur when relatively less time was spent traversing major emission source regions prior to arrival at some traffic locations in Paris, compared to the most recent years. This could reflect larger local emission sources in 2009 compared with 2018, that made larger contributions to relatively moderate and high hourly PM2.5 concentrations, including during hours when back trajectories had spent a large portion of time traversing over the ocean before arriving to Paris. In 2017 and 2018, the back trajectory analysis indicates that the highest hourly PM2.5 concentrations were determined to a lesser extent by local emission sources, and were more strongly associated with regional emissions sources and longer range transport. 

For urban background sites, such as BOB, the increase between 2009 and 2018 in time spent over land when relatively moderate hourly PM2.5 concentrations were measured, and the similar proportion of time when relatively high (>30 µg m-3) hourly PM2.5 concentrations were measured, may be due to the greater distance from major local emission sources. This could result in the highest hourly PM2.5 concentrations being determined less by local emissions over the entire period between 2009 and 2018. Hence reductions in local emission sources may have increased the regional contribution to relatively moderate hourly PM2.5 concentrations at urban background sites, as well as to relatively high and moderate hourly PM2.5 concentrations at urban traffic sites, while the highest hourly PM2.5 concentrations at urban background sites have been consistently less influenced by local emissions at urban background sites, and more by regional emissions. 
 
3.4 Urban PM2.5 increment at Paris monitoring sites

The regional contribution, calculated at sites for 2014-2018, provides an indication of the extent to which hourly PM2.5 concentrations measured at urban sites in Paris and the Île-de-France region are determined by non-local processes, because this portion of the hourly PM2.5 concentration is also measured at a site outside the city, upwind of local emission sources. In contrast, the urban increment indicates the extent to which local processes determine hourly PM2.5 concentrations at the urban site, because this portion of urban PM2.5 is in excess of that measured at the upwind rural site. 

At urban traffic and urban background sites in Paris and the Île-de-France region, larger regional contributions, and smaller urban increments, were generally estimated for relatively low (0-10 µg m-3) and high (>50 µg m-3) hourly PM2.5 concentrations, compared to moderate hourly PM2.5 concentrations (Figure 10). The regional contribution was greater at urban background sites than at urban traffic sites for all hourly PM2.5 concentration ranges. At BOB, the regional contribution was over 60% for the majority of hourly PM2.5 concentrations, and over 90% for hourly PM2.5 concentrations greater than 50 µg m-3 in 2018 (Figure 10). This is reflected in a 5-10% larger regional contribution on days when the 24h mean exceeds 25 µg m-3 compared to PM2.5AA (Table 3). This pattern was similar for other urban background sites, with a generally larger urban increment at PA04C and GEN, and a smaller urban increment at VITRY compared to BOB (Figure S16). 

[bookmark: _Hlk4000136][bookmark: _Hlk4001108]In some years, there were also relatively high urban increments for the highest hourly PM2.5 concentrations, e.g. an urban increment of over 50% at BOB, and other urban background an urban traffic sites, in 2016 for hourly PM2.5 concentrations >50 µg m-3 (Figures 9, S16 and S17). In 2016, an air pollution episode driven by meteorological conditions (low wind speed, temperature inversion) that favoured accumulation of local pollutant emissions, occurred during Winter (Airparif, 2017a). At BOB, 49% of hourly PM2.5 concentrations above 50 µg m-3 occurred during this episode between 30/11/2016 and 07/12/2016. Hence there is a larger urban increment estimated for hourly PM2.5 concentrations above 50 µg m-3 at sites in 2016 compared with other years between 2014 and 2018, when comparable meteorological conditions did not occur (Airparif, 2018a). Therefore, in general, this analysis indicates that a substantial proportion of high hourly PM2.5 concentrations derive from regional emissions and long-range transport. It also suggests that for the moderate hourly PM2.5 concentrations that make the largest contribution to PM2.5AA, a major fraction of PM2.5 during these hours at urban background sites also derives from regional sources. Furthermore, an overall regional contribution to PM2.5AA and D24h25 between 65 and 81% indicates that regional emissions and transport makes the largest contribution to both the long-term (PM2.5AA) and short-term (D24h25) metrics at urban background sites, and therefore reducing emissions regionally in addition to local reductions would contribute to achieving national air quality targets, and reducing the highest hourly PM2.5 concentrations.

[bookmark: _Hlk4001280]In addition, at urban traffic locations such as AUT, the regional component was 35-60% for hourly PM2.5 concentrations between 10 and 50 µg m-3, and up to 85% for hourly PM2.5 concentrations greater than 50 µg m-3. Hence a substantial proportion of high hourly PM2.5 concentrations at traffic sites were also determined by regional emissions. At AUT, for PM2.5AA and D24h25, the average regional contribution was 45-52% and 52-65%, respectively, across 2014-2018 (Table 3). These patterns were consistent at other traffic sites, with a larger urban increment at A1, similar at BP-EST, and smaller at RN6 (Figure S17). Hence reducing local emissions further could make a larger contribution to reducing PM2.5AA and D24h25 at urban traffic sites in Paris compared to urban background sites, but regional emission reductions could also make a substantial contribution, and in particular also reduce the highest hourly PM2.5 concentrations. 

Finally, the regional component at both traffic and urban background sites was substantially higher when the RUR-N site was upwind of Paris and is used as the estimate of the regional background PM2.5 concentration imported into Paris, compared to the when the sites south of Paris are upwind (Table 3). This indicates that emission sources north of Paris contribute to a larger regional component at AUT and BOB during hours when air masses arrive from this direction. 

4 Discussion

The calculation of a standard set of ‘chemical climatology’ statistics across a monitoring network provides a common methodology for the assessment of how variation in hourly PM2.5 concentrations contributes to annual average PM2.5 and the number of days when 24h PM2.5 concentrations exceed 25 µg m-3, the impact metrics associated with air quality standards for protection of human health from long- and short-term exposure, respectively. These statistics are a set of indicators which i) highlight changes that have occurred in hourly PM2.5 variation, and the resulting effect on annual and 24h PM2.5 concentrations, and ii) indicate what changes to drivers of PM2.5 variability might be responsible for changes in PM2.5 variability. This case study for Paris and the Île-de-France region practically demonstrates how this set of statistics provides useful additional information from a compliance monitoring network on the drivers that contribute to determining impact/regulatory PM2.5 metrics in a city. 

4.1 Drivers of change in annual and daily PM2.5 concentrations in Paris between 2009 and 2018 

[bookmark: _Hlk4006427]The statistics calculated at the monitoring sites in Paris and the Île-de-France region provide multiple indicators that show that the reduction in the magnitude of both annual PM2.5 concentrations and the number of days when 24h PM2.5 concentrations exceed 25 µg m-3 between 2009 and 2018 result from a reduction in the contribution of local emissions, particularly from road transport. Specifically, i) there was a larger reduction in both impact metrics at urban traffic sites compared with urban background sites, ii) these reductions coincided with a lower contribution of relatively high hourly PM2.5 concentrations to both impact metrics, iii) at traffic sites there were more lower hourly PM2.5 concentrations, and fewer higher concentrations occurring during daytime, and more moderate hourly PM2.5 concentrations occurring during rush hours, and iv) the proportion of time air masses had spent (during the 4 preceding days) over European geographic regions, compared to the ocean, increased when moderate and high hourly PM2.5 concentrations were measured. While these statistics indicate that local emission reductions have reduced PM2.5AA and D24h25 across the Paris and Île-de-France monitoring sites, hourly PM2.5 concentrations are determined by multiple drivers including variation in emission source strength, non-linear atmospheric chemical formation of secondary inorganic and organic aerosol, and meteorological conditions affecting dispersion and transport of emissions to receptor sites (Fuzzi et al., 2015; Monks et al., 2009; Putaud et al., 2010). Therefore, in addition to local emission reductions, other factor such as meteorological conditions may have also contributed to the patterns shown in this work, such as long-term increases in boundary layer height observed across Europe (Palarz et al., 2017), and above average temperatures during the most recent years, especially during winter months (Airparif, 2018a).  

[bookmark: _Hlk3963103]Estimated changes in emissions in Île-de-France are consistent with these observations. Based on the emission inventory submitted to the European Monitoring and Evaluation Programme (EMEP) Centre for Emission Inventories and Projections (CEIP), in the 0.5º degree grids covering Île-de-France (i.e. between 1.45° and 3.56° longitude and 48.12° and 49.24° latitude), total primary PM2.5, and NOx emissions have decreased by 21% and 25% respectively between 2009 and 2015 (latest year available) (www.ceip.at (EEA, 2017)). The residential sector and road transport were the two major sources for primary PM2.5 and NOx, respectively. In comparison, there was a 20% and 13% reduction in primary PM2.5 emissions between 2009 and 2015 in France and EU-28, respectively, a 24% and 19% reduction for NOx emissions, and a 2% and 1% increase for NH3 emissions (EEA, 2017). The decrease in emissions outlined above for Paris and the Île-de-France region has coincided with mitigation measures that have been implemented over the past 20 years to reduce local emissions. Most importantly, the improvement of the vehicle fleet linked to the introduction of EURO 3 standards in 2001, EURO 4 from 2006 and EURO 6 in 2009 compensated the increase of the number of diesel vehicles in the region, and resulted in a 40% reduction in primary PM2.5 emissions from road transport in Paris between 2002 and 2012 (Airparif, 2013).

[bookmark: _Hlk4050229]While the composition of measured PM2.5 concentrations is not investigated in this study, Beekmann et al. (2015) showed that secondary inorganic aerosol (SIA, sum of nitrate, sulphate and ammonium) contributed approximately one third to annual average PM2.5 concentrations in Paris, and approximately 50% of the regional contribution and ~20% of the local contribution (the remaining fraction being predominantly elemental carbon and organic matter). Other shorter-term studies in Paris also showed that secondary inorganic aerosol made a large contribution to regional component of PM2.5 concentrations in Paris during particular times of the year (Petetin et al., 2016; Sciare et al., 2010).  Hence the reduction in local contribution to annual and 24h PM2.5 metrics in this work may result from larger emission reductions in Paris and the surrounding area than in France as a whole and the rest of Europe over the past decade. It may also be due to the smaller reduction in emission of one SIA precursor (NH3), which makes a larger contribution to the regional component of PM2.5 compared to the urban increment.



4.2 Implications for reducing annual and daily PM2.5 concentrations in Paris 

This study shows that the reduction in PM2.5AA between 2009 and 2018 at urban background and traffic sites across Paris was not sufficient to achieve the national goal of attaining the 10 µg m-3 annual PM2.5 WHO guideline. To achieve this requires additional PM2.5AA reductions of 10-31% at urban background sites, and 29-43% at urban traffic locations compared to 2018 values. In addition, there were also a substantial number of days where 24h concentrations exceeded the WHO guideline of 25 µg m-3. A consequence of the changes in PM2.5 concentrations at Paris monitoring sites between 2009 and 2018 is that there is now a greater difference in the contribution of hourly PM2.5 concentrations to the annual and daily impact metrics compared to in 2009. In 2018, there was a substantially larger contribution from relatively high hourly PM2.5 concentrations to 24h PM2.5 concentrations exceeding 25 µg m-3 than to annual average PM2.5, whereas in 2009 the contribution was relatively similar. Hence, reducing peak hourly PM2.5 concentrations would be more effective for reducing 24h PM2.5 concentrations exceeding 25 µg m-3 than the annual average, and reducing moderate PM2.5 concentrations would be more effective for annual PM2.5. 

[bookmark: _Hlk3928280][bookmark: _Hlk4000391][bookmark: _Hlk3928418]In addition, this study indicates that regional emission reductions, in addition to further local emission reductions in Paris, could make a substantial contribution to reducing annual PM2.5 concentrations below the 10 µg m-3 target and reducing the number of 24h PM2.5 concentrations exceeding 25 µg m-3. The regional contributions calculated in this study are similar to those calculated in Paris during previous measurement campaigns, e.g. at urban background sites in Paris, ~70% of annual PM2.5 was estimated to be imported into Paris (Airparif, 2012; Beekmann et al., 2015; Petetin et al., 2014), while ~40% of annual PM2.5 at an urban traffic site was estimated to be imported (Airparif, 2012; Ghersi et al., 2012). Moderate hourly PM2.5 concentrations make the largest contribution to PM2.5AA. Therefore, the substantial regional contribution estimated for these hourly PM2.5 concentrations suggests a large potential for regional emission reductions to reduce the frequency of these hourly PM2.5 concentrations, and hence PM2.5AA. This analysis is consistent with Airparif (2017b) that modelled the reduction in PM2.5 concentrations between 2014 and 2020 from the implementation only of local emission reductions as part of the Île-de-France  air quality management plan. They showed that these local actions were not sufficient to reduce annual PM2.5 concentrations below 10 µg m-3 at urban or traffic sites in Paris and the Île-de-France region. In addition, the generally larger regional contribution estimated in this work for the highest hourly PM2.5 concentrations, also shown in Beekmann et al. (2015), highlights that reducing the regional contribution could be effective in reducing the highest hourly PM2.5 concentrations at both urban background and traffic locations in Paris, and in reducing the frequency of days where 24h PM2.5 concentrations exceed 25 µg m-3. 

The differences in the contribution of hourly PM2.5 concentrations to annual and 24h PM2.5 metrics, and the variation in regional contribution to different ranges of hourly PM2.5 concentrations highlights the importance of considering the effects of implementing a particular emission reduction measure on different hourly PM2.5 concentrations. Changes in the frequency of relatively high, moderate and low hourly PM2.5 concentrations will have different effects on annual and 24h PM2.5 concentrations. For example, the results here indicate a reduction in the contribution from local road transport emissions in Paris between 2009 and 2018. These reductions increased the frequency of moderate hourly PM2.5 concentrations and when they occur, i.e. more frequently during rush hour. In contrast, the frequency of concentrations above 50 µg m-3 reduced, and now occur more evenly across the day. As described above, this has consequences for changes in the magnitude of the annual and daily average PM2.5, and how these metrics are determined by different hourly PM2.5 concentrations. The development of strategies to reduce PM2.5AA, both in the future in Paris, and in general, should consider how a particular mitigation action, implemented on a particular spatial scale will affect different ranges of hourly PM2.5 concentrations, to assess the overall effect of an intervention on specific air quality metrics and targets. 

To illustrate this, it is useful to consider the different mitigation measures that have been put in place aiming to reduce local emissions in Paris over the study period. In addition to the progressive introduction of more stringent Euro emission standards described above, the speed limit on the Parisian périphérique was reduced from 80km/h to 70km h-1 in 2014, and in 2015, following multiple air-pollution episodes, Paris reintroduced an alternate day ban on vehicles on days with critical air pollution levels, coupled with lowered speed limits. This system was replaced in 2017 by the implementation of a “low emission zone” covering Paris and the introduction of an emission-based car classification system that restricts the most polluting vehicles during air pollution episodes (Airparif, 2018c). This is associated with a longer-term strategy of progressively eliminating the most polluting vehicles from the city centre. Currently, petrol-powered cars registered before 1997, two-wheelers registered before 2000 and diesel cars registered before 2001 are banned from circulating in Paris on weekdays (8:00-20:00). Buses and heavy-duty vehicles registered before 2006 are also banned. Subsequent bans for other categories are planned, up to a total ban on diesel cars by 2024 and all petrol cars in 2030 (Airparif, 2018c). In addition, the public transport network has been extended, and the number of journeys taken by public transport has increased by 20% in Paris between 2009 and 2016, including journeys by metro, bus and tram. This was complemented by the development of the Parisian bike lanes network (200km of lanes in 2000 to ~740km in 2015), the creation of a bike sharing service ‘Velib’ (whose use steadily increased from 13 million annual uses in 2007 to 39 million in 2016), and the launch of Autolib’, an electric car sharing service in 2011, which recorded 5.76 million journeys in 2016 (L’Observatoire des deplacements a Paris, 2017).

[bookmark: _Hlk3928794][bookmark: _Hlk3928700]The measures put in place to restrict vehicles in Paris during air pollution episodes aim to reduce the highest hourly PM2.5 concentrations. Based on this analysis, these could reduce the frequency of 24h PM2.5 concentrations above 25 µg m-3, but would be less effective in reducing annual PM2.5 concentrations (in contrast to other pollutants such as NO2, where annual averages concentrations are determined more strongly by proximity to local sources (Malley et al., 2018)). In addition, the highest hourly PM2.5 concentrations at the monitoring sites in Paris were estimated to have a larger regional contribution relative to moderate hourly PM2.5 concentrations. The regional contribution to the highest hourly PM2.5 concentrations would not be reduced by these measures in place in Paris designed to reduce local emissions. To reduce annual PM2.5 concentrations, the longer-term strategy of banning diesel and petrol engines from the centre of Paris by 2030 could be more effective, as it could reduce the frequency of the moderate PM2.5 concentrations that make the largest contribution to PM2.5AA and which are occurring more frequently during rush hour periods.  

Finally, this study provides information and a methodology for other cities on how changes in PM2.5AA can be evaluated, or on considerations for reducing PM2.5AA concentrations further. The target of the French government to achieve the WHO air quality guideline for annual PM2.5 has been replicated in some others cities such as London (Mayor of London, 2018) , but not in other European countries. This study highlights the need to consider the contribution of relatively low, moderate and high hourly PM2.5 concentrations to PM2.5AA and D24h25 at locations across the city. This is due to differences in local vs regional contributions to hourly PM2.5 concentrations in different ranges, and therefore that there may be differences in the effectiveness of emission reduction strategies implemented within a city, and regionally, in reducing low, moderate and high hourly PM2.5 concentrations, with consequences for the effectiveness of these strategies for reducing the magnitude of the impact metrics. This study shows that the composition of a monitoring network, and including different types of locations within a city, and also monitoring PM2.5 concentrations in rural locations outside the city is beneficial for effectively applying the framework described here and evaluating the local vs regional contribution to PM2.5 concentrations within a city. 

4.3 Limitations

[bookmark: _Hlk3926243][bookmark: _Hlk3926222]This study provides a methodology for the application of a standard set of statistics across a network of monitoring sites, in this case within one city, to identify the conditions producing annual PM2.5 concentrations and 24h PM2.5 concentrations above WHO guidelines. A limitation of this study is that it is confined to the location of the monitoring sites within a city. Paris has a relatively dense monitoring network compared to other European cities (EEA, 2016), and to measurement networks in other regions (Hsu et al., 2013). However, PM2.5 can be spatially heterogeneous due to changes in local emission source strengths and changes in the built environment affecting dispersion of emissions. Hence there may be areas of Paris where variation in PM2.5 concentrations is distinct from the locations that the monitoring sites are representative of. For example, the AUT urban traffic site is located on the Paris ring road and may not be representative of traffic locations in other areas of Paris and Île-de-France.

[bookmark: _Hlk4047395]Analysis of the regional contribution and urban increment assumes that rural background monitoring sites are representative of PM2.5 concentrations with minimal influence from Paris and the Ile-de-France region itself. During particular meteorological conditions (e.g. stagnant, anticyclonic conditions), a portion of PM2.5 concentrations at all rural sites may be influenced by local emissions, including from agriculture (Pey et al., 2010). However, Airparif (2012) determined that completely stagnant air masses over Paris and Ile-de-France are very uncommon, fewer than 5 days per year. Petetin et al. (2014) applied the same methodology and estimated a 3% and 11% uncertainty in regional contribution and urban increment for annual PM2.5 in Paris for 2009-2010. The methodologies applied here identified the upwind rural site during each hour based on whether back trajectory analysis or wind direction measurements from a central Paris site indicated that air masses were travelling north or south from Paris. Comparison of the back trajectory and wind directions methodologies for selecting the upwind site indicate that these two methods give very similar results (Table 3). However, air mass movements were categorised simply based on whether they were moving north or south to select the upwind site as there were only three rural background sites available, that were directly north, directly south, and south east of Paris. Consequently, there may have been hours when the upwind direction was not completely represented by the location of the rural monitoring sites and their orientation with respect to Paris and the urban monitoring sites. In addition, the hourly PM2.5 concentration measured at the upwind rural site at hour h was used as the estimate of regional contribution to the hourly PM2.5 concentration measured at the urban site at hour h, assuming no influence of any time lag resulting in a difference between the regional contribution to PM2.5 measured at the urban site, and upwind rural PM2.5 concentrations. The regional contribution and urban increment estimated using 24h average PM2.5 concentration and wind direction data, which averages out any time lag at hourly timescales, were very similar to the values estimated using hourly data (Table 3). This indicates a minimal effect on regional contribution and urban increment estimated using hourly PM2.5 concentrations from any time lag between PM2.5 concentrations measured at urban and rural sites. 

Sensitivity analyses calculated the regional contribution and urban increment for hourly PM2.5 concentrations only during hours when the upwind direction (determined by back trajectory locations during the 4 hours prior to arrival in central Paris) was within 45° segments around Paris centred on the three rural monitoring sites. The regional contribution for these analyses were very similar to those derived for the full hourly PM2.5 time series (Figure S18 c.f. Figure 10). Additional rural PM2.5 monitoring at a site west of Paris would allow the regional component when air masses came from this direction to be compared with the results shown here, where rural PM2.5 concentrations when air masses come from the west are represented by the north or southern rural PM2.5 sites. 

5 Conclusions

This analysis shows how the calculation of a standard set of relatively simple statistics can provide additional information from a compliance air quality monitoring network of sites across a city on the conditions producing long- and short-term impact/regulatory metrics (annual average and 24h PM2.5 concentrations above 25 µg m-3). The statistics calculated across the Paris and Île-de-France monitoring network link the magnitude of annual and 24h PM2.5 impact metrics to the contribution of hourly PM2.5 concentrations that give rise to them. Having established the contribution of hourly PM2.5 concentrations to these impact metrics, additional statistics then analyse how hourly PM2.5 concentrations in different 10 µg m-3 ranges vary across the year, and across the day, and over which geographic regions air masses traverse in the 4 days before hourly PM2.5 concentrations in each range were measured. Finally, the regional contribution to hourly PM2.5 concentrations in different ranges was estimated comparing hourly PM2.5 concentrations at urban sites with those at upwind rural sites. 

The application of these statistics here indicates that reductions in both annual PM2.5 and the number of days with 24h PM2.5 concentrations above 25 µg m-3 between 2009 and 2018 result primarily from local emission reductions. This is reflected in a lower frequency of the highest hourly PM2.5 concentrations occurring during rush hour at urban traffic sites, and an increase in the proportion of time spent over European regions prior to hours with moderate or high PM2.5 concentrations at urban traffic sites. A consequence of these changes between 2009 and 2018 is that there is now a greater difference in the contribution of different hourly PM2.5 concentrations to the annual and 24h impact metrics compared to in 2009, with a lower contribution from relatively high hourly PM2.5 concentrations to annual PM2.5, and a larger contribution from more moderate hourly PM2.5 concentrations compared to 24h PM2.5 concentrations above 25 µg m-3. Hence strategies to reduce PM2.5 concentrations in Paris should consider how mitigation actions will affect different ranges of hourly PM2.5 concentrations to understand the (potentially differing) effect on long- and short-term PM2.5 impact metrics. 

[bookmark: _Hlk4000260]Analysis of the regional contribution to urban PM2.5 concentrations highlights the potential of regional emission reductions to contribute to sites in Paris meeting the WHO air quality guidelines for PM2.5. At urban traffic sites, the regional contribution to annual PM2.5 was approximately 50%, and approximately 70% at urban background sites. In addition, the highest hourly PM2.5 concentrations tended to have larger regional contributions compared to moderate hourly PM2.5 concentrations, emphasising the large role of regional emissions and transport in producing short-term high PM2.5 concentration episodes in Paris. The future application of these statistics to other locations would allow a better understanding of the conditions producing long- and short-term impact metrics in those cities, as well as comparison between cities, and facilitate assessment of whether specific mitigation strategies applied in one location would be effective in achieving air quality goals in another.   
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Tables

Table 1. Description of the monitoring sites across the Airparif region used in this analysis

	Site ID
	Site Name
	Classification
	Longitude
	Latitude

	RUR-SE
	Zone rurale Sud-Est - Foret de Fontainebleau
	rural background
	2.6436
	48.3543

	GON
	Gonesse
	suburban background
	2.435489
	48.99798

	A1
	Autoroute 1 - St Denis
	urban traffic
	2.353368
	48.92444

	RUR-N
	Zone Rurale Nord - Saint-Martin-Du-Tertre
	rural background
	2.35
	49.1078

	BP-EST
	Boulevard Peripherique Est
	urban traffic
	2.41278
	48.83916

	VITRY
	Vitry-Sur-Seine
	urban background
	2.376136
	48.77554

	AUT
	Boulevard Peripherique Auteuil
	urban traffic
	2.257698
	48.84828

	RAMBO
	Rambouillet
	suburban background
	1.832367
	48.63428

	RUR-S
	Zone Rurale Sud - Bois Herpin
	rural background
	2.2349
	48.3698

	PA04C
	Paris Centre
	urban background
	2.351669
	48.85925

	RN6
	Rute Nationale 6 - Melun
	urban traffic
	2.653507
	48.52811

	BOB
	Bobigny
	urban background
	2.456172
	48.90364

	GEN
	Gennevilliers
	urban background
	2.293602
	48.92982












Table 2. Summary of ‘chemical climatology’ statistics calculated at each site.

	Chemical climate component
	Statistic

	Impact
	Annual average PM2.5 concentration (PM2.5AA) 

(Metric relevant for health impacts from long-term exposure used for EU air quality limit values and WHO guideline value (10 µg m-3) which is the French national objective)

	
	Number of days when 24h mean PM2.5 concentration exceeds 25 µg m-3 (D24h25)
(WHO guideline value for short-term exposure.)

	State
	Percentage contribution from hourly PM2.5 concentration in 10 µg m-3 ranges to PM2.5AA

	
	Percentage contribution from hourly PM2.5 concentration in 10 µg m-3 ranges to D24h25

	
	Percentage of hourly PM2.5 concentrations in each 10 µg m-3 range occurring during each month of the year

	
	Percentage of hourly PM2.5 concentrations in each 10 µg m-3 range occurring during each hour of the day

	
	

	Drivers
	Percentage of time spent over geographic regions of Europe during the 96 hours prior to hourly PM2.5 concentrations in each 10 µgm-3 range being measured at a site

	
	Average ‘regional contribution’ and ‘urban increment’ of hourly PM2.5 concentrations in each 10 µg m-3 range






Table 3: Estimate of the average urban increment (expressed as a percentage of total PM2.5 % total PM2.5, and an absolute concentration in µg m-3) to annual average PM2.5 (PM2.5AA), and the average urban increment during days when the daily 24h average concentrations exceeded 25 µg m-3 (D24h25). The method indicates whether air mass back trajectories or wind direction measurements were used to identify the rural monitoring site that was most representative of upwind PM2.5 concentrations, and those values that were derived considering only hourly PM2.5 concentrations when one particular rural site was selected as the upwind site (see Section 2.2 for details). The daily average PM2.5 method calculates the statistics using 24h average PM2.5 concentrations and wind direction data. 
	Method
	PM2.5AA AUT
	
	D24h25 AUT
	
	PM2.5AA BOB
	
	D24h25 BOB
	

	
	2014
	2015
	2016
	2017
	2018
	2014
	2015
	2016
	2017
	2018
	2014
	2015
	2016
	2017
	2018
	2014
	2015
	2016
	2017
	2018

	Back trajectory
	55%
14.5
	48%
12.6
	50%
11.5
	50%
10.4
	48%
10.1
	48%
16.0
	40%
14.2
	36%
12.0
	36%
11.4
	35%
10.5
	35%
7.0
	28%
5.9
	30%
7.0
	31%
5.9
	27%
3.5
	25%
8.2
	21%
7.0
	26%
10.4
	26%
7.7
	19%
3.9

	Back trajectory RUR-N only
	44%
12.0
	39%
9.4
	42%
9.0
	41%
8.2
	40%
8.2
	39%
13.8
	29%
10.2
	26%
7.6
	25%
8.1
	26%
7.8
	17%
2.2
	13%
0.7
	17%
1.5
	18%
1.7
	16%
0.5
	14%
3.1
	9%
0.2
	8%
0.02
	12%
1.3
	7%
-1.4

	Back trajectory RUR-S only
	66%
17.9
	57%
15.9%
	59%
14.2
	57%
12.2
	58%
13.2
	61%
19.1
	54%
18.9
	47%
16.4
	47%
14.4
	50%
15.0
	52%
12.3
	41%
10.8
	44%
11.8
	42%
9.1
	40%
6.7
	42%
15.0
	37%
15.9
	41%
18.3
	39%
12.9
	34%
10.4

	Back trajectory RUR-SE only
	58%
16.1
	55%
14.2
	53%
13.0
	55%
12.3
	55%
12.0
	53%
18.5
	49%
16.7
	44%
15.3
	45%
15.0
	45%
14.0
	39%
8.9
	35%
7.2
	35%
8.9
	39%
8.1
	35%
5.7
	31%
11.6
	28%
9.1
	33%
14.2
	33%
11.1
	27%
7.5

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Wind direction
	55%
14.4
	48%
12.5
	50%
11.5
	49%
10.4
	48%
10.1
	48%
15.9
	40%
14.0
	37%
12.0
	36%
11.5
	34%
10.4
	34%
6.8
	28%
5.8
	30%
7.0
	31%
5.9
	27%
3.5
	26%
8.1
	21%
6.8
	25%
10.2
	26%
7.6
	18%
3.7

	RUR-N only
	46%
12.2
	39%
9.9
	43%
9.4
	42%
8.5
	42%
8.5
	40%
13.9
	31%
10.8
	28%
8.3
	28%
9.0
	28%
8.3
	19%
2.9
	15%
1.7
	18%
1.8
	19%
2.6
	18%
1.2
	15%
4.2
	10%
1.7
	8%
0.2
	17%
3.7
	12%
0.8

	RUR-S only
	67%
18.3
	57%
15.9
	59%
14.2
	57%
12.4
	56%
12.7
	62%
19.5
	52%
18.2
	49%
16.8
	48%
14.6
	46%
13.9
	53%
12.7
	40%
10.6
	45%
11.8
	43%
9.1
	39%
6.4
	43%
15.2
	37%
15.3
	43%
19.2
	40%
13.3
	31%
9.2

	RUR-SE only
	58%
16.1
	55%
14.2
	53%
13.0
	55%
12.3
	55%
12.0
	53%
18.5
	49%
16.7
	44%
15.3
	45%
15.0
	45%
14.0
	39%
8.9
	45%
7.2
	45%
8.9
	39%
8.1
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Figure 1. Map of monitoring sites across Paris and surrounding area used in this analysis












[image: ]Figure 2. a) Annual average PM2.5 concentrations, and b) Number of days when 24h average PM2.5 concentrations exceed 25 µg m-3 at monitoring sites in Paris between 2009 and 2018.
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Figure 3. a) The median (line), mean (dot), 25th and 75th percentiles (bottom and top of box), and 5th and 95th percentile concentrations, b) The percentage of hours across the year that hourly PM2.5 concentrations were in each 10 µg m-3 range, c) The percentage contribution that hourly PM2.5 concentrations make to annual average PM2.5 concentrations, and d) the percentage contribution that hourly PM2.5 concentrations make to 24h average PM2.5 concentrations above 25 µg m-3at the AUT urban traffic site between 2010 and 2017.
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Figure 4. a) The median (line), mean (dot), 25th and 75th percentiles (bottom and top of box), and 5th and 95th percentile concentrations, b) The percentage of hours across the year that hourly PM2.5 concentrations were in each 10 µg m-3 range, c) The percentage contribution that hourly PM2.5 concentrations make to annual average PM2.5 concentrations, and d) the percentage contribution that hourly PM2.5 concentrations make to 24h average PM2.5 concentrations above 25 µg m-3at the BOB urban background site between 2009 and 2018.
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Figure 5. The percentage of hourly PM2.5 concentrations in each range that occurred in spring, summer, autumn and winter at AUT between 2010 and 2017. 
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Figure 6. The percentage of hourly PM2.5 concentrations in each range that occurred in spring, summer, autumn and winter at BOB between 2010 and 2018. 
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Figure 7. The percentage of hourly PM2.5 concentrations in each range that occurred during each hour of the day at AUT between 2010 and 2017.
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Figure 8. The percentage of hourly PM2.5 concentrations in each range that occurred during each hour of the day at BOB between 2010 and 2018.
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Figure 9. The percentage of time that air mass back trajectories spent over geographic regions in the 96 hours prior to arrival at the a) AUT urban traffic site and b) BOB urban background site, when hourly PM2.5 concentrations were in each range. 
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Figure 10. The percentage of hourly PM2.5 at urban sites accounted for by measured PM2.5 at an upwind rural sites, i.e. the ‘regional contribution’ shown by the blue bar, and the percentage of hourly PM2.5 at an urban site in excess of the hourly PM2.5 measured at an upwind rural site, i.e. the ‘urban increment’ shown by the pink bar for different ranges of hourly PM2.5 concentrations at the a) AUT urban traffic and b) BOB urban background sites.  
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