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Abstract: Recent advances in particle sensor technologies have led to an increased development
and utilization of low-cost, compact, particulate matter (PM) monitors. These devices can be
deployed in dense monitoring networks, enabling an improved characterization of the spatiotemporal
variability in ambient levels and exposure. However, the reliability of their measurements is an
important prerequisite, necessitating rigorous performance evaluation and calibration in comparison
to reference-grade instrumentation. In this study, field evaluation of Purple Air PA-II devices
(low-cost PM sensors) is performed in two urban environments and across three seasons in Greece,
in comparison to different types of reference instruments. Measurements were conducted in Athens
(the largest city in Greece with nearly four-million inhabitants) for five months spanning over the
summer of 2019 and winter/spring of 2020 and in Ioannina, a medium-sized city in northwestern
Greece (100,000 inhabitants) during winter/spring 2019-2020. The PM; 5 sensor output correlates
strongly with reference measurements (R?> = 0.87 against a beta attenuation monitor and R? =
0.98 against an optical reference-grade monitor). Deviations in the sensor-reference agreement are
identified as mainly related to elevated coarse particle concentrations and high ambient relative
humidity. Simple and multiple regression models are tested to compensate for these biases, drastically
improving the sensor’s response. Large decreases in sensor error are observed after implementation
of models, leading to mean absolute percentage errors of 0.18 and 0.12 for the Athens and Ioannina
datasets, respectively. Overall, a quality-controlled and robustly evaluated low-cost network can be
an integral component for air quality monitoring in a smart city. Case studies are presented along
this line, where a network of PA-II devices is used to monitor the air quality deterioration during a
peri-urban forest fire event affecting the area of Athens and during extreme wintertime smog events
in Ioannina, related to wood burning for residential heating.
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1. Introduction

Exposure to airborne particulate matter (PM) has been documented, over the last three decades,
as being related to a wide range of human health impacts, including respiratory and cardiovascular
disease [1,2], increased mortality, and loss of life expectancy [3,4]. Fine particulate matter (PM; 5) has
been recognized as a leading factor in human disease and premature mortality among air pollutants [5]
and a causal relationship has been identified between long-term exposure to PM; 5 and cardiovascular
effects and mortality [6,7]. In this context, annual PM; 5 standards have been established in international
environmental legislation. In the European Union, the standing annual limit value is 25 g m~=3, as set by
the 2008/50/EC air quality directive, with a provision for its future revision, given that significant effects
can be associated with long-term exposure to much lower levels [8,9]. The World Health Organization,
which has issued a 10 pg m~=3 guideline value [10], is prompting more representative ambient exposure
assessment by filling gaps in existing ambient air pollution monitoring infrastructures [11]. Causal
relationships for cardiovascular effects and mortality have also been recognized for short-term exposure
to PMy 5 [12,13]. Therefore, there exists an unambiguous need for reliable, representative, and timely
monitoring of PMj 5, in order to inform the general population and especially sensitive population
subgroups how to avoid unhealthy outdoor exposure and support informed decision making with
respect to mitigation measures. This need becomes more imminent during pollution events of episodic
nature, such as urban smog events [14] or urban/peri-urban wildfire plumes impacting populated
areas [15].

The small-scale variability of air pollution within large urban agglomerations, where local sources
can contribute to varying degrees, is an issue pointing towards the need for densification of air quality
monitoring networks in order to improve the spatial representation of ambient exposure. However,
to accomplish this by using reference-grade instrumentation would require significant investment [16].
Low-cost PM monitors, which are based on optical particle counting technology, have emerged
as a cost-efficient solution where indicative yet dense monitoring is required in order to provide
real-time information to citizens and stakeholders. Around the world, state and local authorities
are moving towards the deployment of such devices in dense networks for urban particle pollution
monitoring [17-19]. At the same time, low-cost monitoring technologies are proving useful in studies
involving citizen science or for the evaluation of AQ models, in order to derive particle pollution
predictive tools at an urban scale [20].

While measurements from low-cost PM devices cannot be used for the assessment of regulatory
compliance with air quality standards, it has been demonstrated that they can track reasonably well
the variability of concentrations (on various time-scales) and therefore can be subject to calibration
based on reference-monitor data, in order to provide realistic ambient concentration levels [21]. In this
respect, low-cost PM sensors have been recently evaluated by laboratory and field studies [22,23],
and are also proposed as tools for both long-term as well as event-based monitoring—for instance
when dealing with forest fires [24]. The digital transition promoted through the Urban Agenda for the
EU and the rising of smart city approaches, point towards the integration of IoT (Internet of Things)
technologies and other ICT (Information and Communication Technologies) into policy making, with
sustainable development and urban resilience being the overarching goals. Along these lines, the
utility of low-cost AQ cross-cuts many different sectors (e.g., health, transport, carbon neutral cities,
climate change), which makes them, under proper treatment, an important component of a smart and
resilient city.

The Plantower PMS sensor is one of the most widely used for low-cost PM measurements and
it forms the basis of the PurpleAir monitor, a compact low-cost platform with advanced online data
reporting capabilities [25]. Several field studies have been recently performed for the evaluation of
Plantower PMS sensors (models 1003 through 7003), in different environments and conditions [21,26-28].
These studies, while finding good correlations with reference monitors, have also pointed out biases
related to relative humidity and high ambient PM levels, and have suggested various approaches in
order to correct the sensor’s concentration outputs. Laboratory and chamber tests have corroborated



Atmosphere 2020, 11, 926 3 of 25

the above findings [29] and have revealed further issues, such as the sensor’s poor size selectivity and
their performance dependence on ambient particle size distributions [30], as well as their non-linear
response to elevated PM concentrations [31]. A thorough understanding of the factors controlling
the performance of the sensor is critical in order to perform reliable calibration and apply specific
corrections to obtain realistic outputs.

Particle size distribution and chemical composition have been considered as important
error-inducing factors in PA-II devices. The majority of studies on PA-II validation has indicated that
relative humidity variations can alter the aerosols size distribution and scattering properties, biasing
the sensor’s response [27,32,33]. Therefore, relative humidity was considered in this study as well, as a
parameter for adjustment of the PA-II output. Moreover, because aerosol chemical composition drives
the optical and hygroscopic properties [29,34], we made a fist attempt to examine the associations of
errors with concentrations of major aerosol components. The second key issue in PA-II calibration is
related to the sensor’s geometry that restricts its ability to accurately track supermicron particles [35,36],
which, under special conditions, can amount to a significant fraction of actual PM, 5. Here, we propose
a novel approach using external size fractionation data (such as PM; 5 and PM; from a reference
station), that can be applied in urban PA-II networks, especially in cases of regional dust events, which
are frequent in Southern European countries. In this framework, we have developed calibration models
which have been tested at the operational scale of locally developed low-cost networks for an extended
period, highlighting the monitor’s capabilities in ambient conditions, including air quality episodic
events. Such large-scale implementation of calibrated low-cost devices can lead to integrated solutions
for effective and hi-resolution spatiotemporal monitoring and prediction centered on ground-based
measurements [20].

In this study, the performance of the Purple Air PA-II low-cost PM monitor was evaluated during
several ambient intercomparison campaigns in Greece. The study is focused on the PMj; 5 fraction,
since the response of the sensor to PMjy has been deemed much less reliable [19,37], while PM;
monitoring is not yet foreseen by existing EU air quality standards. Measurement campaigns were held
in different cities and seasons, covering a wide range of ambient PM, 5 concentrations (up to several
hundred pg m~2 on an hourly basis), in environments influenced by diverse particle sources and
meteorological conditions. Furthermore, the sensor’s performance under elevated coarse-mode PM
concentrations related to regional dust transport was assessed, while ways to mitigate the sensor’s bias
through multiple regression models, incorporating reference PM ratios, was investigated. Moreover,
the effectiveness of the Purple Air PA-II monitor as component of a low-cost monitoring network was
explored, by assessing the inter-site correlations and intra-urban homogeneity of PM; 5 concentrations
at urban/suburban background locations. Finally, the utility and operational capabilities of the network
were evaluated during large urban air pollution episodes that were caused by intense residential wood
burning and forest fires.

2. Study Area and Methods

2.1. Sites and Measurement Periods

Field evaluation tests were held in two Greek cities, Athens and Ioannina, during 2019-2020.
In Athens, the Greek capital and largest city with approximately four million inhabitants, measurements
were performed at the Thissio urban background monitoring station (37.97326° N, 23.71836° E, 105 m
ASL), operated by the National Observatory of Athens (NOA). The site is not directly affected by
particle emissions, is located in an area of moderate population density, close to a large pedestrian
zone and away from major roads. Therefore, it can be considered to be representative of background
pollution in central Athens [38—40]. Initially, eight PA-II monitors were installed at Thissio for a nearly
one-month period (8 March 2019-2 April 2019) during spring 2019. In a second phase, five PA-IIs
were in operation at Thissio during summertime, from 3 July 2019 to 3 September 2019. In the third
phase, during late winter and spring of 2020 (26 February 2020-18 May 2020), a single PA-II monitor
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(continuously operating since 7 July 2019 at the site, thus covering both calibration periods) was used.
Table S1 summarizes information regarding each intercomparison campaign.

Ioannina is a medium-sized city in northwestern Greece with a population of approximately
100,000 inhabitants, located on a plateau in the foothills of the Pindus mountain range. Measurements
in Ioannina were performed at the Vilara Air Quality Monitoring Station (39.67102° N, 20.84648°
E, 484 m a.s.l.), operated by the Regional Authority of Epirus, in collaboration with the University
of Ioannina. The station is located in the city center and is close to a road with moderate traffic.
The intercomparison in Ioannina took place from 15 December 2019 until 31 May 2020, covering the
spring period but also most of the winter period, when the city is heavily impacted by residential
wood burning emissions, leading to persistent wintertime smog episodes [41].

Furthermore, several PA-II devices have been deployed at background locations within the
larger urban zones of the two cities, with the objective to gradually form dense monitoring networks.
In this study, we present results from nine such nodes in Athens and three in Ioannina. The network
configuration, as well as the locations of the sites hosting reference instruments, can be seen in Figure 1,
while details on the site characteristics are presented in Table S2 and Figure S1.
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Figure 1. Map of mainland Greece (left) and overviews of the Athens (bottom right) and Ioannina (top
right) basins. Measurement sites hosting both reference and low-cost instrumentation are denoted with
red stars, while the other sites of the low-cost PA-II networks are denoted with blue dots.

2.2. Instrumentation

2.2.1. The Purple Air PA-II Low-Cost PM Monitor

The PA-II monitor and its PA-II-SD version (PurpleAir LLC, Draper, UT, USA) incorporate a
pair of PMS5003 (Plantower Ltd., Beijing, China) laser optical particle counter (OPC) sensors, along
with a temperature, relative humidity, and barometric pressure sensor (BME 280, Bosch Sensortec
GmbH, Reutlingen, Germany), both connected to a microcontroller equipped with a wireless network
communication module. The device records and transmits data over Wi-Fi to a cloud-based platform,
from where they can be downloaded at a 2 min. resolution. Pictures of the PA-II monitor and the
PMS5003 sensor are provided in Figure 52. A side view with the twin-sensor design can be seen
(Figure 52b), with air entering from four small holes in the bottom of the sensor and exiting from
the fan at the same side. The sample flow is guided to the laser detector after two 90° turns. Drawn
schematics on the internal sensor geometry and sample flow path can be found in Sayahi et al. [31] and
Ardon-Dryer et al. [42].
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The PMS5003 sensor provides digital outputs for 12 data fields. The first three correspond to the
mass concentrations of PM;, PM; 5, and PMy fractions, without applying any correction, and they are
labeled CF = 1. The next three, labeled CF = atm, correspond to adjusted mass concentrations derived
after applying a proprietary algorithm developed by Plantower Ltd. The next six data fields contain
the cumulative particle size distribution in six size ranges (>0.3 um, >0.5 um, >1 pm, >2.5 um, >5 pm,
and >10 pm). In addition to these parameters, from each of the two PM5003 sensors, the PA-II also
reports data for temperature, relative humidity, and barometric pressure.

2.2.2. Reference Instrumentation

At Thissio, reference PM; 5 concentration measurements were conducted using a reference-grade
beta attenuation monitor (PX-375, Horiba Ltd., Kyoto, Japan), providing data that were averaged on a
3 h basis. The instrument was sampling through a PM; size-selective inlet upstream of a PM; 5 sharp
cut cyclone (VSCC 2.251, BGI Inc., Butler, NJ, USA) and was equipped with a sample heating system
to avoid measurement bias due to variations in atmospheric moisture. In addition, a research-grade
31-channel optical particle counter (Model 11-D, Grimm Aerosol Technik, Ainring, Germany) was in
operation at Thissio, sampling through a TSP sampling head, providing particle size distributions in
the 0.2 um to 35 um range and mass concentrations for PM;, PM; 5, and PMj, at a 1 min. resolution.
Measurement data for meteorological parameters (ambient temperature—T, relative humidity—RH)
were obtained from the adjacent NOA meteorological station, on an hourly basis.

In Ioannina a 32-channel optical particle counter (APDA-372, Horiba Ltd., Kyoto, Japan) was used
as reference. The instrument is reference-equivalent for PM; 5 and PMjy measurement according to the
EN 14907 and EN 12341 standards, respectively. It was sampling through a TSP sampling head with a
vertical sampling line that was equipped with a particle drying system, providing mass concentrations
of PM;, PMj 5 and PMjy fractions on hourly intervals. Hourly average values of meteorological
parameters (T, RH) were obtained using a, collocated, automated weather station.

2.2.3. Ancillary Measurements

Chemical composition of submicron aerosol at Thissio was monitored using an Aerosol
Chemical Speciation Monitor (ACSM, Aerodyne Inc., Billerica, MA, USA) providing concentrations
of the non-refractory (NR-PM;) aerosol components (namely organic aerosol—OA, sulfate, nitrate,
ammonium, and chloride) at a 30 min. resolution, complemented by Black Carbon (BC) measurements
performed by a 7-A aethalometer (AE-33, Magee Scientific, Berkeley, CA, USA) operating at a 1 min.
resolution. Details on the operation and quality assurance regarding the ACSM can be found in
Stavroulas et al. [43]. BC was also measured in Ioannina using again an AE-33 aethalometer at a 1 min.
resolution. Furthermore, the aethalometer model [44,45] was used to calculate the fossil fuel (BCy) and
biomass burning (BCyyp) fractions of black carbon, at both sites.

In order to support the identification of dust transport events, 120 h backward trajectories arriving
at the two reference sites were calculated for selected periods, every 6 h at a height of 1000 m, using
the HYSPLIT trajectory model [46], while PSCF (Potential Source Contribution Function) calculations
were performed with the ZeFir toolkit developed for the Igor Pro software package [47].

2.3. Data Treatment

For the comparative evaluation and calibration of PA-II monitors, raw data from the two PMS5003
sensors in each monitor were averaged on 1 h time intervals. For the Athens datasets, in addition to 1 h
average values for all of the examined parameters, 3 h averages were also calculated for comparisons
with PM; 5 reference concentrations from the beta-attenuation monitor. The agreement between the
two individual sensors of each PA-II device was checked for hourly-averaged values and obvious
outliers were excluded [20], however their frequency was negligible (< 0.05%).

Data capture (recovery) from the PA-II devices was very high (exceeding 99% for hourly average
values at all sites, during all study periods), considerably exceeding the 90% threshold (that we
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indicatively mention as the minimum data capture rate required in reporting of continuous measurement
data according to the EU air quality directive). Therefore, no imputation for missing values was
performed. Data capture rates exceeding 99% have also been reported for the PA-II monitor by other
studies [21], attesting to the device’s durability and consistent operation in field conditions.

The squared Pearson correlation coefficient (R?) is used throughout the manuscript as a correlation
metric. PA-II PMy 5cF = 1) measurement biases in comparison to reference PM, 5 are assessed through
the mean bias error (MBE), the mean absolute error (MAE), and the normalized Root Mean Squared
Error (nRMSE). These metrics are also used for analyzing the performance of the proposed calibration
models. Bias errors correspond to the difference of the PA-II concentration minus the reference
concentration. All related equations can be found in Section S1 of the supplement.

3. Results and Discussion
3.1. Field Evaluation and Device Calibration

3.1.1. PM; 5 Data Output of the PA-II Device

One of the main issues that need to be accounted for is which of the data fields (CF = 1, CF = atm),
provided by the PMS5003 and, consequently, the PA-II monitor, should be considered when performing
PMj, 5 field calibration, since the two outputs deviate notably in certain concentration ranges [25].
Examining the CF = 1 versus CF = atm scatterplots, a linear 1:1 relationship is observed for low
concentrations. Then, a non-linear adjustment appears to be applied in mid-range CF = 1 values
to derive CF = atm. Finally, another linear correction is applied for higher concentrations, with a
coefficient that is smaller than one. Based on repeated observations on all datasets, the different
PMp 5(cF = 1) ranges (in pug m~3) where the three different corrections are applied to obtain PMj 5(CF = atm),
are approximately the following:

L4 Low Range: PM2.5(CF =1) < 20, where PM2.5(CF =atm) = PMZAS(CF =1)-
e Mid-Range: 20 < PMy5cr=1) < 110, where an unknown correction is applied by the
sensor manufacturer.

L4 High Range: PM2'5(CF =1) > 110 where PM2'5(CF =atm) ¥ 0.66 PM2'5(CF =1)-

To illustrate this, three scatterplots corresponding to the above concentration ranges, along with
the linear regression equations for the first and third range are depicted in Figure 2a—c. The winter-time
measurements in Ioannina were utilized for the visualization, as the dataset is characterized by a wide
concentration range (hourly concentrations from as low as a few pg m= up to several hundreds of
g m~2). Splitting the reference dataset into 35 equidistant concentration bins that cover the entire
ambient concentration range, calculating each bin’s PMj 5(cr = 1) and PMj 5(Ck = atm) average, and finally
plotting those values against the reference PM; 5 values, leads to the plot of Figure 2d. It can be seen
that for both data fields, while, at low concentrations binned averages follow a 2:1 line, they gradually
deviate from it with increasing ambient concentrations.

A similar pattern has been reported for the PA-II monitor when comparing its outputs to a
reference (TEOM) instrument [48], while non-linear fits with a similar curvature, as in Figure 2d, have
been documented to better describe the sensor to reference relationship [31]. In Figure 2d, the pattern
seems to be more pronounced for the CF = atm output, which, while falling on the 2:1 line for low
concentrations, it tends towards the 1:1 line for higher ambient PM, 5 levels. While this non-linear
behavior of CF = atm should be addressed by any proposed calibration scheme, the use of the CF =1
field may provide a more straightforward approach, also allowing for a more direct assessment of
the effects that are related to aerosol physical properties, since there seems to be a more direct linkage
between PM, 5(cF = 1) and measured particle number concentrations. Thus, the CF =1 field was utilized
in the subsequent analysis. It is noted that the proprietary algorithm used for the correction of CF
=1 to CF = atm [31], to the best of our knowledge, has not been yet documented in the literature,
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is not available in the sensor manual or any relevant documentation, while it is also not known to the
manufacturer of the PA-II monitor either (personal communication with Purple Air LLC).
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Figure 2. Breakdown of the CF = atm versus CF = 1 data channel responses during the Ioannina
intercomparison campaign (PM; 5 concentrations), when stratified by the relevant CF = 1 data ranges
(<20, >110,20-110 pg m~3), on panels (a—c), respectively. On panel (d), the binned average output of
the two channels plotted against the reference instrument is illustrated.

3.1.2. Repeatability of PM; 5 and T-RH Measurements

Eight devices—which subsequently were deployed at the various sites—were installed at the
Thissio site during the 1st intercomparison period of 2019 in order to assess the repeatability of the
PA-II monitor in ambient conditions. The results from pairwise comparisons of the PM; 5(cF = 1y output
of the devices are presented in Figure S3 and Table S3. The inter-device repeatability was high, with
slopes and R? values very close to unity (0.98 < slope < 1.02, 0.997 <R? <1). Similar results supporting
the high precision of the Purple Air PA-II monitor have been also documented by Feenstra et al. [21],
using a triplet of PA-II devices. These results support the utilization of the device in low-cost PA-II
networks, since they indicate the comparability of different monitors after their field deployment, and
can facilitate different approaches for batch calibration.

A similar evaluation was performed for the temperature and relative humidity measurements by
the BME280 sensors included in the PA-II devices. Precision is important in this case, since several
calibration approaches utilize T and RH as inputs in order to minimize PA-II biases. For temperature,
slopes varied in the range 0.82-1.10 and R? between 0.989 and 1, while, for relative humidity, ranges
were 0.90 < slope < 1.07 and 0.996 < R? < 1, respectively. Detailed results regarding the pairwise
comparisons of T-RH sensors can be found in Tables 54 through S7. When compared to reference T
and RH measurements, the devices exhibit excellent linearity (Figure S4) but tend to overestimate
temperature and underestimate relative humidity, probably owing to the BME sensor’s proximity to
the electronics board inside the sensors” housing [49].

3.1.3. Coarse Particle and Relative Humidity Effects on Sensor Bias

During the intercomparison campaigns in Athens and lIoannina, the PA-II devices operated
under a wide range of ambient conditions, regarding the meteorology, aerosol sources, and chemical
composition. Furthermore, several dust episodes were observed, linked principally to air masses
originating from northern Africa. Scatterplots of reference measurements conducted in Ioannina
versus the PA-II PM; 5(cr = 1) measurements can be seen in Figure 3a,b, providing an indication of
coarse particle effects. Respectively, data from the 2nd Athens intercomparison campaign (the Grimm
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11D OPC that provided the particle fraction ratios was not available during the 3rd intercomparison

campaign) are depicted in Figure 3c,d.
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Figure 3. Scatter plots of the reference versus PA-II PM; 5 concentrations, color-coded according to the
PM;/PMj; 5 ratio for Ioannina (a) and Athens (c) and the PM; 5/PMy ratio for Ioannina (b) and Athens
(d), with the ratios calculated by the HORIBA APDA-372 and Grimm 11-D instruments for Ioannina

and Athens respectively.

The PMS5003 sensor has been documented to have poor size selectivity for coarse particles [30],
while the design of the flow path—from inlet to optical cavity—forces the sample flow along
two consecutive 90° angles, favoring the deposition of larger particles before reaching the optical
detector [31]. Therefore, the response is susceptible to error when aerosol is dominated by coarse
particles, which in Southern European areas is typically observed during Saharan dust transport
episodes [50].

In the present case, when color-coding data-points in the scatterplots according to their
corresponding PM;/PM; 5 and PMj 5/PM ratios (calculated from measurements of the multi-channel
OPC instruments), it is evident (Figure 3) that the data-points deviate from the general pattern for
increasing coarse PM fractions (lower ratios). Points corresponding to lower ratios follow a steeper,
almost 1:1 line, as compared to points corresponding to higher ratios, for which a clear overestimation
by the PA-II is observed. Because these deviations become clearer when using PM;/PM; 5, this ratio
will be henceforth used as a proxy in the related graphs.

On the other hand, important sensor biases can be expected in elevated ambient RH, since no
conditioning of the sample takes place in the PMS5003 sensor. When evaluating the PA-II monitor,
Magi et al. [51] reported linearly increasing MAE and RMSE errors with increasing RH, while a positive
relationship between RH and MBE was documented by Feenstra et al. [21].

For the investigation of these effects, the absolute error of the PA-II PM; 5k - 1) relative to the
reference values in both datasets was first calculated. Given the fact that wintertime mean PM; 5
concentrations in Ioannina were high (57.2 jig m~2), the analysis was initially focused on the springtime
measurements (mean 13.4 ug m~2), in order to achieve comparability with the Athens dataset where
the mean PM; 5 concentration for the 2nd and 3rd campaigns combined was 15.2 ug m3. Plotting
the absolute error against the PM; 5 reference concentrations, steeper slopes in the relationships with
ambient concentrations were observed for higher RH values (Figure S5). This was more obvious in
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Ioannina, while, in Athens, this pattern was much less pronounced, probably due to the drier ambient
conditions (RH: 49% in Athens versus 64% in Ioannina, on average, for the respective periods).

Data were divided in 20 equidistant bins according to RH, and the corresponding Mean Absolute
Error (MAE) values was plotted, in order to examine the humidity effect. The results are shown in
Figure S6, where an evident dependence of MAE on RH can be observed. The effect is more evident
in the Ioannina dataset, with MAE rising from 8.5 pg m~2 to 35.7 ug m~2 when RH increases from
30% to 90%. This behavior could be linked to the frequent lake-effect fog events during wintertime
in Ioannina [52], with the error being possibly related to water droplets that are introduced in the
sample stream and counted in the PM, 5 size range. A similar observation, with fog events inducing
a positive bias in PM, 5 measurements performed with the PMS1003 sensor—a previous version of
PMS5003—has been also reported in Brisbane, Australia [53]. A positive but nevertheless more modest
relationship can be observed in the Athens dataset, with MAE rising from 4.3 pg m21t09.3 ng m™3
along the 30% to 90% RH increment.

It should be noted that higher concentration levels in Ioannina were mostly observed during
the evening, coinciding with elevated RH levels. This means that part of the bias could be due to an
additive effect of high concentration and RH, given the positive relationship between absolute error
and ambient PMj 5 levels (Figure S5). Other than that, the observations noted earlier, regarding the
sensor behavior under elevated coarse mode concentrations (when the PA-II underestimates real PM, 5
concentrations), implies that, in this case, the examination of the absolute error hinders the correct
attribution of the actual measurement bias. Thus, it is necessary to isolate the influence of different
effects and then examine their corresponding errors.

Because the RH and coarse particle effects tend to bias the performance in opposite directions,
the bias error was examined as a metric of the sensor’s performance, for both Ioannina springtime
and Athens datasets (Figure S7). The effect of coarse mode particles can be now observed clearly
(Figure S7), with the majority of negative errors being calculated for low PM;/PM, 5 ratios, while a
linear relationship with increasing concentration can be suggested for any PM;/PM; 5 ratio, starting
with apparently negative slopes for low ratios and gradually moving towards positive slopes for higher
ratios. A positive relationship with RH, even at mid-range concentrations is again suggested (Figure S6),
while negative errors seem to be linked to lower RH, possibly related to drier and dust-laden southern
air masses affecting continental Greece [54]. A boxplot of MBEs in 10% RH bins is also presented
(Figure S7), where the RH dependence is obvious.

It is necessary to exclude that this increase was introduced by the positive error-concentration
relationship to examine whether the increased bias linked to RH can be actually attributed to rising
RH values. In this scope, the ratio of PA-II PM, 5ck = 1) to PM, 5 reference concentrations (PA-II/Ref)
was calculated and its association with the observed reference concentration was explored (Figure 4).
In Figure 4a,b, data-points are color-coded by the PM;/PM; 5 ratio and RH respectively, and it is
indicated that lower PM;/PMj 5 ratios correspond to low PA-II/Ref ratios (ranging from zero to roughly
1.5). We used the PM,; 5/PM ratio (according to the analysis in Figure S8) in order to remove the points
affected by the elevated coarse mode concentrations and consequently focus on the RH effect, given
that, as an external parameter, it should be more readily available by regulatory monitoring stations,
where, in most cases, PM; will not be routinely monitored. The colored scatterplot in Figure 4c, were
coarse-related data-points (PM; 5/PMjq ratios less than 0.5) have been removed, clearly illustrates
the RH effect on the sensor data deviation from reference dried measurements, while the resulting
boxplot of Figure 4e points towards a linear pattern with the lower bin median PA-II/Ref at 1.41 and the
higher at 2.10. A line was fitted to the calculated medians of each bin versus RH yielding an excellent
correlation (R? = 0.96).
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Figure 4. Behavior of the error (PA-II—Reference) and PA-II/Reference ratio for the PA-II monitor in
the Ioannina intercomparison during the entire deployment period. Panels (a,b) show scatterplots of
the PA-II/Ref ratio versus reference concentrations color-coded by PM;/PM, 5 and RH, respectively.
In panel (c) RH color-coded data are presented, excluding points where PM; 5/PM; ratios were less
than 0.5. In (d) the error is plotted against reference measurements color-coded by PM;/PM, 5 while a
boxplot of PA-II/Ref ratios versus binned RH is also presented (e).

Through the error analysis, it is suggested that, in order to correct the PA-II PM, 5 values,
a multivariable approach should be followed, incorporating both humidity and coarse particle effects.
The PA-II devices include a RH sensor, characterized by high repeatability (Section 3.1.2), which can be
calibrated ahead of field deployment (Figure S4). However, the representative PM ratios required for
corrections related to the presence of coarse mode particles should be externally provided. Such a
solution could lie in the integration of PM; 5, PM1 data from a central or the nearest available regulatory
air quality station (AQS), and it should be necessary when coarse-particle episodes are frequent and
effective over wide urban areas. Similar calibration approaches have been already documented [20,55],
albeit directly using reference PM; 5 measurements coming from nearby regulatory AQS. Nevertheless,
because lower PM ratios are not only related to regional phenomena, such as Saharan dust events in
Southern Europe, this approach could face limitations regarding locally re-suspended dust. Therefore,
its use in traffic sites, for example, where traffic induced resuspension can be substantial [56], may
result in unsolicited errors.

3.1.4. Models for Correction of PA-II PM, 5 Measurements
Models for Ioannina:

The Ioannina dataset was randomly divided in two subsets, selecting 60% as the base dataset
(n = 2556 hourly observations) and the remaining 40% as the evaluation dataset (n = 1706) (Figure S9).
The base dataset was used to fit different regression models. Reference PM; 5 concentration was used
as the dependent variable and PA-II PM; 5 (CF = 1) concentration, ratios related to the presence of
coarse particles (PM1/PM, 5 or PM; 5/PMjp) and RH, were used as predictors. In total, ten different
models were fitted, using all or a combination of the aforementioned predictors, starting with simple
linear and quadratic regression models involving only the sensor and reference PM; 5 data (iModel
1, iModel 2), then incorporating the PM ratios (iModel 3 to iModel6), and finally RH (iModel 7 to
iModel 10). Motivation for including the PA-II PM; 5 (cF - 1) as a squared term comes from the convex
patterns observed in Figure 3, as well as the PA-II versus reference relationships documented in other
studies [21,26,31]. A detailed description of the developed models can be found in Table S7. Generally,
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the larger part of the variability in the models can be explained by the PA-II PM; 5 concentration
variable. Positive increments with added predictors were somewhat small in terms of adjusted R?,
however coefficients of all added predictors were statistically significant at the 0.05 level, for all
the models.

The obtained equations were then applied in the evaluation dataset and the model-corrected
PA-TI PM, 5.,; concentrations were compared to the reference measurements, calculating R?, MAE, and
normalized RMSE (nRMSE) as performance metrics. Table 1 summarizes the results of the evaluation.
The fitting ability of the models increased by progressively adding as predictors the variables that have
been shown to directly influence the sensor’s measurement. Specifically, the nRMSE decreased by
approximately 17% when the PM ratios were incorporated (iModel 3 and iModel 5) and approximately
21% when the polynomial model included also RH (iModel 7 and iModel 9), in comparison to the
simple linear model (iModel 1). An important decrease (19%) in nRMSE, was also found by the simple
quadratic models (iModel2), with no other external predictors. The model with the best descriptive
power was the one incorporating PM;/PM, 5, RH, and a PA-II PM; 5(cf = 1y quadratic term (iModel 8),
yielding a 40% improvement in nRMSE, relative to the simple linear model. It is noted here that the
PM 5(ck = 1) MAE, calculated for the evaluation dataset (before application of a correction model), was
25.4 ug m~3, much higher than the MAE of models, for which the lowest value was for iModel 8 (MAE
= 2.2 ug m~2, 41% lower as compared to the simple linear iModel 1). Including PM ratios in the PA-II
PM, 5 calibration scheme appeared to drastically improve the behavior of the post-processed sensor
signal during dust events.

Table 1. Performance metrics for the ten models tested in Ioannina (reference PM, 5 versus the modeled
PA-TI PM 5.r) as calculated for the evaluation dataset.

Ioannina R? Slope Intercept nRMSE MAE (ug m=3)
iModel 1 0.975 1.005 0.044 0.200 3.7
iModel 2 0.984 1.008 -0.012 0.162 29
iModel 3 0.983 1.007 —0.062 0.165 3.3
iModel 4 0.989 1.010 -0.112 0.135 2.7
iModel 5 0.983 1.006 0.034 0.168 34
iModel 6 0.987 1.008 —0.008 0.145 2.9
iModel 7 0.985 1.001 -0.044 0.158 29
iModel 8 0.992 1.004 -0.184 0.119 2.1
iModel 9 0.984 1.002 -0.091 0.166 3.2
iModel 10 0.988 1.005 -0.229 0.142 2.6

Trying to discern which model incorporating the two coarse-related ratios (iModel 8 or iModel
10) performs better during a dust event, we focused on a severe dust episode recorded during 20-22
December 2019 and a milder event during 11-21 May 2020 in Ioannina. During these periods, air
masses mostly originated from the southern sectors, with PSCF analysis indicating dust transport from
north Africa (Figure S11), in agreement with the low PM; 5/PMjg ratios calculated. In Figure 5, the
time-series of coarse PM as measured by the reference instrument is depicted, with the shaded areas
corresponding to the respective dust events.
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Figure 5. The time-series of PMy., 5 concentrations in Ioannina, highlighting two distinct dust events,
is illustrated in the top panel (a). The behavior of different modeled PA-II PMj 5., measurements is
shown in the bottom panels, for the December (b) and May (c) events.

The mean PM;(, 5 concentration was 38.7 ug m~> during the December and 27.3 pg m~2 during
the May event, in contrast to the 6.7 ug m™ average that was registered for the entire period. In the
bottom panels of Figure 5 the behavior of the two examined models along with the linear model (iModel
1) is shown. iModel 8 seems to generally perform better (Tables S10 and S11), yielding average PM; 5
values that were closer to the recorded for each period (34.0 pg m=2 for December and 13.6 g m=2 for
May, against 37.7 and 14.2 pg m~> that were measured by the reference instrument, respectively).

Models for Athens:

The same approach was followed for the investigation of the best corrections applicable to the
Athens intercomparison campaigns, using the beta attenuation monitor measurements as reference.
As opposed to Ioannina, in Athens the models were not found to benefit from the inclusion of PA-II
PM; 5(cF = 1) as a quadratic term, since maximum ambient concentrations were relatively low (below
80 ug m3 throughout the entire period; Figure 3). Because the PM1/PM, 5 and PM, 5/PM; ratios
data availability was limited to the 2nd Athens intercomparison campaign, multiple linear regression
models incorporating those ratios were tested only for this period. Additionally, in Athens, models
using only PA-II PM; 5cr = 1) and RH as predictors were tested, with data spanning both the 2nd
and 3rd campaigns, after excluding data-points evidently affected by dust events. As criteria for this
exclusion, we used: (i) a threshold of 0.5 for the PM; 5/PM; ratio for the 2nd campaign (considering
the analysis presented in Figure S8) and (ii) inspection of backward air mass trajectories when the
PM, 5/PMj ratio was not available.

The corresponding datasets were again randomly divided in base and evaluation subsets (60%
and 40% respectively), creating in total four subsets (Figure 510). Six different regression models were
tested and they are summarized in Tables S12 (configuration) and 513 (performance). The results for the
evaluation datasets are summarized in Table 2. Once more, the models incorporating the coarse-related
PM ratios (aModel 2 through aModel 5), exhibited the lowest nRMSE (0.133-0.147) and MAE (1.8 ug
m~2) values and they were better correlated with the reference PM; 5 measurements. Overall, the
implementation of multiple regression models, resulted in an improvement of performance metrics,
with aModel 4—the model incorporating the PM;/PM; 5 ratio and RH—corresponding to the smallest
nRMSE (0.142) and MAE (1.8 ug m~3) values.
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Table 2. Performance metrics for the various models tested in Ioannina (reference PM, 5 versus the
modeled PA-II PM; 5.,y as calculated for the evaluation dataset.

Athens R? Slope Intercept nRMSE MAE (ug m=3)
aModel 1 * 0.822 1.004 -0.273 0.198 2.2
aModel 2 0.838 1.326 —-5.147 0.133 1.8
aModel 3 0.824 1.307 —4.950 0.139 1.9
aModel 4 0.817 1.269 —4.208 0.142 1.8
aModel 5 0.802 1.242 -3.870 0.147 1.8
aModel 6* 0.844 1.015 —0.439 0.186 2.0

* Data for both intercomparison campaigns (2nd and 3rd) at Thissio are used for aModel 1 and aModel 6.

It is evident that correcting the raw sensor signal drastically improved the PA-II performance
metrics for both the loannina and Athens datasets, effectively reducing MAE from 25.4 pg m= to
below 3.7 pg m~3 and from 3.1 pg m~3 to below 2.2 pug m~3, respectively. Similar improvements have
been observed by the majority of studies applying statistical models for correction. For example,
Magi et al. [51] reported a 45% improvement in MAE after implementing a multilinear regression
correction scheme, incorporating RH and reference PM;5 measurements as predictors, while
Malings et al. [49], using more complex corrections by calculating an RH-related hygroscopic growth
factor, documented a reduced MAE by 40%. Pawar et al. [57] applied a particle density adjustment
followed by growth factor and aspiration efficiency corrections, reporting a 10-15% improvement in
RMSE. Tryner et al. [48] reported that their correction (taking RH into account in a simple regression
approach) reduced the absolute value of the mean bias from 2.1 to 0.6 ug m~2. Significant improvements
in PA-II signal corrections have also been shown by the application of non-linear supervised machine
learning approaches, such as artificial neural networks [58,59].

3.1.5. Comparison to Reference Instrumentation in Different Seasons

The corrected (aModel 6) PA-II output was examined against reference measurements at Thissio,
in three different seasons during the 2nd and 3rd intercomparison campaigns, in order to assess the
potential influence of seasonal factors on the performance of the PA-II monitor (that could be for
example related to the seasonally variable chemical composition of urban aerosols).

The model choice was mainly dictated by the fact that the base dataset used in model aModel 6
was more representative, spanning all seasons in Athens, with the model displaying an overall good
performance. The results are presented in Figure 6. Temperature and relative humidity diurnal patterns
and basic statistics during those three seasons are presented in Table 514 and Figure S12. For the warm
season (3 July 2019-3 September 2019, Figure 6a), the averaged PA-II PM; 5., and PM 5cF = 1) data
from the five installed PA-II devices at Thissio were used as independent variables in the displayed
linear regressions. For the other two seasons, the cold (26 February 2020-7 April 2020) and intermediate
(8 April 2020-19 May 2020), data from one PA-II deployed at Thissio were used as the independent
variable. The cold and intermediate seasons were categorized according to long-term climatology
studies for Southern Greece [60]. It is noted that, for the warm season data-points affected by coarse
particles, according to criterion (i) described previously, were excluded, while for the intermediate and
cold seasons, where no concurrent PM; or PM;( measurements were available at Thissio, the affected
data were excluded according to criterion (ii).
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Figure 6. Linear regression of reference versus PA-IIcg = 1 PM; 5 data during the two intercomparison
periods (2nd and 3rd) at Thissio, Athens. On panel (a), data obtained during the warm period are
shown, with data for the cold and intermediate periods on panels (b,c), respectively. In panel (d), all
data are included.

The comparisons indicate a relatively uniform response of the PA-II monitor, regardless of the
measurement season in Athens, which is characteristic of consistent behavior for monitoring short-term
PM, 5 concentrations in the absence of elevated coarse mode concentrations. Furthermore, it is
indicative that no significant drift in the sensor’s response was observed in the span of almost one year.
The slopes of the linear regression of PM 5 reference versus PM 5(cF - 1), range between 0.44 and 0.48,
while the correlations remain excellent with R? varying in the range of 0.86 to 0.93. It must be noted
that a statistically significant intercept was observed for the Thissio dataset, probably owing to the
different operation principle of the compared instruments, with PMS5003 being limited to the direct
detection of particles only larger than 0.3 um [30].

On the other hand, the performance of selected models is considered to be satisfactory and
consistent, yielding, in all seasons, small intercepts, slopes very close to unity, and excellent correlations
to reference measurements, despite changes in chemical composition and aerosol source intensity
year-round. The chemical composition and sources of aerosols have been extensively studied in
the area of Athens. The main characteristics in urban/suburban background areas (such as those
where devices were installed in the local network) are dominated by secondary aerosol throughout
the year [38,56,61]. Ammonium sulfate is more abundant during summer, while secondary organics
(especially the less oxidized fraction) are enhanced in the cold period [43]. Moreover, levels of primary
organics and black carbon are largely enhanced during winter, mainly due to residential wood-burning
emissions, while they diminish in summer, also due to decreased traffic [38,41,43,62]. The contribution
of larger mineral dust particles in PM; 5 is generally limited in the long-term (typically less than 10%).
At background sites, where road-dust resuspension is limited, mineral dust is expected to contribute to
PMj; 5 mostly during regional dust transport events [56].

It is possible that the content in primary organics and black carbon, which are typically emitted
in the ultrafine range, is an additional error-inducing factor in the PA-II output, since particles with
nominal diameters lower than 0.3 um are not directly counted by the sensor. Actually, the mass fraction
gathered in this size-range can be substantial. For example, Pennanen et al. [63] in central Athens has
found 26% of PM, 5 mass to be concentrated in sizes below 0.2 pm. These size ranges are dominated by
organic and elemental carbon particles, while upper ranges (0.3-0.5 pm, 0.5-1 um) are characterized



Atmosphere 2020, 11, 926 15 of 25

by the increased presence of nitrate and sulfate particles [63—-65]. However, aerosol ions are susceptible
to water uptake which alters the scattering characteristics of sampled particles. Moreover, differences
on apparent densities and shape factors of particles are related to their chemical characterization [66]
and they can indirectly bias the sensor’s estimation algorithm that assumes fixed values [67].

The associations between measurement error and concentrations of source-specific aerosol
components was examined in order to assess the potential effects of the seasonal variability of sources
and chemical composition on the monitor’s performance. Small differences in error indicators have
been found when evaluating the PA-II device in laboratory conditions for specific polydispersed
particle sources with largely variable density and size distribution characteristics [25,27]. However, for
ambient aerosols, where particle density is less variable and submicron aerosol dominates the PM; 5
fraction [68], there is not much evidence on the chemical composition effects.

In the present case, the absolute error of PA-II PM; 5., (corrected with aModel6) relative to
reference measurements was correlated against components that function as tracers of specific sources
and atmospheric processes. The two aethalometer BC components (BC¢ and BCyp,) were used as
indicators of traffic-related and biomass burning emissions (residential wood burning during the cold
period and regional forest and agricultural fires during the warm) [69,70]. The sulfate concentrations
that were determined using the ACSM were used to represent regional transported and processed
secondary aerosol [43]. Comparisons were performed for the 2nd and 3rd Athens intercomparison
campaigns; therefore, covering all three examined seasons (cold, warm, intermediate). Figure S13
shows the season-specific fine aerosol chemical composition measured by on-line instruments and
Figure S14 the results of the comparison.

The results provide a first indication that the PA-II corrected signal is not directly affected
by changes in chemical composition and intensity of examined sources. Correlations with aerosol
type indicators in all cases were very weak (R? < 0.15). Additionally, the performance of the
monitor remained stable when shifting from the warm to the cold period, which are characterized by
distinct fine aerosol speciation. However, more work is needed in order to find an optimal way of
investigating and addressing chemical composition effects and, furthermore, to explore links between
the chemical composition and aerosol hygroscopic properties affecting the sensor’s performance in
ambient conditions [49].

3.2. Monitoring PM, 5 Using the PA-II in Greece

3.2.1. Athens

The performance of the PA-II network in Athens was evaluated during August 2019, when a large
scale wildfire event took place in a forested mountainous area in Euboea, approximately 70 km to the
N-NW of Athens, in an effort to assess the effectiveness of low-cost PM monitors, such as the PA-II,
in providing alerts and real-time input to competent stakeholders, health experts and to the general
public. The fire started in the late evening of August 12 and was active for almost three days. The
transport of dense smoke plumes towards Athens was favored by the seasonally prevailing Etesian
NW wind regime [71] and impacted on the Athens basin on August 13 and, to a lesser extent, during
the following day. This can be also seen by satellite imagery (Figure S15) for the morning of August
13, when maximum hourly concentrations of 75-80 ug m~3 were recorded across the Athens basin at
stations of the National Air Pollution Monitoring Network.

During this period, the PA-II monitoring network that was installed in the framework of the
PANACEA project in Greece was operational, comprising of nine active devices, as presented in
Figure 1. All PA-II data were corrected according to aModel 6 (using the PA-II RH corrected outputs).
Figure 7 illustrates the August 13 time-series of the hourly corrected PM, 5 concentrations, for all nine
sensors. The first sites to be affected by the fire plume, were those on the western and northern parts of
the Athens basin (HAI, PEF and CHA, see map in Figure S1), with concentration levels rising after
04:00 (local time), peaking at HAI at 07:00, while PEF and CHA, followed by the third northern site
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(MEL), reached maximum values at 08:00. The sites in the city center were affected after 06:00 with
concentrations at THI (the Thissio central site) and GYZ reaching their maximum at 09:00, followed by
a gradual decline till late afternoon. The two sites in the southern zone around the port of Piraeus (KER
and PIR) were the last to be affected, mainly after 08:00, exhibiting maxima at 10:00-11:00 along with a
new maximum at the nearby western HAl site. Performing a simple nearest neighbor interpolation [72]
on a 0.01° grid (Figure S16), for every hourly averaged set of measurements, the evolution of the
plume’s influence on the basin can be illustrated, with some generalization of the effect to areas that
surround each site.
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Figure 7. Hourly corrected PA-II PMj; 5., measurements in Athens, impacted by a forest-fire in 13
August 2019 (a—c). Average diurnal PM; 5., variability in August 2019, excluding data impacted by
the fire plume (d-f).

The degree of spatial homogeneity between the hourly PM;5 measurements in the nine
urban/suburban background sites was also assessed during the entire month of August. The coefficient
of divergence (CoD, Section S1) and squared correlation coefficient (R?) were calculated for each
site-pair, after excluding the wildfire event, and the results are presented in Table 3 and Section S14.
In general, values of CoD that are closer to zero are related to higher spatial homogeneity [73]. A high
degree of spatial homogeneity for PM; 5 can be seen across sites, as the CoD values were found below
0.2, which is considered as a threshold value ([74] and references therein). The mean CoD value was
0.10 (ranging between 0.05-0.16), very similar to the mean CoD value of 0.09 found by Lianou et al. [75]
for PM; 5 measurements at 35 residential sites in the greater area of Athens. Generally, inter-site
distance appears to be inversely related with CoD, with lower values between sites in the same sectors
of the basin, as, for example, can be observed by the very low values (0.05-0.06) between the three sites
in the north sector (CHA, MEL, PEF).
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Table 3. Coefficient of divergence (CoD) values for each pair of monitoring sites in Athens during
August 2019, excluding the days that the basin was impacted by the Euboea wildfire plume.

THI GYZ PEF PIR MEL CHA VOuU KER

GYZ 0.07

PEF 0.08 0.06

PIR 0.11 0.12 0.13

MEL 0.09 0.08 0.05 0.14

CHA 0.08 0.07 0.05 0.14 0.06
vVOou 0.13 0.12 0.12 0.19 0.12 0.11

KER 0.09 0.09 0.09 0.09 0.11 0.10 0.16

HAI 0.08 0.09 0.09 0.10 0.10 0.10 0.15 0.05

The low CoD results are mainly due to the similar characterization of sites (urban background
or suburban background), which are not directly affected by local emissions. They also extend past
results for CoD values regarding PM;g measured at numerous locations in the Athens basin, which, in
the case of background site-pairs, ranged between 0.17-0.21 [76]. The exclusion of the coarse fraction is
expected to lead to smaller CoD [77], especially in the present case, where dust-related PM, 5 are not
effectively measured. On the contrary, higher than 0.2 CoD values have been documented in Athens
for fine and coarse particles in traffic vs. urban background site-pairs [56]. At background locations
within the Athens basin, several source apportionment studies have identified secondary species as
the main component of background fine aerosols [38,56,78]. Due to the regional scale of processing
and transport of secondary aerosol, its levels are spatially uniform over the entire area [56], leading to
a higher degree of uniformity for PM; 5 particles as well. It should be also noted that the impact of
traffic sources, that is already limited in background locations, is further decreased during the August
vacation period in Athens [62].

Two sites that present different characteristics in Figure 7 are PIR and VOU, which were associated
with CoD values almost consistently larger than 0.10. Concentrations at VOU, a suburban background
site at a relatively large distance from the city center (18.5 km from Thissio), were lower than in the
other sites (mean concentration of 13.1 pg m~3). Meanwhile, PM; 5 concentrations in PIR (Piraeus),
an area where the largest European passenger port is located—at the peak of its capacity during
summer [79]—appear to be affected by the activity related to the port, with a primary maximum in
early morning (07:00 LT) linked to the traffic rush hour and secondary maxima during the evening
related to passenger ship departures and arrivals [80].

3.2.2. Ioannina

Studies in Ioannina have revealed the important effect of residential wood burning in elevated
fine aerosol concentrations during wintertime [41,81]. Three PA-II devices were deployed (Figure 1,
Figure S1), specifically at two urban background (VIL, GIR) and one suburban background (ANA)
site, in order to monitor the spatial variability of PM; 5 concentrations in the city. During the 13
December 2019-13 January 2020 period, pollution in loannina was dominated by residential wood
burning, as inferred by concurrent aethalometer (AE-33, Magee Scientific) measurements at the city
center. During this period an average BC concentration of 5.02 j1g m~> was measured, with hourly
maxima up to 31 pug m~> and a very high contribution of BCyy, (75% on average). In fact, during the
night hours (18:00-6:00 local time), BC concentrations were almost completely attributed to biomass
burning, with the BCy, contribution rising to 88%.

In this context, PA-II PM; 5., concentrations, corrected according to iModel 8, were calculated
for the three sites. The selection of the model is primarily dictated by the need to compensate for the
intense regional dust event observed during December 20 to December 22 (Figure S11), but it is also
based on the fact that all of the stations are relatively close to the regulatory AQS site (VIL), 3.1 and
0.5 km, respectively, for ANA and GIR (in contrast to an average inter-site distance of 9 km for Athens),
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thus allowing for uniform use of the AQS (VIL site) measured PM1/PMj, 5 ratio. Very high PMj 5¢or
levels (Figure 8a) were determined at all sites, with average concentrations for the monthly period
ranging between 62.8-74.8 ug m~>. Higher concentrations were measured at the GIR site, located in a
street-canyon of a densely populated neighborhood in the city center. However, the high-concentration
event appeared to be effective over the larger urban zone of Ioannina, with comparable levels also
recorded at the suburban background ANA site. Hourly maxima reached 350 ug m~2 at all sites, while
the frequency of hourly measurements above 100 ug m= was 29%, 27%, and 24% at GIR, ANA, and
VIL, respectively, with the vast majority of these observations recorded during nighttime.
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Figure 8. (a)Boxplots (25th, 50th and 75th percentiles) of hourly corrected PM; 5., concentrations at
the three sites in loannina, with whiskers extending to the 10th and 90th percentiles. Average values
depicted with red dots; (b) Diurnal variability of PMj 5o, observed at ANA, VIL, and GIR during the
13 December 2019-13 January 2020 period.

Focusing on the diurnal variability during the examined one-month period (Figure 8b), it appears
that, for all sites, maximum concentrations were recorded during nighttime, capturing the important
role of wood combustion for residential heating, with GIR—representing a typical residential
area—exhibiting the highest night-time peak. Secondary maxima were observed during the morning
traffic rush hour at all sites, with the central VIL site being the least affected. The ANA site, although
located in a suburban area, is close to the major international motorway connecting the city, which is
burdened with heavy traffic [82], while GIR is located close to the main road traversing the Ioannina
Lake shore and leading to the city airport. These differences in the monitoring sites characteristics
were also reflected on the moderate spatial heterogeneity inferred by the pairwise CoD calculation.
The GIR-ANA sites exhibited the highest differences with CoD = 0.33, while levels at the central
VIL site were fairly uniform with the other two sites (CoD: 0.23-0.24), indicating its suitability as a
representative background location for PM; 5 measurements in the city (Tables S16 and S17).

4. Conclusions

In recent years, low-cost PM monitors, which are based on optical particle counting/sizing
technology, are widely used to monitor PM levels, providing a cost-effective and practical solution.
As their performance is strongly dependent on environmental factors, including humidity and
abundance of coarse particles, which vary seasonally, but also spatially, extensive work is required to
better understand their response and propose suitable calibration procedures. This task was addressed
in the present study, by examining the performance of the Purple Air PA-II sensor, on both seasonal
and spatial scales, and in two contrasting environments in Greece: Athens, the capital of Greece with
more than four-million inhabitants and Ioannina, a medium-sized city in northwestern Greece, affected
by residential wood burning emissions in winter, rendering it one of the most polluted cities of Greece,
during that season. The main results of this study are summarized below:
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e The CF =1 data field provided by the PMS5003 sensor was considered more appropriate to
calibrate the PA-II device, as it displayed better linear behavior against reference measurements
and without the necessity to interpret the sensor’s black-box data processing.

e  The PA-II temperature and relative humidity sensor proved to be robust, linear, and easy to
calibrate, allowing for temperature and relative humidity data use in correction approaches.

e  The presence of—mainly dust related—coarse particles, along with elevated ambient relative
humidity conditions, have been identified as important sources of measurement bias and a limiting
factor for a uniform correction, due to area and site specificities.

e  Polynomial multiple regression models can improve the PA-II performance and minimize biases
that are related to relative humidity levels and coarse-to-fine particle fractionation. However, such
corrections should be applied locally and additional work is needed to check their applicability at
a regional scale. In this sense and given that the gains in performance, although indicative of the
effects, were not very pronounced, it has to be weighted whether they justify the additional required
work and dataflow as compared to simple calibration using only reference PM measurements.

e  The correlations found between the PA-II monitor and reference PM, 5 were notably higher in the
case of the reference optical monitor than for the beta-gauge monitor, mainly attributed to the
similar operating principle. Intercomparison experiments for PA-II against different collocated
reference instruments, and also comparisons with the same reference instrument at multiple
locations, will substantially broaden the scope of research.

The PA-II performance appears to remain rather stable in the mid-to-long term, regardless of
seasonal fluctuations in ambient conditions and aerosol chemical composition; however, more detailed
work is required in order to assess the latter. Overall, the installation of dense PA-II networks,
complementing regulatory AQS networks, can improve our knowledge on the spatial variability of PM
concentrations and population exposure, in general and especially during local or regional pollution
events affecting the urban landscape. The potential availability of concentration data from tens of
measurement locations in a large city can prove rather useful for health studies in order to develop
more representative spatial models for population exposure and minimize exposure misclassification
errors due to within-area variability of concentrations. Moreover, as most low-cost networks operate
frequently according to open-data principles, they can provide useful data to the research community
and broaden the scope of air quality research.

Sensor-based monitoring and citizen networks are emerging solutions as it becomes clear that
future urban air quality management should be integrated in a smart city framework. In this sense,
a diffuse utilization of air quality sensor-based monitors, while it can provide a wealth of real-time data
with high spatial resolution, can also lead to inaccurate estimations of the air quality status or misuse
by third parties, if proper calibration is not applied. Direct comparison of uncorrected measurements
with air quality standards should be avoided and this should be emphasized as much as possible.
Therefore, more research and strategic planning is necessary regarding the optimal incorporation of
low-cost devices in operational monitoring networks, with focus on their reliable calibration and the
possibility for automation in calibration procedures. Furthermore, more work is needed in order to link
caveats in the performance of the PA-II monitor to physical and chemical properties of sampled aerosol.
Future research should include testing of the device in controlled laboratory conditions by chamber
experiments, also evaluating solutions for the mitigation of the identified humidity and particle size
distribution effects.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/9/926/s1,
Figure S1: Maps of the PA-II network in Athens and Ioannina, displaying monitoring sites, Figure S2: External
view of the Purple Air PA-II air monitor, Figure S3: Scatterplots for pairwise comparisons of the eight collocated
devices operating at Thissio, Athens, Figure S4: Linear regression of reference T and RH versus T and RH measured
by the BME280 sensor of the PA-II device, Figure S5: Scatterplots of the PA-ii PM, 5cp=1) absolute error versus
reference PM, 5 measurements, Figure S6: PA-II PM, 5cp=1) MAE as a function of binned RH measurements,
Figure S7: Bias error examination for Ioannina and Athens, Figure S8: Coarse mode affected data according to the
PM; 5/PMj ratio, Figure S9: Bar plot of the ambient PM 5 time-series recorded in Ioannina depicting data of both
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base and evaluation datasets, Figure S10: Bar plots of the PA-II PM; 5cp-1) time-series recorded in Athens during

the 1%t and 2" intercomparison campaigns depicting data of both base and evaluation datasets, Figure S11: PSCF
analysis performed using back trajectories during two dust events at loannina, Figure S12: Diurnal variability of T
and RH at Thissio during the Warm, Cold and Intermediated identified periods, Figure 513: Chemical composition
of PM; aerosol in Athens, Figure S14: Scatter plots of PA-II PM; 5., absolute error versus BCg, BCy}, and S0,
concentrations, Figure S15: Satellite image of Greece with the active forest fire region and the plume over the
Athens basin, Figure S16: Spatial evolution of the Euboea forest fire’s impact on PM; 5 concentrations over the
Athens basin, Table S1: Duration, reference site and number of participating PA-II devices, Table S2: Characteristics
of the measurement locations in Athens and Ioannina, Table S3: Pairwise correlations PM 5(cp=1) measurements
from the eight PA-II devices deployed at Thissio, Table S4: Pairwise correlations of temperature measurements
from the eight PA-II devices deployed at Thissio, Table S5: Linear regression slopes for pairwise comparisons
of temperature measurements between eight devices deployed at Thissio, Table S6: Pairwise correlations of RH
measurements from the eight PA-II devices deployed at Thissio, Table S7: Linear regression slopes for pairwise
comparisons of RH measurements between eight devices deployed at Thissio, Table S8: Configuration of the PA-II
PMj 5 (cp=1) correction models tested for the loannina dataset, Table S9: Goodness-of-fit metrics for all tested
models in the base dataset for Ioannina, Table S10: Model performance metrics along with basic PM; 5., statistics
for the December dust event, Table S11: Model performance metrics along with basic PMj 5., statistics for the
May dust event, Table S12: Configuration of the PA-II PM 5 (cg=1) correction models tested for the Athens dataset,
Table S13: Goodness of fit metrics for all tested models on the base dataset for Athens, Table S14: Mean and
Standard Deviation of T and RH at Thissio, Table S15: Pairwise correlations of PMj 5., measurements at sites in
Athens, Table S16: CoD values for each pair of monitoring sites in Ioannina, Table S17: Pairwise correlations of
PMj 5.0r measurements at sites in loannina.
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