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Abstract

:

PM2.5 measurements using a network of lost-cost sensors were conducted during 2017–2019 in the greater area of Patras, Greece. The average PM2.5 concentration in all sites during the study period was 9.4 μg m−3, varying from 6.2 μg m−3 in the background areas to 12.8 μg m−3 at the city center. The site with the peak PM2.5 levels was not located in an area with high traffic density but rather in a square with pedestrian-only zones and a high restaurant density. The highest PM2.5 concentrations were observed during the colder period (November–March) due to high emissions from residential wood burning for heating purposes. The measurements of the sensors were used to estimate the importance of regional and local PM2.5 sources. During the warm period, regional transport dominated, contributing approximately 80–85% of the PM2.5 in the city center; however, during the colder period, the local sources were responsible for approximately half the PM2.5. The network operated reliably during this multiyear study. Such measurements provide, at a very low cost, valuable insights not only about the temporal and spatial variability of PM2.5 in a city but also about its sources, including the role of regional transport.
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1. Introduction


Atmospheric pollution affects the natural environment, climate, and human health. Particulate matter (PM) is a significant air pollutant consisting of inorganic and organic components from various anthropogenic and biogenic sources. These particles affect Earth’s energy balance and climate both directly via absorption and scattering of solar radiation and indirectly by acting as cloud condensation nuclei and affecting the cloud albedo and lifetime [1,2]. Several epidemiological studies have shown that exposure to high PM2.5 (particles with diameter less than 2.5 μm) concentrations is associated with adverse health effects [3,4,5,6,7,8,9].



Regulatory PM monitoring stations measure PM2.5 concentration using reference methods and provide accurate measurements to determine if an area is above or below the concentration standard and to facilitate regulatory compliance. These valuable approaches are usually costly (high installation and operational costs) and seriously limit the number of such stations in an urban area or its surrounding areas. These regulatory measurements are accompanied by research campaigns using state-of-the-art instrumentation in usually one or maybe two sites for a limited period of time. Both of these approaches cannot capture the spatial variability of PM2.5 levels in a city and may miss important hot spots. The use of low-cost PM2.5 sensors has been proposed as a complementary approach to fill the gaps and improve the spatiotemporal resolution of sparse regulatory networks [10,11,12,13,14]. Giordano et al. [15] summarized the needs and challenges that should be addressed to characterize the air quality quantitatively with low-cost PM sensors and provided a summary of previous studies. However, questions remain open regarding their data accuracy and reliability as well as their outdoor long-term performance, especially under different meteorological conditions and complex PM emissions sources and corresponding concentration fields.



In this study, we describe the deployment and operation for 3 years of a network of 16 low-cost PM2.5 monitors in a modest-size urban area and its surroundings. Their measurements are analyzed using a series of approaches to estimate the contribution of the various sources to the PM2.5 in the area and to identify the hot spots as well as the periods of high concentration levels. A number of research campaigns characterizing PM2.5 and its sources have taken place during the last decade in single sites in the same urban area, so the conclusions reached from the analysis of just the low-cost sensor network can be evaluated against those of state-of-the-art instruments and techniques. Therefore, our study can investigate the use of such sensor networks for other areas where such previous knowledge is not available. Finally, our work also offers an example of the development of such networks including approaches for the analysis of the corresponding huge data sets.



In the first section, we provide a summary of the results of previous research campaigns and chemical transport modeling studies for the city of Patras. These are helpful for the evaluation of our results using the low-cost sensor network data. We then describe the sensor, its performance evaluation in the same area, and the network. Then, the results of the measurements are analyzed focusing on the spatial and temporal variability of PM2.5 in the study area and the impact of local sources as well as long-range transport.




2. Origins of Fine Particulate Matter in Patras: Results from Previous Studies


Patras is the third largest Greek city and has a population of approximately 250,000 inhabitants. It is a coastal city located in the central western part of the country. Traffic has been historically considered the major air pollution source in this urban area [16,17]. A modest industrial area is located approximately 15 km southwest of the city center. The city has an international port in its southern part that is quite active during the summer months. The port is used mostly by passenger ships rather than cargo ones. Merico et al. [18] reported that the contribution of maritime activities to total PM concentrations in the port is around 3%.



Manousakas et al. [17] used positive matrix factorization (PMF) of elemental PM2.5 composition measurements during 2011 to estimate that secondary sulfate (34%), traffic emissions (34%), biomass burning (11%), shipping (10%), sea salt (11%) and mineral dust (2%) were the major PM2.5 sources in the city center. For a suburban site in Patras, using the same approach, Manousakas et al. [19] found that secondary sulfate (34%), traffic emissions (25%), biomass burning (15%), mineral dust (10%), and sea salt (5%) were the major PM2.5 contributors. Biomass burning for residential heating is the most important organic aerosol source in the area during winter [20]. Agricultural waste burning activities are also frequent, especially from November to February [21,22]. During summer, the contribution of transported particulate pollution is quite high [16]. The area is occasionally affected by dust episodes originating from the Sahara Desert with more intense contribution during fall and spring [23,24,25]



Kostenidou et al. [26], using aerosol mass spectrometer measurements, estimated that the contribution of local traffic was only 10% of the organic aerosol in a suburban site during the summer of 2012. Florou et al. [20], using the same approach, reported that local traffic was responsible for only 10% of the organic aerosol in the southern part of the city during the winter of 2012. These two studies pointed out the unexpected importance of cooking organic aerosol in the city with contributions of around 15% of the organic aerosol. The modeling study of Siouti et al. [27] reported that the highest concentration of cooking organic aerosol is predicted to be in Trion Navarchon Square, to the south of the city center where there is the highest restaurant density.



All these studies have taken place in one or two sites in the city during campaigns that lasted from a few weeks to sporadic measurements during a year. The regulatory network in Patras has two stations in the center of the city measuring the concentrations of the major gas-phase pollutants (O3, ΝO2, SO2, and CO) and PM10 concentrations. There are no regulatory measurements of PM2.5 or PM composition.




3. The Patras Low-Cost PM2.5 Sensor Network


The low-cost PM2.5 monitoring network developed in Patras includes 16 PurpleAir sensors. The measuring sites (Figure 1) were selected based on criteria such as topography, population density, and possible emission sources. The knowledge gained from previous short-term campaigns was used for the selection of measuring sites. In this way, we identified possible sites that could provide estimates of the background conditions. Road traffic and wood burning for domestic heating (directly related to the population density) as well as the harbor-related activities were considered to be the main PM contributors. As a result, the measuring network was planned to be dense in the city center and a measuring station was established at the city harbor. Finally, it was important to cover the whole city since the complex topography was expected to increase the spatial and temporal variability of PM. The measurements described in this work were collected from February 2017 to December 2019. The network continues to operate; however, this study focuses on measurements before February 2020 when a lock-down was implemented in Greece due to the outbreak of COVID-19.



To facilitate the analysis of the results, the 16 measurement stations were classified into 7 groups taking into account both their type and their geographical location.



	
The two background stations, Platani (1) and University of Patras (2), are located to the north of the city. They are located in a sparsely populated rural area approximately 10 km from the city center. There are limited local PM sources and traffic is light in both of these areas.



	
Rio (3) and Kastelokampos (4) are suburban sites to the north of the city. They are 1–2 km from the background stations but are characterized by higher population density, and most of the residences are equipped with fireplaces.



	
In the northern part of the urban area, there are two stations: Agia (5) and Agia Sofia (6). Due to their proximity to the city center (around 2 km), the population density and road traffic are both high.



	
Five stations, Agiou Nikolaou, Germanou, Psila Alonia, Agios Andreas, and Palio Telonio (numbered as 7–11 in Table 1), are located in the city center. In all of these areas, there is high traffic density in the immediate neighborhood, and three of the stations (Agiou Nikolaou, Germanou, Palio Telonio) are located on major city roads while the other two could be characterized as urban background stations.



	
The station of Trion Navarchon (12) is located in the area of the city center with the highest restaurant density. This is the area that according to the chemical transport modeling predictions of Siouti et al. [27] has the highest cooking organic aerosol concentrations in the city. Despite its proximity to the rest of the city center stations, the measurements in Trion Navarchon are analyzed separately from the rest.



	
Three stations, New Port of Patras, Kypseli, and Koukouli (13–15), are in urban areas in the southern part of the city. One of them is at the new port of the city which has been a suspected hot spot for particulate pollution.



	
The last area is the suburban south with one station at Demenika (16), approximately 9 km south of the city center. It is mainly affected by agricultural and domestic biomass burning emissions.






The sensors were progressively installed, so the total number of observations differs across the measurement sites. For example, the station at Agia, installed in February 2017, reported 35 months of measurements while the latest one at Germanou, installed in March 2019, reported only 9 months of data. A sensitivity analysis was conducted to investigate if sensors with different periods of data collection may have an influence on the averages presented in the following sections. According to results, for all stations and in the vast majority of months, the influence on the 2017–2019 average when a month of measurements was not included was less than 2% and 4% for the warm (April–October) and the cold (November–March) periods, respectively. Moreover, for each cluster, PM averages were extracted only from the common measuring period of all stations. According to the results, the differences from the 2017–2019 averaged values were less than 0.6 μg m−3. In the city center, differences up to 1 μg m−3 were calculated.



The PurpleAir Low-Cost Monitor


The PM2.5 mass concentration measurements were performed using PurpleAir-II particle concentration monitors. Each PurpleAir unit includes two Plantower sensors (model PMS 5003) so two PM2.5 values are reported continuously. Their operation is based on particle scattering and conversion of the signal to mass concentration values. A fan draws ambient air at a flow rate of 0.1 L min−1, and a laser of 680 nm wavelength is used as the light source. A photodetector collects the 90° scattered light. A proprietary algorithm converts the output signal to mass concentration. These sensors are widely used because of their relatively good performance and long-term performance stability [28,29,30,31,32]. The uncorrected PM2.5 values (CF = 1) were used for the subsequent analysis in this work following Kosmopoulos et al. [30].



In order to ensure the high quality of the retrieved data, measurements were considered valid only when the two values reported by the two sensors in the same PurpleAir monitor differed by less than 20% of their average or less than 2 μg m−3. The average of the valid measurements was used for the subsequent analysis.



The raw PM2.5 measurements, PAir2.5, provided by the PurpleAir monitors were corrected using the equation derived for the conditions and aerosol encountered in Patras by Kosmopoulos et al. [29]:


    PM   2.5   = 0.42     PAir   2.5   + 0.26    (     μ g   m    − 3    )  .  











This simple relative-humidity-independent calibration equation was found to reduce the relative mean error for hourly PM2.5 to 1.1 μg m−3 and the root mean square error for hourly PM2.5 to 1.6 μg m−3 compared to the reference measurements. The biases of the corrected values are practically zero. Please note that the application of the same sensors in other areas with different pollution and meteorological characteristics may require different forms of corrections. For example, Sayahi et al. [29] also reported a small sensitivity of the same sensors to RH, while Zamora et al. [33] showed a change of the sensors’ response when RH exceeded 50%.



For the quality assurance of our measurements, we used three traveling standard sensors which were continuously tested against a calibrated Grimm PM2.5 monitor (Grimm Environmental Dust Monitor 180). The two sensors were tested against the reference instrument while the third was collocated with a network sensor to check its performance. For each network sensor, the comparison was performed every six months for approximately one week. The differences in PM2.5 were found to be within the expected uncertainty limits. The comparison of the hourly measurements of the standard sensors against the reference instrument for different comparison periods revealed a mean bias error and root mean square error below 1.5 and 2.0 μg m−3 respectively, accompanied by R2 values above 0.93. No seasonal pattern was revealed from these comparisons. Consistent with previous studies, the response of the sensors compared to the reference instrument changed significantly during periods with high dust (or other coarse particle) concentrations. These few periods were excluded from the analysis as well as from the results presented in the following sections [30].



In areas like Patras, when there are periods in which almost all the PM2.5 is regional, it is possible to check the performance of the sensors by a direct comparison of their measurements (Figure 2).



During that period, most of the fine PM in the area was regional. The agreement among the measurements of the 16 sensors during long periods was within 1 μg m−3, strongly suggesting that there were no problems in the operation of all sensors at that time. This simple strategy can be used in other networks for all or parts of the network as a quality control check.





4. Results


4.1. Performance of Sensor Network


Adding the operation time of each sensor (with two sensors per PurpleAir monitor), there were 702 months of sensor operation. During this period, 1 of the 32 sensors was replaced because its performance was problematic. This was determined from the difference between the measurements of the two sensors in the same PurpleAir monitor.



There was no evidence of gradually deteriorating performance of the sensors, including those in operation for 3 years. The average data completeness was 87%, varying from 75% to 98%, except for the station of Agiou Nikolaou (65%) due to network connection problems. Loss of data was mainly due to external factors (loss of Wi-Fi connection and power interruptions) and not to sensor problems.




4.2. Spatial Variability


The average of all PM2.5 measurements in all sites, during the 2017–2019 period, was 9.4 μg m−3, suggesting that the area is, at least on average, just below the limit of 10 μg m−3 recommended by the World Health Organization (WHO). It should be noted that, in 2021, the recommended WHO limit was reduced to 5 μg m−3. Moreover, there is significant variability of the average levels, which range from 6.1 μg m−3 in Platani to 12.7 μg m−3 in Trion Navarchon and 12.8 μg m−3 in Kypseli (Figure 3). A summary of concentration levels measured during the whole period as well as the colder (November–March) and the warm (April–October) periods is provided in Table 2.



One of the highest average concentrations was in an area of the city center with a high restaurant density. This is consistent with the modeling predictions of Siouti et al. [27]. A site in the southern part of the city (Kypseli) was also a PM2.5 hot spot with relatively high PM2.5 average levels. This is due mainly to high concentrations in these areas during the winter (Table 2).



The lowest average concentrations were recorded, as expected, in the two background stations of Platani (6.1 μg m−3) and the University (6.3 μg m−3). The level of 6.2 μg m−3 can be used as a first approximation as the average background concentration of the urban area during the study period.



In the suburban north area (Rio and Kastelokampos stations), average PM2.5 levels were around 2.5 μg m−3 higher than the background ones. This was mainly due to concentrations during the colder period which were 4–5 μg m−3 above the background. During the summer the increase was 1–1.5 μg m−3. Although these suburban stations are quite close to the background ones, their average PM2.5 value is approximately 40% higher. Moreover, the increased variability (Figure 2 and Table 2) indicates a daily variability in the corresponding emission sources in these northern suburbs that is not observed for the background area.



The average concentration in the two northern urban sites (Agia and Agia Sofia) was 8.8 μg m−3 and is quite similar to the average of the northern suburban sites (8.6 μg m−3). This behavior suggests that the PM2.5 concentration gradients in this northern coastal region, at least on average, were modest during the measurement period.



The average PM2.5 concentration in the city center area was 9.9 μg m−3. While the previous areas showed small variations (less than 10%) among the stations of each group, the difference between the city center area sensors reaches close to 30%. The highest concentration, 11.5 μg m−3, is in a station (Agiou Nikolaou) on one of the major city roads. These results indicate PM2.5 increments in the city center of 4–5 μg m−3 above the background.



The Trion Navarchon site had average PM2.5 levels that were 2.8 μg m−3 higher (28%) than the average of the other five city center stations and 6.5 μg m−3 above the background levels.



In the urban south area, the mean PM2.5 concentration was 11.3 μg m−3, a little higher than the average values in the center of the city. The highest values in this area were measured at Kypseli (12.8 μg m−3). The PM2.5 levels at the port (11.5 μg m−3) were close to the average for this area, suggesting a small contribution on average of the local emission sources.



Finally, the suburban south site at Demenika had a relatively high average PM2.5 concentration at 11.1 μg m−3, similar to the relatively high values at the urban south sites located a little further to the north. These measurements suggest that there may be a hot spot of pollution in this southern area of the city during the colder period which extends to the suburbs.




4.3. Monthly Variation


The average monthly PM2.5 in the two background stations varied from 4.8 (during May) to 7 μg m−3 (during January) with no distinct seasonal pattern (Figure 4). The background concentration was 6 μg m−3 during the colder period and 6.15 μg m−3 during the warmer period.



The PM2.5 behavior in all sites inside the urban and suburban areas showed a strong seasonal pattern with the highest concentrations during December and January and the lowest during May, the three summer months, and September. The highest monthly average values, exceeding 20 μg m−3, were recorded during January in the high-restaurant-density area of the city center and the urban south. The suburban south was also characterized by average concentrations close to 20 μg m−3 during the same period.



The city center also had worse air quality conditions during the winter compared to the rest of the year. However, the corresponding average concentrations were in the 14–16.5 μg m−3 range, significantly lower than in areas further to the south of the city. This indicates that traffic was not the dominant source of PM2.5 during this wintertime period.



The highest monthly average PM2.5 value, 21.6 μg m−3, was measured during January in the Trion Navarchon site in the high-restaurant-density area of the city center. This concentration was more than 5 μg m−3 higher than the PM2.5 in the other areas in the center, suggesting that cooking emissions together with the relatively low nighttime mixing heights in this cold period resulted in these relatively high PM2.5 levels. The same site had the highest concentrations during the summer months, but the average levels during the warm period, 9.3 μg m−3, were less than half those during December and January.



Overall, the highest gradients in space were observed during December and January which are also the months with the highest concentrations. A combination of increased local emissions, mainly due to wood burning and weaker atmospheric mixing, are responsible for this behavior. On the other hand, during the three summer months, the average PM2.5 is quite similar in all sites, with the exception of the high-restaurant-density site. The effect of local emissions during the summer appears to be small.




4.4. Average Diurnal Variation


The average diurnal variability of PM2.5 in the six examined areas during the warmer (April–October) and colder (November–March) periods can also provide valuable insights about the dominant sources of PM2.5 in the area. These diurnal cycles for each area were calculated simply by averaging the corresponding cycles in the sites in the area. The diurnal profiles for all sites can be found in Figure S1.



During the warmer period, the average PM2.5 diurnal profile in the background stations is quite flat with variations of less than 0.5 μg m−3 around its mean (Figure 5). This behavior is consistent with our assumption that the PM2.5 in these areas has negligible average contributions from local sources. PM2.5 behaves similarly in all urban and suburban areas, exhibiting a modest peak at 8:00 or 9:00 and then a nighttime peak at around 22:00. In most areas, these two peaks are similar in magnitude. The station in the high-restaurant-density area is a notable exception because its nighttime peak is at a concentration that is twice as much as the morning peak. The morning peaks in this warmer period are probably associated with the local traffic, while the evening peaks are the results of both traffic and cooking emissions. It is clear that in the high-restaurant-density area, the cooking emissions dominate in the evening. The concentrations in the center of the city are the highest of all other areas (excluding the Trion Navarchon station) throughout the day, a result consistent with the high traffic density in this part of the urban area. The morning PM2.5 peak at the center is approximately 3 μg m−3, suggesting that local traffic during the morning rush hour contributes approximately one-third of the fine particulate mass. The fractional contribution is probably less than this during the rest of the day.



During the colder period, the diurnal profile of PM2.5 in the background sites remains relatively flat but does vary by approximately ±1.5 μg m−3, suggesting a small contribution of local sources. This also means that the actual background concentration is probably a little lower during this period than the 6 μg m−3 estimated. The major characteristic of the diurnal profiles in all urban and suburban sites during this period is the quite high concentrations in the evening peaking at 21:00–22:00 (Figure 5). There is a south-to-north gradient, with higher concentrations in the south during these winter nighttime periods with average peak concentrations exceeding 35 μg m−3. During the peak concentration period, the average concentration increases above the background from around 10 μg m−3 in the northern suburbs to approximately 30 μg m−3 in the south. The nighttime PM2.5 levels in the high-restaurant-density area are higher than those in the nearby city center stations by as much as 10 μg m−3 at 22:00, strongly supporting the importance of cooking emissions in this area during the colder period as well. The morning peak during traffic rush hour is still present; however, it is much smaller than the nighttime peak and just a few micrograms per cubic meter higher than the warmer period peak for most areas.



The average diurnal profile for all urban and suburban measurement sites is shown in Figure 6. During the warmer period, the PM2.5 diurnal average concentration for the city of Patras varies from 6.4 to 10.6 μg m−3, suggesting good air quality conditions on average throughout the day. There is a peak of 8.4 μg m−3 at 8:00 LT and a second one of 10.6 μg m−3 during 20:00–22:00 LT.



The city’s average PM2.5 during the colder period exhibits increased diurnal amplitude (7–27.2 μg m−3). The morning peak is at 9:00 LT at 10.4 μg m−3 and is approximately 24% higher than the one recorded during the warmer period. A strong nighttime peak at 27.2 μg m−3 was observed at 21:00 LT.




4.5. Regional and Local Contributions to PM2.5


The regional contribution to the measured PM2.5 can be estimated assuming that the PM2.5 in the background area has a negligible contribution from local sources. Then, by definition in this approach, 100% of the PM2.5 is due to regional sources. In the rest of the stations, the local contribution can be estimated as the difference between the measured values and the assumed background concentrations. In this approach, the same background concentration is assumed for the whole area of interest. Diamantopoulou et al. [34] proposed an alternative approach for the determination of a site-specific monthly average background concentration when continuous measurements are available. This method assumes that the background concentration is equal to the minimum hourly concentration of the monthly diurnal PM2.5 profile in each site. Both approaches are used here to provide more robust estimates.



Estimates of the Regional Background PM2.5 Concentration


The regional background concentration for each month and each area, estimated by the two approaches, is shown in Figure 7. The Diamantopoulou et al. [34] algorithm provides a different estimate for each site during each month. These estimates vary in space as expected because the average background PM2.5 can be different for different parts of the urban area (e.g., for the south and the north). This variability is of the order of 1–2 μg m−3 for most months and sites and is, therefore, relatively low. Part of the variability may be real, but parts of it are due to the uncertainty of the Diamantopoulou et al. [34] approach. The algorithm based on the average measurements in the two background stations provides in our case a spatially uniform estimate of the background. The average estimate of the background concentration by the Diamantopoulou et al. [34] approach agrees with the measured concentrations in the background stations in almost all cases (Figure 7). This is an encouraging result because these approaches are based on different assumptions and measurements and, therefore, their agreement increases our confidence in the estimated background levels. It also supports the ability of the Diamantopoulou et al. [34] approach to provide good estimates of the background PM2.5 for an urban area like Patras even when measurements from only one low-cost sensor are available.



The monthly variability of the background PM2.5 around its average level of approximately 6 μg m−3 is small; however, there are months such as May during which the background is cleaner and its concentration appears to decrease to approximately 5 μg m−3.



Using these background concentrations, the contribution of local sources to PM2.5 in each station can be estimated (Figure 8). On average, approximately 70% of the PM2.5 in the area is due to transport from other areas and only 30% is due to local emissions. The contribution of the local sources is quite variable in space, increasing from approximately 25% in the suburban north to around 35% in the city center and to 40–45% in the high-restaurant-density area of the city. The results of both approaches are quite consistent with each other.



The contribution of the local sources increases significantly during the colder period (Figure 9). During the warmer period, it varies from around 10–15% in the suburbs and the urban areas away from the city center to 20–25% in the city center and to 30–35% in the high-restaurant-density area. During the colder period, local sources are responsible for 50–60% of the PM2.5 in the city center and urban south and for 40–45% in the urban and suburban north. According to the Diamantopoulou [34] approach, local sources are also contributing a little to the PM2.5 in the background stations during that colder period.



The increase in the local contribution during the colder period strongly suggests the presence of an additional PM2.5 source during these months. The high contributions in all areas, even if some of them have low traffic density, and also the high nighttime concentrations are consistent with the measurements of Florou et al. [20], who reported that during the winters of 2012 and 2013 biomass burning was responsible for approximately 40% of the fine PM in a site in the urban south of the city. The Florou et al. [20] results were based on measurements of the chemical composition of the fine PM using an aerosol mass spectrometer.



The importance of wood burning is evident in the citywide average monthly PM2.5 concentrations (Figure S2). The particulate concentrations during December, January, and February are approximately twice as high compared to the other months of the year.






5. Conclusions


A network of low-cost PM2.5 PurpleAir monitors (each with two sensors) was deployed in the city of Patras. It included sixteen stations covering the background, suburbs, city center, and other areas in the urban core. The network operated well during its first three years (2017–2019) with minimum need for maintenance and good data recovery (87% on average). Loss of data was mainly due to issues with the corresponding Wi-Fi connections and not the sensors themselves. The quality control protocol of the network included calibration against collocated reference PM2.5 monitors in the same area, intercomparison of the measurements of the 16 low-cost monitors during periods in which all of them reported practically the same value (almost all the PM2.5 was regional during these periods) and intercomparison of the values of the two sensors in each monitor.



The measurements of the network provided valuable insights about not only the spatial and temporal distribution of PM2.5 but also its sources in the city of Patras. The prevailing wisdom for such an urban area is that local transportation is the major source of PM2.5 and that the highest concentration levels are encountered in the city center in which the two regulatory monitors are located.



The analysis of the measurements of the low-cost sensor network indicated that the local sources are responsible for only 30% of the PM2.5 in the urban core, and the rest is transported to the city from other areas. The local contribution is even less (around 18%) during the warmer period extending from April to October but becomes a lot more important (around 52%) during the colder period and especially during the winter.



The second interesting finding from the network was that the highest PM2.5 concentrations are not found in the areas of the city center with the highest traffic density. During the warmer period, the highest levels are measured in an area of the city center with mostly pedestrian-only access but with the highest restaurant density in the city. This underlines the importance of cooking as a significant source of fine PM in this urban area. This finding is consistent with previous measurements in the same city (but in other locations) suggesting that cooking organic aerosol is a major component of fine PM both during the summer and during the winter. The peak average concentrations in this high-restaurant-density area (at around 20:00 LT) during the warmer period are more than twice the levels in all other areas of the city, suggesting that cooking is responsible for more than half of the peak PM2.5.



During the colder period, the highest PM2.5 levels were measured in stations in the southern urban and suburban parts of the city as well as in the high-restaurant-density area. This is consistent with biomass burning being the major local PM2.5 source during that period. The network suggests that the concentrations of biomass burning aerosol are highest in the south, probably because the emissions are higher in that area of the city.



Overall, the low-cost sensor network measurements suggested that the specific urban area has relatively low PM2.5 levels on average (9.4 μg m−3). However, there are significant problems during the winter nights in most of the city and especially the south due to wood burning and hot spots due to cooking emissions. While traffic emissions contribute to elevated PM2.5 levels, their contribution is 20% or less of the PM2.5 even in the city center where the highest traffic density can be found. This estimate is lower than the traffic contribution suggested in recent studies.



Our study demonstrates the utility of the establishment of such low-cost PM2.5 monitoring networks and suggests methods for quality control and quality assurance for the corresponding measurements as well as methods for the analysis and the interpretation of their measurements in an urban area. In the next step, the results of the measurement network will be combined with the predictions of a high-spatial-resolution chemical transport model.
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Figure 1. Spatial distribution of the measurement sites across the city of Patras. The inset shows an enlarged view of the city center where several measurement sites are located. The colored dots represent the type of each site: (a) background (red); (b) suburban north (black); (c) urban north (cyan); (d) city center (blue); (e) high-restaurant-density area in city center (yellow); (f) urban south (magenta); (g) suburban south (green). The numbers correspond to the stations of the network. 
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Figure 2. PM2.5 hourly measurements of 16 low-cost sensors installed in different areas of Patras during August 2019. 
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Figure 3. Boxplots of daily average PM2.5 concentrations at all stations of the network. The black dots and the solid red lines correspond to the mean and median PM2.5 concentrations. The bottom and top edges of the box indicate the 25th and 75th percentiles. 
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Figure 4. Monthly averaged PM2.5 concentrations for different areas in the city during 2/2017–12/2019: (a) background (red); (b) suburban north (black); (c) urban north (cyan); (d) city center (blue); (e) city center restaurants (yellow); (f) urban south (magenta); (g) suburban south (green). 
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Figure 5. Average diurnal profile of PM2.5 at the various examined areas during the (a) warm (April–October) and (b) colder (November–March) periods. 
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Figure 6. Average diurnal profile of PM2.5 for all measurement stations in the city of Patras, not including the two background stations, during the (a) warmer (April–October) and (b) colder (November–March) periods. The standard deviation of the mean concentration is also shown as a shaded area. 
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Figure 7. Monthly averaged regional background PM2.5 concentrations for the city of Patras during the study period (2017–2019). The solid black line represents the background concentrations calculated as the average of the measurements in the two background stations (Platani and University of Patras). The bottom and top edges of the blue boxes indicate the 25th and 75th percentiles of the background PM2.5 values for the various stations calculated using the Diamantopoulou et al. [34] method, the red dots show the average concentrations, and the red lines show the median concentrations. 
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Figure 8. Average estimated contributions of regional transport and local sources to the measured PM2.5 in all stations in Patras. The regional contribution using the difference approach is in red and using the Diamantopoulou et al. [34] approach is in orange. The local contribution using the difference approach is in dark blue and using the Diamantopoulou approach is in light blue. 
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Figure 9. Average percent contribution of the local sources to the measured PM2.5 in all areas in Patras during the (a) full study, (b) warm period, and (c) colder period. 
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Table 1. Information about the stations of the low-cost PM2.5 network in Patras.
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#

	
Station Name

	
Type

	
Start of Operation






	
1

	
Platani

	
Background

	
24 October 2017




	
2

	
University of Patras

	
27 May 2017




	
3

	
Rio

	
Suburban north

	
15 May 2017




	
4

	
Kastelokampos

	
17 November 2017




	
5

	
Agia

	
Urban north

	
30 January 2017




	
6

	
Agia Sofia

	
1 February 2018




	
7

	
Agiou Nikolaou

	
City center

	
19 April 2018




	
8

	
Germanou

	
10 March 2019




	
9

	
Psila Alonia

	
29 January2018




	
10

	
Agios Andreas

	
29 October2018




	
11

	
Palio Telonio

	
15 February 2019




	
12

	
Trion Navarchon

	
City center restaurant area

	
19 March 2017




	
13

	
New Port of Patras

	
Urban south

	
6 February 2017




	
14

	
Kypseli

	
15 April 2018




	
15

	
Koukouli

	
28 November 2017




	
16

	
Demenika

	
Suburban south

	
1 December 2018
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Table 2. Average (±standard deviation) concentrations and the range of daily PM2.5 measurements (in μg m−3) of each station during the full (02/2017–12/2019), cold, and warm periods.
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Total Period

	
Cold Period

	
Warm Period




	
Station

	
Mean ± std

	
Range

	
Mean ± std

	
Range

	
Mean ± std

	
Range






	
Agia

	
8.3 ± 2.5

	
1.2–35.1

	
10.4 ± 5.4

	
2.5–35.1

	
6.7 ± 2.7

	
1.2–18.3




	
Agia Sofia

	
9.3 ± 2.6

	
1.7–54

	
11.4 ± 6.7

	
2.6–54

	
7.7 ± 2.8

	
1.7–20.6




	
Agios Andreas

	
10.3 ± 3.9

	
1.6–42.7

	
13.8 ± 6.6

	
3.3–42.7

	
7.4 ± 0.9

	
1.6–17




	
Agiou Nikolaou

	
11.5 ± 3.2

	
2.1–37.2

	
14.2 ± 6.2

	
3.5–37.2

	
9.0 ± 2.6

	
2.1–17.4




	
Demenika

	
11.1 ± 5.5

	
1.5–51.4

	
16.2 ± 7.9

	
2.8–51.4

	
7.0 ± 3.2

	
1.5–16.7




	
Germanou

	
8.3 ± 1.9

	
1.9–39

	
12.4 ± 8.5

	
2.9–39

	
7.5 ± 2.8

	
1.9–16.9




	
Kastelokampos

	
8.7 ± 2.4

	
1.7–29.2

	
10.7 ± 5.5

	
2.6–29.2

	
7.4 ± 2.9

	
1.7–22.3




	
Koukouli

	
9.7 ± 4

	
1.6–52.4

	
13.6 ± 8.1

	
2.8–52.4

	
7.2 ± 3

	
1.6–20.9




	
Kypseli

	
12.8 ± 7.4

	
1.8–55.5

	
19.8 ± 10.7

	
3.7–55.5

	
7.7 ± 2.7

	
1.8–18.4




	
New Port

	
11.5 ± 6.5

	
1.8–56.5

	
16.1 ± 10.6

	
2.7–56.5

	
7.5 ± 3

	
1.8–19.2




	
Palio Telonio

	
9.2 ± 1.4

	
2.1–26.7

	
12.2 ± 5.8

	
4.8–26.7

	
8.7 ± 3

	
2.1–17.4




	
Platani

	
6.1 ± 0.9

	
1.2–19.5

	
6 ± 3.2

	
1.6–19.5

	
5.9 ± 2.3

	
1.2–13.5




	
Psila Alonia

	
10 ± 3.5

	
1.8–45.1

	
13.2 ± 6.8

	
3.6–45.1

	
7.7 ± 2.9

	
1.8–19.4




	
Rio

	
8.4 ± 2.2

	
0.9–37.7

	
10.1 ± 5.4

	
1.9–37.7

	
7.0 ± 3.1

	
0.9–22.1




	
Trion Navarchon

	
12.7 ± 4.6

	
2.3–69.7

	
16.7 ± 9.3

	
3–69.7

	
9.7 ± 3.3

	
2.3–25.7




	
University

	
6.3 ± 0.8

	
1–20.8

	
6 ± 3.4

	
1.7–18.4

	
6.4 ± 2.8

	
1.0–20.8
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