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Summary

Summary

Airborne pollutants and PM in particular are one of the greatest environmental threats to human
health worldwide. The particles are small enough so that they can be inhaled and, depending
on the particle size and composition, reach deep into lungs, where they cause inflammations on
bronchi and alveoli. In the EU, stationary measurement networks have therefore been
implemented to monitor PM2s and PMyo concentrations. However, personal PM exposure
cannot be properly assessed because these immobile monitoring systems cannot provide
spatiotemporal PM values in high resolution. They are too sparsely deployed, even in highly
populated urban environments. As a result, mobile monitoring is of increasing interest as it
improves the horizontal and vertical coverage and allows to display the variability of PM
concentrations and their emission sources. Recent developments of highly portable, and easy-
to-use low-cost PM sensors further show that these sensors offer the opportunity to
revolutionize mobile measurements in high spatiotemporal resolution, even though their

measurement performances and resulting fields of applications are questionable.

This thesis addresses (i) potentials and limitations of the Alphasense’s low-cost sensors
OPC-N3 for mobile measurements to investigate PM exposure differences between children
and adults, as well as seasonal changes in PM hotspots and their emission sources and (ii)
opportunities offered by investigating PM distribution and attribution to emission sources at

submicron resolution in urban environments.

The side-by-side calibrations of the low-cost sensors in the ambient air of Mainz showed that
among each other there are good agreements in PM2.s concentration at RH < 85%. On this basis,
mobile measurements by foot with the low-cost sensors demonstrated that children were
exposed to significantly higher PM. s than adults under anticyclonic conditions, regardless of
the position on the walking route. A microclimate simulation with ENVI-met on the dispersion
of exhaust particles showed that the higher PM exposure of children was partly attributed to
traffic emissions. A shift in PM2s hotspots across seasons was identified during mobile
measurements on foot in spring and autumn. In spring, the particulate matter hotspots were
located at a busy road and a construction site. The high concentrations could be clearly
attributed to the high volume of traffic and construction site work. In autumn, on the other hand,
the highest concentrations were found in pedestrian areas and a park, where cooking and

smoking as well as whirled-up dust from unpaved roads were the main sources. However, to
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determine the hotspots, only relative PM2s concentrations were considered, since the absolute
concentrations measured with the low-cost sensors significantly underestimated those of the

nearest government monitoring station.

To determine reliable absolute concentrations of PM with high spatial and temporal resolution
in the submicrometer particle range, mobile measurements were performed using a GRIMM
11-R reference instrument mounted on a cargo bike. It was demonstrated that concentrations
for PM¢ and PMyo were significantly higher in the MO than in the AF. Although PNC decreased
sharply with increasing Dp throughout the measured route, particles with Dp < 0.3 um and 3-5
pm dominated the total dM at urban hotspots. This indicates traffic-related combustion
processes and tire and brake abrasion as main sources. In contrast, natural dust with Dp >3 pm

was crucial for the elevated concentrations in the agricultural used part of the study route.

The results of this thesis are of great importance as it was shown that mobile measurements
with modern low-cost sensors can be used to indicate PM hotspots and identify their emission
sources in high spatiotemporal resolution. In turn, the more expensive cargo bicycle
measurement system can provide an even deeper insight into the variability of PNC and PM
distributions of particles with varying De and providing a new method for revealing patterns
from different emission processes. This offers the opportunity to identify emission sources more
clearly and enables more effective PM reduction in future urban transportation planning.
Mobile measurement systems can therefore complement stationary measurements and, in

particular, capture personal exposure in complex urban environments.



Zusammenfassung

Zusammenfassung

Luftschadstoffe und Feinstaub im Besonderen stellen weltweit eine der groRten
Umweltgefahren fir die menschliche Gesundheit dar. Die Partikel sind so Kklein, dass sie
eingeatmet werden konnen und je nach PartikelgréRe und -zusammensetzung bis tief in die
Lunge gelangen kénnen, wo sie Entzlindungen an Bronchien und Alveolen verursachen. In der
EU wurden deshalb von staatlichen Stellen zur Uberwachung von PM2s und PMio Stationare
Messnetze eingerichtet. Die personliche Feinstaubbelastung kann mit dem Messnetz jedoch
nicht korrekt erfasst werden, da die Messstationen keine Feinstaubwerte in hoher rdumlicher
wie zeitlicher Auflésung liefern kdnnen. Selbst in dicht besiedelten stadtischen Gebieten reicht
die Anzahl der Messstationen nicht aus. Infolgedessen sind mobile Messungen von
zunehmendem Interesse, denn sie verbessern die horizontale und vertikale Abdeckung und
ermoglichen es die Variabilitdit der Feinstaubkonzentrationen und ihre Emissionsquellen
aufzuzeigen. Jiingste Entwicklungen von tragbaren und einfach zu bedienenden Low-Cost
Feinstaubsensoren zeigen, dass diese Sensoren die Mdglichkeit bieten konnten, mobile
Messungen mit hoher raumlicher und zeitlicher Auflésung zu revolutionieren, auch wenn ihre

Messqualitat und die daraus resultierenden Anwendungsbereiche noch umstritten sind.

Diese Arbeit befasst sich mit (i) den Potentialen und Limitierungen der Low-Cost Sensoren
OPC-N3 von Alphasense fiir mobile Messungen zur Untersuchung moglicher Unterschiede in
der Feinstaubbelastung von Kindern und Erwachsenen sowie der saisonalen Veranderungen in
Feinstaubhotspots und deren Emissionsquellen und (ii) den Mdglichkeiten, die sich durch die
Untersuchung der Feinstaubverteilung und der Zuordnung zu Emissionsquellen mit einer hohen

Auflésung im Submikrometerbereich in stddtischen Umgebungen ergeben.

Die nebeneinander durchgefiihrten Kalibrierungen der Low-Cost-Sensoren in der stadtischen
Umgebung von Mainz zeigten, dass es, bei einer relativen Feuchte < 85% , untereinander gute
Ubereinstimmungen in den Feinstaubkonzentrationen gibt. Auf dieser Grundlage konnte bei
mobilen Messungen zu Ful mit den Low-Cost-Sensoren nachgewiesen werden, dass Kinder
bei stabilen Hochdruckwetterlagen einer signifikant hoheren PM2 s-Belastung ausgesetzt waren
als Erwachsene, und zwar unabhdngig von der Position auf der Messstrecke. Eine
mikroklimatische Simulation mit ENVI-met zu der Ausbreitung von Abgaspartikeln konnte die

hohere Feinstaubbelastung von Kindern mitunter auf Verkehrsemissionen zuruckfihren.



Zusammenfassung

Eine Verschiebung der PM:s-Hotspots uber die Jahreszeiten hinweg konnte bei mobilen
Messungen zu FulB im Fruhjahr und im Herbst identifiziert werden. Im Frihjahr befanden sich
die Feinstaub-Hotspots an einer stark befahrenen Strale und einer Baustelle. Die hohen
Konzentrationen konnten dem hohen Verkehrsaufkommen und Baustellenarbeiten zugeordnet
werden. Im Herbst wiederum, wurden die héchsten Konzentrationen in FuBgangerzonen und
einem Park festgestellt, bei denen das Kochen und Rauchen sowie aufgewirbelter Staub
unbefestigter Wege die Hauptquellen waren. Zur Bestimmung der Hotspots wurden dabei
jedoch nur relative Feinstaubkonzentrationen betrachtet, da die mit den Low-Cost-Sensoren
gemessenen, absoluten Konzentrationen diejenigen der ndchstgelegenen, staatlichen
Messstation deutlich unterschatzten.

Zur Bestimmung zuverlassiger absoluter Feinstaubkonzentrationen mit hoher raumlicher und
zeitlicher Auflésung im Submikrometerbereich wurden mobile Messungen mit einem auf
einem Lastenfahrrad montierten GRIMM 11-R-Referenzinstrumenten durchgefiihrt. Es zeigte
sich, dass die Konzentrationen fur PMz und PMyo in MO signifikant hoher waren als in AF.
Obwohl die PNC mit zunehmendem Partikeldurchmesser auf der ganzen Messstrecke stark
abnahmen, dominierten Partikel mit Partikeldurchmessern < 0,3 um und 3-5 pm den gesamten
dM an stédtischen Hotspots, was auf verkehrsbedingte Verbrennungsprozesse und Reifen- und
Bremsabrieb als Hauptquellen hinweist. Im Gegensatz dazu war natirlicher Staub mit
Partikeldurchmessern > 3 um ausschlaggebend fir erhéhte Konzentrationen im

landwirtschaftlich genutzten Teil der Untersuchungsstrecke.

Die Ergebnisse dieser Arbeit sind von groRer Bedeutung, da gezeigt werden konnte, dass bei
mobilen Feinstaubmessungen moderne Low-Cost-Sensoren dazu genutzt werden kdnnen, Orte
hoher Konzentrationen zu finden und deren Emissionsquellen mit hoher raumlicher und
zeitlicher Aufldsung zu identifizieren. Das teurere Messsystem ermdglicht sogar detaillierte
Einblicke in die Variabilitdt der PNC und Konzentrationen Partikeln unterschiedlicher
Durchmesser und kann somit eine neue Methode zur Bestimmung von Feinstaubverteilungen
in urbanen Umgebungen bieten. Dies ermdglicht Emissionsquellen Klarer zu identifizieren und
kann eine effektive Planung der Feinstaubreduzierung in der zukunftigen stadtischen
Verkehrsentwicklung unterstiitzen. Die mobilen Messsysteme haben gezeigt, dass sie die
Feinstaubbelastung auf Atemhohe in komplexen stadtischen Umgebungen erfassen kdnnen und

eine sinnvolle Erganzung zu den etablierten stationdren Messstationen darstellen.
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Introduction

1 Introduction

Air pollution is the greatest single environmental risk and a major contributor to the public
burden of disease (WHO, 2022). In 2019, air pollution, including household and ambient air
pollution led to approx. 6.7 million premature deaths worldwide. Especially the deaths from
ambient air pollution increased substantially and becomes predominant in the last centuries.
While in 2000, ambient air pollution was responsible for 2.9 million premature deaths, the
number of deaths increased up to 4.5 million in 2019 (Fuller et al., 2022). Although this process
becomes particularly evident in East Asia, South Asia and Southeast Asia, ambient air pollution
is also a serious threat in the European Union (EU) leading to approx. 790,000 premature deaths

each year (Lelieveld et al., 2019).

Aware of this, the EU-parliament and -council declared in 2008 a directive to regulate ambient
air pollution and improve the air quality to minimize harmful human health effects (European
Parliament and Council, 2008). On this basis, directives in quality standards, exceedance levels
and objectives were developed and established for a number of air pollutants. Besides the air
pollutants such as nitrogen oxides (NOx), sulfur dioxide (SO.), carbon monoxide (CO) and
ozone (Og), particulate matter (PM) in particular was identified as important pollutant, since

PM is considered to cause the most severe impacts on health (EEA, 2022).

PM contains a mixture of solid particles varying chemical compositions suspended in air.
Microscopic particles with an aerodynamic diameter (Dp) < 10 um (PMyo) are of special
interest, as they are small enough to be inhaled and cause severe health problems. Coarse PM
with Dp between 2.5 um and 10 um penetrate the upper respiratory system, i.e., nose, mouth
and throat, while fine particles with Dp < 2.5 um (PM25) and can reach deep into lungs and
cause oxidative stress and inflammation on bronchi and alveoli. These inflammations can lead
to cough, trigger asthma, chronic obstructive pulmonary diseases (COPD), cardiovascular
disease (CVD) and, in most serious cases, PM exposure can lead to death (Gualtieri etal., 2011,
Lelieveld et al., 2019; Torres-Ramos et al., 2011). Submicron aerosols (PM1) are even worse,
as they enhance the aforementioned negative health effects and poorer lung functions. (Jalava
et al., 2015; Yang et al., 2020). However, not all people are equally affected. Children are
particularly exposed to PM because they breathe more air per body size than adults and their
respiratory systems are not yet fully developed. This danger increases the higher the absolute
PM concentration (Alemany et al., 2018; Goldman, 1995; Mazur, 2003).
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The absolute concentrations of PM depend on the number of emitters, the intensity of each
emission and on the prevailing weather conditions. Besides the input of long-distanced
transported aeolian mineral dust, e.g. dust from the Sahara to Central Europe, stable anti
cyclonic weather conditions in spring and autumn are particularly prominent. Anticyclonic
weather situations are characterized by temperature inversion with low windspeeds and little to
no precipitation. This leads to a lower mixing layer height (MLH) and, in turn, to a low vertical
dispersion of emitted air pollutants (Czernecki et al., 2017; Graham et al., 2020). As a result,
emitted PM accumulates locally and causes high absolute concentrations (Tang et al., 2016;
Wagner and Schafer, 2017). The toxicity posed by PM depends, however not solely on the size
and concentration, but also varies on the different chemical composition of PM. PM containing
metallic elements from combustion processes, i.e., industrial fumes, domestic heating, traffic
exhausts, gas and coal cookers and wildfires, as well as from abrasion from construction sites
and tyre and brakes show more negative health effects in contrast to biogenic and inorganic
components, i.e., parts of plants and pollen as well as mineral dust (e.g. Chen and Lippmann,
2009; Karagulian et al., 2019; Schlesinger, 2007).

For the fractions PM2s' and PMi¢?, the EU established Air Quality Standards in 2008. These
restrictive guidelines lead to considerable success in reducing air pollution as the PM
concentrations are constantly decreasing until today. In 2020, for instance, 99% (PM2s) and
89% (PMzo) of the EU population were living in areas where the respective exceeding levels
were undercut. Following the recommendations of the WHO guidelines®, however, 96%
(PM25) and 70% (PMyo) of the population in the EU in 2022 is still exposed to hazardous
concentration levels (EEA, 2023).

As a result, PM concentrations and population exposure still need to be reduced. This is
especially relevant for urban environments, as at least 74% of the EU population lives in cities
(Eurostat, 2016). Therefore, the numbers of air quality monitoring stations increased from 1300
in 1990 to > 5000 measurement sites in 2020 (Sicard et al., 2021). This quantity of stations
seems to provide good spatial coverage of monitoring across the EU, but the measuring sites
are still several kilometers apart from each other, even in urban areas. Since the focus is on

monitoring daily and annual exceedances of PM concentrations, only PM1g, PM25 and (rarely)

L annual average concentration target: 20 pg/m3 (European Parliament and Council, 2008)
2 annual average concentration target: 40 pg/m3; daily average concentration of 50 pg/m3 may not be exceeded
more than 35 times a year (European Parliament and Council, 2008)
3 PM_s: annual average concentration target: 5 pg/m3; 24h-average concentration: 15 pg/ms3
PMo: annual average concentration target: 15 pg/ms3; 24h-average concentration: 45 pg/mé (WHO, 2021)

2
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PM; are measured at intervals > 30 min at one height of 1.5 — 4 m (European Parliament and
Council, 2008). To study personal exposures in urban areas, the stationary monitoring is too
sparse and the measurements do not have high enough temporal resolution. PM concentrations
can vary spatially and vertically in a distance of a few meters due to varying building structures
and the PM exposure can differ greatly within a few seconds due to changing intensity of
emissions and its sources (e.g. Briggs et al., 2000; Bukowiecki et al., 2010; WHO, 2022).
Estimates of spatial differences, e.g. the identification of PM hotspots, differences between
busy streets within a street canyon and traffic-calmed streets in single-family residential areas
or parks and pedestrian zones as well as the attribution of locally measured PM to emission
sources in urban environments are not possible (e.g. Parkhurst et al., 1999; Snyder et al., 2013;
Xu et al., 2017). Similarly, estimates of possible variations in vertical personal exposure of
children and adults are not feasible due to measurements on only one height (e.g. Garcia-Algar
et al., 2015; Kumar et al., 2008)

Mobile PM measurement devices offer the opportunity to close the spatial gap and complement
stationary systems. These devices are monitoring systems that can be attached to means of
transport such as trams, cars or bicycles and, equipped with GPS sensors, can provide location-
accurate measurements (e.g. Aberer et al., 2010; Carreras et al., 2020; Castell et al., 2016).
Besides portability, the measuring devices offer the possibility to carry out measurements of
size distributed PNC and dM in high temporal resolution in an interval of up to 1 s and thus
achieve a high spatiotemporal coverage, depending on the speed of movement during the
measurement. However, mobile air quality measurements are very preparation- and labor-
intensive due to sensitive devices and the mostly self-developed monitoring systems are
therefore difficult to conduct (WMO, 2018).

Low-cost devices could bring therefore revolutionary advances in mobile PM measurements.
In the last decade, many low-cost devices and sensors have entered the market as they are easy-
to-use, affordable (< 1000 $ per device) and small in size (< 10 x 10 x 10 cm) and weight
(<1059g) (Alfano et al., 2020; Morawska et al., 2018). These advantages make them
advantageous for mobile scientific studies as they can be easily mounted on a rack to monitor
by foot or bike (e.g. Carreras et al., 2020; Garcia-Algar et al., 2015; Kumar et al., 2017) as well
as for citizen science monitoring with multiple simultaneously used sensors (Fritz et al., 2019;
Mead et al., 2013; West et al., 2020).

Despite these undeniable new possibilities and advantages, low-cost PM sensors have notable
limitations. Although most sensors are factory calibrated and perform very well under

3
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laboratory conditions for the common fractions PM2s and PM1o (Morawska et al., 2018; Sousan
et al., 2016), the measurements can be very inaccurate due to RH sensitivity of the sensors and
changing PM compositions (Di Antonio et al., 2018). As significant inaccuracies can occur
even between sensors of the same type (Crilley et al., 2020, 2018), studies on low-cost sensor
testing and evaluating remain still popular (e.g. Bathory et al., 2022; Kaur and Kelly, 2022;
Roberts et al., 2022).

Following section 2 presents an exploration study about potential personal PM2s exposure
differences of children and adults in the urban environment of Mainz under anticyclonic
weather conditions at high spatiotemporal resolution. As there is only research on personal
exposure differences using expensive reference instruments (Garcia-Algar et al., 2015; Goel
and Kumar, 2016; Kumar et al., 2017; Sharma and Kumar, 2018), this study focuses on using
two mobile, self-designed devices with Alphasense OPC-N3 low-cost sensors developed for
the PM2s and PMyq fractions to measures at children (1.0 m) and adults (1.6 m) breath levels
on walking routes. The results were afterwards compared with a microclimate simulation by
ENVI-met featuring specific weather conditions of the study period and according local traffic
emission rates to specify the influence of traffic on exposure differences. The author supported
substantially the work out of the concept and methodology and was responsible for the
investigation and data curation. He wrote the majority of the manuscript and the visualization
(excluding Fig. 2-7). The manuscript was published in Urban Climate 44 (2022) in July 2022
(Harr et al., 2022b).

In order to further assess the health risk to citizens, it is important to identify locations with
high PM concentrations as well as their emission sources on pedestrian breath level during
different times of the year. In the study introduced in section 3, mobile PM25s measurements
with Alphasense OPC-N3 low-cost sensors at breathing height of adults (1.6 m) were carried
out simultaneously on foot on three routes in the urban area of Mainz in spring and autmn to
identify spatially and seasonally variations in PM2s and its sources. The obtained absolute
PM2 s data was compared with stationary measurements to examine whether a previously side-
by-side calibration would be sufficient to receive expectable absolute PM2s concentrations.
Furthermore, urban PM2 s hotspots and their emission sources were indicated using PM25/ PM1o
ratios as well as seasonal variabilities in hotspots were discussed. The author supported
substantially the conceptualization, methodology, formal analysis, and was responsible for
investigation and data curation. He wrote the majority of the manuscript including the figures.
The manuscript was published in Atmosphere 13 694 (2022) in April 2022 (Harr et al., 2022a).
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Emission sources can be of inhomogeneous particle Dp as they can be released by different
processes, e.g. traffic emissions containing of exhaust and various non-exhaust emissions
(Harrison et al., 2021; Squizzato et al., 2016). Low-cost sensors as Alphasense OPC-N3 were
manufactured to measure primary PM2s and PMyo which is why they were not able to resolve
spatiotemporal patterns for varying particle De. The study in Section 4 shows a new approach
to address the spatial distribution and attribution of PNC and concentrations at high, (sub-)
micron particle resolution: Mobile measurements were conducted using a GRIMM 11-R laser
aerosol spectrometer mounted on a mobile cargo bike platform. After comparing measured PM1
and PM1o with stationary data, the spatial variability of these fractions was analyzed to identify
hotspots, followed by a quantification of the measured PNC and dM in submicron resolution,
and the identification of the emission sources at the hotspots along distinct source pattern. The
author was largely involved in the conception, methodology and formal analysis and was
responsible for the research and data maintenance. He wrote the manuscript including the

graphics. The manuscript is under Review in Atmospheric Environment.
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PM2.5 exposure differences between children and adults

2 PM:s exposure differences between children and adults
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Summary

Heights of children and adults vary substantially and can lead to different PM. s exposure, as
children’s breath level are closer to emissions released near ground. This is especially the case
in urban environments, where local, ground-level, traffic-related emissions can have a large
impact on total concentrations. As there is only research on personal exposure differences using
expensive reference instruments, and citizen sciences studies using low-cost sensors have
greatly increased, this study focuses on using two mobile, self-designed devices with low-cost
sensors to measure PMz s at children (1.0 m) and adults (1.6 m) breath levels on walking routes
in high spatiotemporal resolution. The results were then compared with an ENVI-met
microclimate simulation that considers specific weather conditions of the study period and
corresponding local traffic emission rates to specify the influence of traffic on exposure
differences. The author conducted previously a side-by-side calibration to assess the
measurement quality of the low-cost sensors and supported then substantially the work out of
the concept and methodology. He was also responsible for the investigation, data curation and

wrote the majority of the manuscript including the visualization (exclusive of Fig. 2-7).

Urban Climate 44 (2022) 101198, July 2022 — published
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2.1 Introduction

Various epidemiological studies provide evidence that air pollution exposure has negative
effects on public health causing respiratory and cardiovascular diseases and even increase
mortality (Feng et al., 2016; Lelieveld et al., 2019). Fine particles with a size < 2.5 pum can
reach the lungs via the respiratory tract and cause airway inflammation followed by a decrease
in lung function and even chronic obstructive pulmonary disease (Gualtieri et al., 2011;
Lelieveld et al., 2019; Torres-Ramos et al., 2011).

Children are particularly exposed to ambient PM. As their breathe more air per body size and
have a greater risk due to their smaller airways than adults (Goldman, 1995; Mazur, 2003).
Their respiratory system is not completely developed, they are exposed to an increased risk of
developing respiratory diseases and exacerbation of asthma (Habre et al., 2014; Nachman and
Parker, 2012).

In urban environments, PM2s concentration largely stems from locally emitted sources
including traffic-related particles (exhausts, tyre and brake abrasion), house heating,
construction sites, soil and biogenic compositions (Azarmi et al., 2016; Karagulian et al., 2019;
Kumar et al., 2015). Factors influencing ambient concentrations include the number of emitters
as well as mesoscale weather condition. Anticyclonic weather in European autumn and winter
is characterized by low wind speeds and little to no precipitation (Czernecki et al., 2017,
Graham et al., 2020). Mesoscale high pressure systems lower atmospheric MLH hindering
vertical dispersion of air pollutants, which in turn causes an accumulation of locally emitted

PM2 s within the planetary boundary layer (Tang et al., 2016; Wagner and Schafer, 2017).

Several studies found that pollutant concentration decreases with increasing height above
ground (Goel and Kumar, 2016; Imhof et al., 2005; Kumar et al., 2008; Zauli Sajani et al., 2018;
Zhou et al., 2019). However, only a few studies examined vertical differences near the surface
in heights <2 m (Garcia-Algar et al., 2015; Goel and Kumar, 2016; Kumar et al., 2017; Sharma
and Kumar, 2020), whereby these are particularly important when it comes to pedestrian
exposure. The smaller size of children in comparison to adults means their breath levels are
closer to pollutants emitted near ground, making them potentially more vulnerable to emissions
by traffic-related exhausts and whirled up fine particles (Kumar et al., 2017; Sharma and
Kumar, 2020).
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To examine potentially varying exposure differences between adults and children, we measured
PM2 s at two heights, 1.0 m and 1.6 m, in a dense urban environment featuring different traffic
intensities. The measurements were conducted using self-designed monitoring systems hosting
Alphasense OPC-N3 low-cost sensors (Alphasense, 2018). The sensors are easily portable due
to their small size and weight, and perform well under laboratory conditions (Morawska et al.,
2018; Sousan et al., 2016), making them suitable for studies about spatial PM exposure
(Brattich et al., 2020; Bulot et al., 2019; Jovasevi¢-Stojanovi¢ et al., 2019). However, under
ambient air conditions in urban areas, the accuracy of measurements is negatively affected by
changing particle compositions and even more so by changing RH (Alfano et al., 2020; Brattich
et al., 2020; Crilley et al., 2018; Di Antonio et al., 2018). These limitations were addressed by
calibrating the sensors and comparing the empirical findings with simulations from a
microscale model considering particle advection and dispersion modelling was conducted
(Singh et al., 2003).

The main objective of this study is to examine potential differences of PM..s exposure between
children and adults in an urban area at high spatiotemporal resolution. We (i) compare changes
in PM2s concentrations related to changing weather conditions, (ii) quantify the absolute and
relative exposure differences between children and adults considering the position on the
measurement route, and (iii) assess findings by comparing measured differences with

microclimate simulation outputs.

2.2 Material and methods

2.2.1 Study characteristics

The study was conducted in Mainz-Neustadt, an urban area district of Mainz, the capital of
Rhineland-Palatinate in South-West Germany (50.0 °N, 8.26 °E, Fig. 1a). Mainz is an inland
city with approximately 220,000 inhabitants, located in a landscape of gently rolling hills to the
west of the Rhine river. The climate is temperate with an annual average TA of 10.7 °C and
precipitation of 620 mm (Koeppen Cfb). The winters are cool and dry. From November to
March, the mean TA is 3.9 °C and mean precipitation is 48 mm (Deutscher Wetterdienst, 2021a,
2021b). The urban architecture of this densely populated area consists of compact midrise
structures with a grid-based street layout (Stewart and Oke, 2012). The streets are mostly
narrow (10 m wide) and feature low traffic intensity. The city quarter is surrounded by larger

multi-lane roads with high traffic volume.
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To capture local differences in PM2s concentration, a clockwise circular, 5.5 km-long
measurement track passes through both, the inner narrower low traffic parts as well as the larger
roads of the Neustadt (Fig. 2-1 a). The track starts at Mainz main station (50.0017 °N,
8.2595 °E), then runs within the inner part of the district, passing social institutions, i.e.,
kindergartens, primary and secondary schools as well as nursing and retirement homes. After
leaving the center of the quarter, the transect continues along roads with high intensity of traffic,

first in southeast, then in southwest direction (Fig. 2-1Fig. 2-1 e) ending at the main station.
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Fig. 2-1 Location of the study district Mainz-Neustadt including the start/end point Mainz main station (brown) of the
measurement transect (dashed black line) with nearby social institutions, i.e., kindergartens (pink), primary and secondary
schools (purple) and nursing homes (light brown). The streets within the district are colored depending on traffic intensity
(a). Design of the measurement devices (dimensions: 11.5 cm x 14 cm x 12.5 cm) (b). Two devices mounted offset on the
front of a wearable rack at breath levels of adults (1.6 m) and children (1.0 m), respectively (c). Typical city block street
canyons with low (d) and high traffic intensity (e).

The measurement campaign took place from 20.11.2019 to 27.11.2019 (Wednesday to
Wednesday). The measurement runs were conducted by foot starting at 3:15 pm and ending at
~ 4.30 pm every day covering the time of daily of kindergarten and school endings and start of
the rush hour within the study area. For each run, two devices containing a PM sensor
(Alphasense, 2018), a GPS module (Simcom, 2021), a ESP32 as microcontroller
(Espressif, 2021) and a microSD card for saving the data were used (Fig. 2-1 b). The cover of
the cases protruded all around over the side parts were similar to a radiation shield cap to support
an unconstrained outflow of the air sample. The devices were mounted at the breath level of

adults (1.6 m, device A) and children (1.0 m, device B). To reduce influences induced by the
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measuring person, the devices were attached at the front of the body at a distance of 30cm (Fig.
2-1 c). Every run was filmed with a camera to facilitate detections of possible local emitters in

the post-processing of the measuring campaign.

2.2.2 Meteorological data

A detailed description of the meteorology during the measurement period is needed as the local
weather characteristics affect the type, number, and duration of PM concentrations (Cheng and
Li, 2010; Graham et al., 2020; McGregor and Bamzelis, 1995). The central emission network
of Rhineland-Palatinate kindly provided 3-min-arithmetic-means of TA, RH, precipitation, and
atmospheric pressure (Fig. 2-Al), measured at the station Mainz-Zitadelle (49.9950 °N, 8.2739
°E) located ~ 1.2 km west of the study area, as well as 3-min-sums of precipitation, wind
direction and speed at the station Mainz-Mombach (50.0180 °N, 8.2157 °E) located ~ 3 km
west of the study area (ZIMEN, 2019). Data of the CIN and MLH, indicators for the stability
of the air near the ground, were measured with a radiometer located ~ 500 m west of the study
area (50.01406 °N 8.257 °E). These data were provided by the environmental meteorology unit

of the environmental state office of Rhineland-Palatinate (Umweltmeteorologie RLP, 2019).

2.2.3 Calibration of PM2s sensors

The PM2s measurements on both breathing heights were conducted using an Alphasense
OPC-N3 sensor (Alphasense, 2018). The OPC-N3 is a low-cost optical particle counter using
the light scattering principle to count particles (Mie, 1908). The total number counted is
processed internally in the sensor, categorized by estimated particle size in 24 classes using
software bins (Alphasense, 2018; Bohren and Huffman, 1998) and converts the data into dM

(Walser et al., 2017). During the default settings of the sensor’s principles were made.

Both OPC-N3 sensors were manufacture-calibrated following the European Standard EN 481
(Crilley et al., 2018). However, to improve sensor accuracy, a field calibration in an
environment comparable to the study area has been conducted (Alfano et al., 2020;
Chatzidiakou et al., 2019; Crilley et al., 2020; Gysel et al., 2007; Hagler et al., 2018). This was
done from 22.12.2019 to 31.12.2019 at the official measurement station Mainz-Zitadelle
(49.9950 °N, 8.2739 °E) of ZIMEN. Both Alphasense devices were located side-by-side on the
same height measuring PM.s concentration at a 1 s interval. The data were then transformed

into running 20 s-truncated arithmetic means and RH-corrected to mitigate the influence of fine
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particle hygroscopy (Crilley et al., 2018; Petters and Kreidenweis, 2007). The correction is
based on the k-Kohler-theory considering a particle hygroscopy of k = 0.33, density of particles
of 1.65 g/cm3 (Crilley et al., 2020), and ambient RH recorded at the official station Mainz-
Zitadelle.

120+ Polynomial regression formulas RH [> 85] [%]
f(x) =5.93:10%-x* - 7.35:10*x* + 2.41-10%x2 + 0.86-x + 0.36 R2=0.94
100- g(x) = 8.18:10%-x* - 1.25:10x* + 5.83:10%x2 + 0.65-x + 0.76

Device B (reference)
PM, , [ug/m?]
[} [e]
e e

D
o
1

RH [ 85] [%]
R®=0.98

0 10 20 30 40 50 60 70

PM, , [ug/m?]
Device A

Fig. 2-2 Scatter plots and polynomial regression curves of devices A and B PM2.s measurements from the adjustment period
22.12.2019 to 31.12.2019. The green data and curve show the measurements for RH < 85% and the blue data for RH >

85% (blue dots and line), as well as the regression equations and coefficients R?, respectively.

The scatter plot between PM. s data from devices A and B reveal high precision measurements
when RH < 85% as reflected by the explained variance (R? = 0.98) and data homoscedasticity
(Fig. 2). This allowed a reliable comparison of PM2s measurements by transforming the
measurements of device A considering the 4" degree polynomial regression model shown as a
green curve in Fig. 2. For the data recorded at RH > 85%, the PM2s correlation and resulting
correction are weaker (blue data, Fig. 2-2). The scatter plot includes an obvious
heteroscedasticity for PM2s > 10 pg/m? largely driven by increased residuals in device A
PM2 s concentrations. This increased variability of OPC-N3 devices is in line with results by
Brattich et al., 2020 revealing similar biases for the predecessor device, OPC-N2, and
identifying a systematic misclassification of PM sizes during high RH conditions. These results
question the reliability of PM2 5 data recorded at RH > 85%. Nevertheless, these measurements
are fitted with a different model, shown as the blue curve in Fig. 2-2, considering the weak

reliability for PM2s > 10 pg/m3.
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2.2.4 Post-processing analysis

After each measurement run, several post-processing steps were carried out to support the
comparison between heights and among runs. The datasets of devices A and B were adjusted
by time (Wickham, 2020), the PM. s concentrations, recorded in a 1 s-interval, transformed into
a running 20 s-truncated arithmetic mean, and the 10% highest values removed to mitigate the
influence of local short-term emissions (e.g. smokers or street cleaning). Since the duration of
the different runs varied slightly and minor inaccuracies affected the recorded GPS data, an
additional synchronizing procedure was applied: We calculated a mean standard route
considering a concave hull surrounding all runs and retrieving the mean by the skeleton
algorithm of the GRASS GIS Processing Toolbox (Fortune, 1987; McCauley et al., 2020). A
few remaining inaccuracies were re-digitized manually. The standard route was converted to
points with a distance of 20 cm to each other (total n = 27515). Each point was assigned the
appropriate PM> s concentration, in which all values within a search radius of 15 m are averaged
using an inverse distance weighting method (Shepard, 1968). If less than 10 measurements were
found, the radius was increased to 50 m. The PM2s data were adjusted using the same RH
correction method as during the calibration (Crilley et al., 2020, 2018). To compare absolute
PM2s values, device A data were transformed considering the regression equation from a
polynomial fit against the device B data (Fig. 2-2). The adjusted PM2 s data were analyzed using
descriptive statistics, i.e., arithmetic mean, median, SD and CV. Cubic smoothing splines
(degrees of freedom = 55, n = 27515) were calculated to reduce the sensitivity of PMas
measurements to short-term extreme concentrations. The correlation coefficient R was used to
quantify the relation between the measurements of the two heights and respective smoothing
splines. To assess differences between 1.0 m and 1.6 m levels, the RMSE was calculated
considering daily data, and residuals and relative differences were calculated in cases of
pronounced differences in PM2s concentrations. Welch’s t-test was conducted to assess

statistically significant differences in case of unequal variances.

2.2.5 Simulation setup

To examine whether traffic exhausts can be assigned as a cause for varying PM exposures along
streets with high traffic intensities, a pollutant dispersion simulation for one exemplary day of
the measurement period was conducted. This simulation was performed using the holistic
ENVI-met microclimate model, which is able to simulate pollutant concentration distributions

for specific meteorological conditions in complex urban environments (Bruse, 1999; Nachman
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and Parker, 2012; Wania et al., 2012). The 24.11. was selected as is represents a day of average
meteorological conditions and PM. s concentrations after a short period of air mass exchange
the day before. RH was < 85% during the time of the run, so the measurements should be
reliable (Tab. 2-1). The modelled area covers the district of Mainz-Neustadt with a dimension
of 280 x 250 x 26 grids at 5 x 5 x 2 m per grid (Tab. 2-1). The simulation started with full
forcing at 11 am using the 30 min mean-meteorological parameters of that day as
meteorological boundary conditions (Fig. 2-Al). Wind speed and direction were set constant
to avoid instabilities in the model. Radiation was forced by only cloud coverage as measured

values were not available.

Tab. 2-1 model parameters of the simulated emissions for 24.11.2019 in ENVI-met.

Start date and time (Local) 24.11.2019 11:00
Duration [h] 10

Wind Speed [m s] 1.0

Wind Direction [°] 115
Meteorological Boundary Conditions Full Forcing
Emission height [m] 0.2

Location Lat (Lower Left Corner) 50.01 °N
Location Lon (Lower Left Corner) 8.25 °E
Dimensions 280 x 250 x 26
Resolutions (X, Y, Z) [m] 5x5x2
Lowest Grid Cell Splitted Yes
Telescoping: Factor & Starting Height 30% above 28 m
Height of 3D Model Domain [m] 221

The applied PM2s emissions originating from vehicle exhausts were implemented as source
emission profiles at a height of 20 cm in the model. The diurnal profiles of traffic exhaust
emissions are based on the handbook of emission factors for Road Transport (Environmental
Protection Agency of Germany, 2017) and the amounts of emitted PM2 s in the model area were
related to the intensity of traffic per lane (Fig. 2-1). Detailed settings about the traffic emission
profiles are described in Simon et al., 2019, where model area and traffic intensities were
initially used. The relative differences of PM2.s concentrations were computed between 1.0 m
and 1.8 m due to the simulations grid cell resolution of only 0.4 m to compare the model outputs

to the measurement data.
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2.3 Results

2.3.1 Weather conditions

During the measurement period, the weather situation was dominated by a continental
anticyclone centered over Eastern Europe, ~ 2000 km away. On 20.11. and 22.11., Germany
was located between a long wave trough in the west and a ridge in the east. This led to weak
atmospheric pressure gradients (~A 10 hPa around 1003 hPa) and calm weather characterized
by low wind speeds (< 0.8 m/s), small daily TA gradients (max. A 5.3 °C, 1.6 °C — 6.9 °C on
22.11.) and RH ranging from 72 — 90%. CIN was subjected to diurnal courses with increasing
gradients (A 106 J/kg around 89 J/kg to A 163 J/kg around 181 J/kg) which led to lower
maximum MLH, declining from 386 to 300 m a.g.l., and low stratus conditions in Mainz
(Hoffmann, 2019). Starting on 22.11. ~ 2:30 pm, the anticyclonic influence was interrupted by
weak cyclonal conditions, which led to a dissolution of low stratus in Mainz in the MO of 23.11.
(Zeuschner, 2019). Wind speed rose to 1.6 m/s at 11 am, interrupted by an absence of wind at
around 2:30 am. The atmospheric pressure gradient decreased slowly reaching a minimum of
982 hPa in the AF and TA increased up to 11.7 °C. However, the CIN gradient decreased
(A83 J/kg 177 J/kg) but remained > 100 J/kg indicating that, at the end of 23.11., the ridge of
the anticyclone became influential again. Starting on 24.11., the wind speed declined < 0.5 m/s
and TA and the air pressure increased to maxima of 9.8 °C and 999 hPa, respectively. Moreover,
RH rose to a maximum of 92.2% in the MO of 25.11. and remained > 83.5% thereafter. On
26.11., the weather changed from an anticyclonic to a calm cyclonic situation characterized by
a slowly decreasing air pressure from 999 to 990 hPa, rising TA to 11.4 °C, and low wind
speeds < 0.5 m/s. However, on 27.11., the last day of the study, wind speed increased again to
a maximum of 1.1 m/s, while TA still increased (to 12.3 °C) and precipitation started, summing

up to 13.4 mm. The influence of the anticyclone on the weather situation thus retreated.

2.3.2 Recorded PMz2s concentrations

Fig. 2-3 shows the PM2s concentrations at the 1.0 and 1.6 m levels for every run of the
measurement campaign. The absolute PM>.s concentrations at both levels differed substantially
among runs over the course of the period from 20.11. to 27.11. Mean PM_s concentrations at
1.0 m increased from 6.1 pug/ms3 on 20.11. to 46.4 pg/m3 on 22.11., then declined massively to
2.7 pg/ms3 on 23.11., reached a distinct peak of 67.8 pug/ms on the next day and then decreased
to 2.2 pg/méd until 27.11. (0).
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Fig. 2-3 PMz2s concentrations at the 1.0 and 1.6 m levels for every run from 20.11. to 27.11. visualized as boxplots with
whiskers (length 1.5 * IQR), median (black bar) and mean (yellow dot). Grey background indicates RH > 85% during the

run.

During all days, the PM.s concentrations at 1.0 m were higher than on 1.6 m (Tab. 2). On
20.11., 21.11., 22.11. and 24.11. the IQR do not overlap, indicating that at least 75% of the
PM2 5 concentrations measured at 1.6m are lower than at least 75% of the PM. s values at 1.0 m.
The temporal distribution along the days (Fig. 4) shows that on 21.11., 22.11. and 24.11. the
concentrations at the children breath level were constantly higher than at adult level
(RMSE: 8.2 ug/ms, 20.1 pg/ms3, 4.1 pg/m3, respectively).This is also the case for the run on
26.11. (RMSE: 3.4 ng/md), but the data had to be adjusted using the equation for RH > 85%
(Fig. 2; Tab. 3). On 20.11. and 23.11., the 1.0 m PM2s concentrations were higher in 97% and
88% of all measurement points, independent of the position of the route (RMSE: 1.2 pg/ms,
1.5 ug/m3, respectively). For the remaining six days, the PM2s concentrations were

significantly higher at 1.0 m than at 1.6 m according to a Welch t-test (p < 0.01).
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Tab. 2-2 PM2s characteristics at 1.0 m (dark yellow) and 1.6 m (light yellow) for the 8-day measurement campaign.

date 20.11. 21.11. 22.11. 23.11. 24.11. 25.11. 26.11. 27.11.

Mean PMys [ug/m?] | 6.1 | 5.0 |27.319.3 |46.4} 265 | 2.7 | 2.3 |14.4 104 |67.8: 64.4 [135 102 | 22 | 2.0
Median PM2s [ug/m?] | 5.9 4.9 |26.6  19.1 |47.3:26.9 | 2.6 | 2.0 |14.4 103 |66.9: 64.2 [12.1 9.1 | 22 | 2.0
SD [ug/m?] 12 (11|36 24 |47 24|09 14 |14 11 |106} 99 |38 33| 05 |04
cv 0.19 {0.21/0.13} 0.12 |0.10{ 0.10 [0.33} 0.61 |0.10 ! 0.10 | 0.16} 0.15 [0.28 0.32 | 0.22 {0.20

On 25.11., the PM2 5 concentrations measured by device A were adjusted using the equation for
RH > 85% (Fig. 2-2, Tab. 2-3). Considering the unexplained variance of the adjustment
procedure (6%) as well as the uncertainties for PM2s > 10 pg/md, the recorded differences
between children and adult breathing heights were insignificant on that day. On 27.11., the
differences were not distinguishable due to low absolute PM2s concentrations including 97%
of measurements < 3 pg/mé at 1 m, and 99% of measurements < 3 pg/ms3 at 1.6 m, with the
absolute differences (~ 0.2 pg/m?) approaching measurement accuracy.

Tab. 2-3 Meteorological conditions during the measurement campaign from 20.11. to 27.11. including Mean TA [°C], Mean
RH [%], Precipitation Sum [mm], Atmospheric Pressure [nPA], Wind Speed [m/s], Wind Direction [°], Mean CIN
[J/kg] and MLH [m] (Umweltmeteorologie RLP, 2019; ZIMEN, 2019).

date 2011 | 2111 | 2211 2311, | 2411 | 2511 2611, | 27.11.
TA[°C] 5.0 5.9 6.6 115 8.9 6.7 111 12.3
RH [%] 77.3 78.1 81 62.5 78 87 86 78
Precipitation [mm] 0 0.1 0 0 0 0 0 4.3
ﬁtg‘:fphe”c Pressurel 1004 998 996 987 997 999 994 983
Wind direction [°] 116 152 119 90 142 - - 129
Wind speed[m/s] 0.4 0.1 0.7 0.5 0.1 0 0 0.5
CIN [J/kg] 62 134 113 156 164 149 100 88
MLH [m] 289 239 301 130 116 183 74 54

2.3.3 Distribution of PM2s along the route

The temporal variability of PM2.s measurements were low (CV < 0.22) as well as the differences
in variability of both heights among the runs (CV difference max. 0.04; 0). Exceptions are the
runs on 23.11. and 26.11.: the high CVs (1.0 m: 0.33; 1.6 m: 0.61) on 23.11. were affected by
an oncoming person at the beginning of the run, holding a cigarette between 1.0 and 1.6 m, so
the devices recorded the short-term pollution shortly one after the other. The higher variabilities
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on 26.11. (1.0 m: 0.28; 1.6 m: 0.32) could not be attributed to single incidents, explanations
could be RH > 85% as well as weakening of anticyclonic weather.

The distribution of the absolute PM2 s concentrations indicated common concentration patterns
between the two measurement heights (Rrun_an > 0.8) (Fig. 4). This coherence was reduced on
days with low PM25s concentrations, on 23.11. and 27.11., with Rrun= 0.29 and Rrun = 0.46,
respectively, when random variability near the measurement accuracy adds uncertainty to the
data. However, there is no common temporal pattern among the runs, as some timeseries
increase throughout the run (21.11.), whereas other decrease (22.11.) or show no long-term
trend (27.11.).

On 20.11. and 22.11., the differences between 1.0 and 1.6 m decline towards the end of the
runs, whereas short-term PM2s peaks are recorded on 20.11. at ~ 5250 m, 23.11. at ~ 350 m
and ~ 5400 — 5500 m, and 27.11. at ~ 4300 m; Fig. 2-4). The causes for these peaks differ
though, and may include ventilation of a cellar bar (20.11.), a smoking person and exceptional
high traffic at the main station (23.11.), or were simply not detectable (27.11.). There are two
distinct deviations including mean PM2s > 10 pg/m3 detectable in all runs, however. These are
located at the ‘Griine Briicke’, a bridge crossing the ‘Rheinallee’ (Fig. 2-4 at 3300 — 3500 m;
Fig. 2-7 dot 3) and the ‘Rheinallee’ close to the crossroad ‘Rheinallee/KaiserstralBe’ (Fig. 2-4
at 3800 — 4000 m; Fig. 2-7 dot 4).

The described trends in absolute PM2s concentration among the runs change considerably when
focusing on the absolute height differences between devices A and B (Fig. 2-5). The common
PM25 patterns of both measurement heights lead to the fact that the differences between top
and bottom remain almost the same and thus strong deviations are largely leveled out. Only the
mentioned deviations at the ‘Griine Briicke’ and ‘Rheinallee’ were visible on 21.11., 22.11.,

24.11. and 26.11.
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Fig. 2-4 Distribution of 20 s PM2s concentrations at 1.0 m (dark curves) and 1.6 m level (bright curves) on days 20.11. (a) to
27.11.(h) along the route. Bold curves are smoothing splines (df = 55, n = 27515) and grey background indicates runs
with RH > 85%. *Logarithmic y-axis used in panel (a) and (d).
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The PM2 s residuals persist on most days, except of 25.11. and 27.11. due to indistinguishable
differences. However, the residuals differ among the days. The amount and variability of the
absolute differences seem to be depended on the level of their absolute value. The higher the
PM concentration was, the higher were the residuals and their absolute variability within a run.
Only for 24.11. and 26.11. this hypothesis does not apply: The residual IQR of the run at 26.11.
(1.0 pg/m3) were slightly larger than the IQR of the runat 24.11. (1.3 pg/m3) although the 26.11.
residual mean was smaller (3.2 pg/m3).

To highlight the association between children and adult PM2 s exposures, splines of the relative
differences between 1.0 and 1.6 m were calculated (Fig. 2-6). The ratios were largest on 22.11.
reaching a maximum value exceeding 188%, nearly the double exposure for children.
Following the residuals (Fig. 2-5), relative PM. s differences correlate positively on the total
amount of the measured PM2 s, as is expressed by the lower ratios on 21.11. (141%), followed
by 24.11. (139%), 26.11. (133%) and 20.11. (122%).

The IQR of the runs range from 11 — 16%, excluding the run at 23.11., affected by an oncoming
smoking person. The relative differences of the run at 23.11. were exceptional, as the values
varied massively around the 127% mean, expressed by an IQR of 29%. In contrast, the CV was

lower, as this metric considers the (high) absolute mean value.
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Fig. 2-5 Residuals of PM2s concentrations between 1.0 and 1.6m for days of significant PM2s height differences shown as

smoothed deviations from 20 s PM2.s concentrations along the route (df = 55, n = 27515) (a), and boxplots of the data (b).
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The pronounced extremes of absolute PM2 s values at the ‘Griine Briicke’ at 3300 — 3500 m are
also seen in the height differences on 21.11., 22.11., 24.11. and 26.11. Similarly, the high
absolute PM2 s values at the ‘Rheinallee’ at 3800 — 4000 m also appear on 21.11.,22.11., 23.11.,
24.11., 26.11., in the relative difference between devices A and B. Data variability during days
with substantial height differences showed no trends. Only on 22.11. the ratios were slightly

decreasing along the measurement route.
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Fig. 2-6 Relative differences of PM2.s concentrations between 1.0 and 1.6 m for days of significant PM2s height differences
shown as smoothed deviations from 20 s PM2s concentrations along the route (df = 55, n = 27515) (a), and boxplots of
the data (b).

2.3.4 Simulated versus measured concentrations

The simulated PM2s exposures for the run on 24.11. showed similar results: The relative
differences of PM2 s exposure between 1.0 and 1.8 m were positive across the model area (Fig.
2-7, without shading Fig. 2-A2). Ratios < 100% could only be found at the borders of the model
probably due to boundary modelling artifacts. Relative differences > 110% were located on the
roads with high traffic intensities (Fig. 2-1, e.g. Fig. 2-7 dot 4) and/or streets with the same
direction as the wind (e.g. Fig. 2-7, dot 2). Following the measurement route, the simulation
underestimated the measured relative differences by ~ 30% on average (Fig. 2-8). Starting with
~ 115% at Mainz main station, the simulated PM2s exposures at 1.0 m were just < 5% higher
than at 1.8 m in the inner part of Mainz-Neustadt and showed almost no variability in contrast
to the measured PM2s ratios. Areas close to streets featuring high traffic intensities showed

larger relative differences of up to 127%.
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red/magenta) PM2s exposure at 1.0 m level. The arrows represent horizontal wind speed and direction.

Comparing the relative differences of PM2s between the model and measurements along the
route (Fig. 2-8) confirms that the model predicts both lower values and a lower variability in
general. For some locations however, the model simulates similar increases in relative
differences when compared to the measurements (Fig. 2-8, marked 1 to 6). The relative
differences of the simulation increased as the study route passed a street with higher traffic

intensity at the western border of the district (Fig. 2-8, dot 1).
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Fig. 2-8 Relative PM2s exposure differences on 24.11. between 1.0 and 1.6 m as measured (green curves) and between 1.0
and 1.8 m as simulated (brown curves). Bold curves are smoothing splines (df=55, n=27515).

2.4 Discussion

2.4.1 Influence of weather conditions on PM2s exposure

The continental anticyclonic conditions led to a mainly stable and calm weather throughout the
study period (Fig. 2-A2). Several studies (Cheng and Li, 2010; Czernecki et al., 2017; Graham
etal., 2020; Hamburger et al., 2011) showed that the longer the stability of anticyclonic weather
endured, the higher PM2 s concentrations increased. Our work corroborates this finding: When
the weather situation was stable with low wind speeds < 1 m/s and a lack of precipitation, the
PM2 s values increased from 20.11. to 22.11. (Fig. 2-2; 0). From 22.11. to 23.11., the absolute
PMa2s concentrations declined due to a short-term cyclonical influence with wind speeds
> 1 m/s. Subsequent to this exchange of air masses, anticyclonic conditions fostered PM2s
increases on 24.11. and 25.11., until the influence weakened due to an upcoming cyclone with
higher wind speed and minor precipitation towards the end of the measurement campaign.
However, the concentrations recorded in this study exceeded the European law threshold of
25 pg/mé, as a benchmark for yearly mean PM2 s exposure (European Parliament and Council,
2008), in only three of eight runs. These effects were observed at both heights, which indicates
that the changes in absolute PM2s concentrations throughout the week were largely weather

driven.
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2.4.2 Local emissions and vertical PMz2s differences

We showed that in six of eight runs, PM2s concentrations were significantly higher at the
respiratory level of children than of adults. The exposure is at least 41% higher, and during the
calm weather conditions on 22.11., grew up to 89% (75% on average), which means that

children were exposed up to 24.7 pg/m?3 higher PM2 s concentrations.

Our results are consistent with the findings of studies made by Garcia-Algar et al., 2015, Kumar
et al.,, 2017 and Sharma and Kumar, 2020. Garcia-Algar et al., 2015 conducted a study
measuring ultrafine particles at the height of strollers (0.55 m) and adults (1.70 m) by foot on
three randomly chosen streets with high traffic intensity 20 times on 10 consecutive days in
Barcelona, Spain. They showed that the exposure is 10% higher on stroller level. Kumar et al.,
2017 measured PM2 s exposure to in-pram babies (0.7 m) and the carrying adult (1.4 and 1.6 m)
also by foot 32 times on a predefined route (2.1 km) in Guilford, UK during MO (8 to 10 am)
and AF (3 to 5pm). They found out that in the MO hours, the infants were 5% significantly
lower exposed than adults. However, in the AF, the concentrations were 10% significantly
higher for the children. Sharma and Kumar, 2020 reconducted this study in 2018 on a similar
but shorter route (2.1 km) in Guildford, UK; showing that the PM2s concentrations at 0.7 m
were up to 44% higher in the AF. All of these three studies concluded that traffic-related sources
were major factors (Garcia-Algar et al., 2015; Kumar et al., 2017; Sharma and Kumar, 2020).
We also assume that our results are affected by the prevailing calm weather during the study
period. McGregor and Bamzelis, 1995, for instance, showed that low wind speeds, caused by
continental anticyclonic conditions, limited air mass exchange in Birmingham, UK and
concluded that measured PM had to be emitted locally. The local, ambient PM2s in the urban
area of Mainz-Neustadt are likely emitted by combustion processes, i.e. traffic and domestic
heating, whirled up dust, tyre and brake abrasion, as well as floating soil or biogenic compounds
and deposited PM (Karagulian et al., 2015). Except domestic heating, all particle sources are
close to the surface. In consequence, high traffic volumes are expected to cause high PM
emissions near the ground. Moreover, the measurement runs (~3:15 pm to ~4:30 pm) took place
during the daily AF rush hour, a time with higher traffic volume. The rush hour typically starts
at ~3 pm with the daily end of service in the kindergartens and all-day schools but also with the
end of working days within the study area. This means that parents are picking up their children,
and people are commuting in the beginning rush hour traffic, thereby increasing PMzs

emissions. The increase of these means of mobility during the AF rush hour probably led to
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higher PM2.s concentrations near ground and caused larger PM2.s exposure for children than for

adults within the study area.

Additionally, we observed that the absolute and the relative differences in PM2s exposure
between both levels depended on the total amount of PMs. The higher the concentration of
PM, the higher the absolute and relative differences (Fig. 2-5/2-6). As stated before, in the case
of emissions in calm weather situations with low wind speeds, PM2s will remain near the
ground. The absolute and relative PM2s differences between 1.0 and 1.6 m increase with

increasing PM2 s concentrations.

The absolute and relative difference between both heights were largely independent of the
position on the study route. Even in areas with low traffic, the differences were at the same
level as in streets with high traffic intensity. The lack of spatial variability in PM2 s differences
is expressed by high correlations (R > 0.8) and similar CV of each run’s measurements. Both
heights had similar courses in PM2s concentration, so strong deviations were leveled out after

calculating differences.

There are two locations that stood out for relative and absolute PM2s concentrations:
‘Griine Briicke’ (Fig. 2-4/2-6 at 3400 — 3500 m; Fig. 2-7/2-8 dot 3) and ‘Rheinallee’ close to
the crossroad ‘Rheinallee/Kaiserstralie’ (Fig. 2-4/2-6 at 3900 — 4000 m; Fig. 2-7/2-8 dot 4). The
‘Griine Briicke’ is a pedestrian bridge with extensive planting crossing the ‘Rheinallee’, a road
with high traffic intensity (Fig. 2-1). When the wind arrives from an easterly direction, the
bridge and adjacent buildings of the ‘Josefstrale’ form a barrier for particles perpendicular to
the ‘Rheinallee’ (Tab. 2-3). On days with high absolute PM2s concentrations (21.11., 22.11.,
24.11.), the traffic-related PM.s accumulated and additionally increased the height differences
due to a lack of vertical air exchange. These findings corroborate with Gallagher et al., 2015
showing that surrounding buildings are solid barriers for air flow hindering PM to disperse
within street canyons. The second site at the ‘Rheinallee’ is bounded by 5-story-high blocks on
two sides in north-south direction, with the northern block tapering down to the intersection
‘Rheinallee/Kaiserstra3e’. The intersection itself is free of buildings in the northeast direction.
As a result, during easterly winds, traffic-related particles are pushed into the ‘Rheinallee’” and

accumulate behind the crossroad, similar to ‘Griine Briicke’.

Nevertheless, the PM.s differences at both sites were not significantly higher than other
extrema during the runs. The relative differences varied more strongly among the days than

along the study route. A reason for this is that the absolute and relative differences between
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1.0 and 1.6 m levels seem to depend on the absolute PM2s concentrations controlled by the
changing weather conditions throughout the measurement campaign (Fig. 2-5). These results
may be significant for health risk analyses of children. Due to their still developing respiratory
tract, any given PM2s concentration leads to higher levels of exposure for children compared
to adults (Habre et al., 2014; Nachman and Parker, 2012) (Habre et al., 2014; Nachman and
Parker, 2012). Our data show that the absolute PM2 s concentrations at children breathing height
were consistently higher than at adult breathing height, independent of the measurement
location. This in turn leads to a disproportionately higher exposure of children, and therefore a
higher chance to develop respiratory diseases such as asthma, regardless of the particular site
of the children in an urban environment (Khreis et al., 2017). However, our study includes only
eight measurement runs using low-cost measurement hardware, which is still at a relatively
early stage of development when compared to the established and officially used PM
measurement technologies. Further research over longer periods and using advanced hardware
IS needed to improve our understanding of PM.s exposure differences between children and

adults.

2.4.3 Influence of traffic-exhaust emissions on PMzs

The recorded higher PMa2s exposure of children is supported by the microclimate model
simulation. Fed with meteorological parameters from 24.11. as boundary conditions, the model
simulated PM2s exposure at 4 pm higher at 1.0 than at 1.8 m. These differences were also
independent of the location on the route (Fig. 2-7). The relative differences between children
and adult breathing heights are plausible as PM2 s was emitted at 0.2 m height in the model. At
least six local maxima of simulated relative differences could be allocated to real-world,
recorded maxima, even though the horizontal resolution of the model is only 5 x 5 m (Fig. 2-
7). These sites are located nearby streets with high traffic intensities and where the horizontal
dispersion of traffic-related particles is limited by high-rising buildings and narrow streets (Fig.
2-7, dots 1-6).

PM2s maxima appear related to the low horizontal wind speeds in the simulation combined
with the low irradiation due to a closed cloud cover causing lowered thermal convection and,
in consequence, low vertical exchange of emitted PM2 .. These findings were limited on traffic-
related locations. Within areas of lower traffic occurrences, i.e. the middle of the study area
(250 — 1500 m on the route; Fig. 2-8), the relative differences show little variability. However,

the variance of relative differences was also low at the ‘Kaiserstrafle’ featuring a wide road with
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fewer obstacles supporting the dispersion of emission, resulting in lower concentrations
(4700-5250 m on the route). These findings correspond to results of Paas and Schneider, 2016
demonstrating that the simulated dispersion of PM1o was also underpredicted throughout the
study area. It should be noted though that the simulation represents a snapshot of relative
differences for a distinct time. Local variabilities of PMas pollution (e.g. higher number of
busses and trucks or a traffic jam at the certain time of measurement) cannot be represented, so
that a reduced variability and fewer maxima were expected. Furthermore, emission sources like
tyre and brake abrasions as well as whirled up PM2s are not simulated, but have a distinct
impact on PM2s (Karagulian et al., 2019; Sharma and Kumar, 2020). On the other hand, the
modelled maxima were more pronounced compared to mean PM:s levels, which could be
affected by the larger vertical difference of 0.8 m due to the grid cell size. Nevertheless, all
relative differences were > 30% lower than the measurements. These underestimated
differences could additionally be related to the fact that the model started with a clean
atmosphere including no background concentration of PM and only traffic-related PM2s as an
emission source. However, the results of the simulation corroborated that PM2s emitted by

vehicle exhausts alone are a cause of the measured relative differences in PM2s exposure.

2.5 Conclusion

Our results show that the absolute PM. s exposure at both heights was related to the stability of
the prevailing weather condition, particularly to wind speeds. We conclude that in six out of
eight measurement runs, children were significantly more exposed to PMas than adults,
independent of the position along the measurement runs. Relative PM2s differences ranged
from 122% (20.11.) to 175% (22.11.) among the runs. The absolute and relative height
differences were positively correlated with PM2s concentrations. Relative differences also
varied more strongly among days than along the study route, whereby the latter showed a
tendency towards lower variability with increasing absolute concentrations. Explanatory
approaches include accumulation processes of local, near ground emitters causing higher
exposure differences between 1.0 and 1.6 m, when the absolute PM2 s increase. On the other
hand, deviations in absolute PM. s was leveled out in differences due to similar progression at
both heights. However, two sites with local PM2s concentration maxima (‘Griine Briicke’,

‘Rheinallee’) are still visible in absolute and relative differences.
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A simulation of traffic-related PM.s exposure within the study area shows similar results,
whereby at least six local maxima of simulated relative differences can be attributed to
measured maxima. Height differences in areas with low traffic intensity cannot be displayed by
the model, which is why we suggest that other sources including tyre and brake abrasion as well

as whirled up, play an important role in PM2 s traffic emission.

In general, the study demonstrated that highly time-resolved measurements, and subsequent
comparisons, of PM2s exposure with low-cost OPC-N3 sensors are appropriate after initial

calibration during RH < 85% conditions.
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Fig. 2-Al

weather conditions during measurement period. Grey bars represent daily measurement periods. TA, RH

and air pressure were measured at 2m a.g.l. at the measurement station Mainz-Zitadelle, wind speed and direction 10m

a.g.l and precipitation 2m a.g.l. at the measurement station Mainz-Mombach. The MLH and the CIN were measured with

a radiometer at the headquarter of the state office for environment in Mainz.
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“(Harr et al., 2022).
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Summary

To better assess the health risk for citizens, it is important to identify locations with high PM
concentrations as well as their emission sources at the breathing height of pedestrians at
different times of the year. As mobile measurements with low-cost sensors could improve
spatial coverage, PM2s measurements with Alphasense OPC-N3 low-cost sensors were carried
out at adult breathing height (1.6 m) simultaneously on foot on three routes in the urban area of
Mainz in spring and autumn to identify spatial and seasonal variations of PM.s and their
sources. The obtained absolute PM2s data were compared with stationary measurements to
check whether prior side-by-side calibration is sufficient to provide expectable absolute PM2 5
concentrations. In addition, urban PM2s hotspots and their emission sources were revealed
using PM2s/PMyo ratios, and seasonal variations in hotspots were discussed. The author was
significantly involved in the conceptualization, methodology, formal analysis, and responsible
for investigation and data curation. He wrote most of the manuscript including the creation of

the figures.
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3.1 Introduction

The global perception of air quality and air pollutants such as PM has increased partly due to
the COVID-19 pandemic (Maione et al., 2021; Mirabelli et al., 2020). While coarse particles
with an Dp between 2.5 and 10 pum (PM25-10) are inhalable, fine particles with Dp < 2.5 um can
reach the bronchial system and cause airway inflammation, lung disfunction, and chronic
obstructive pulmonary disease (Gualtieri et al., 2011; Lelieveld et al., 2019; Torres-Ramos et
al., 2011).

However, the toxicity of particles is not only determined by their absolute concentration but
also varies between different types of PM, e.g., metallic elements of residual oil fly ash have
more adverse health effects than biogenic or inorganic components (Chen and Lippmann, 2009;
Karagulian et al., 2019; Schlesinger, 2007). PM elements can be detected via chemical analyses,
though in the absence of these measures, the origin of particles can be attributed by calculating
the ratio of PM2s/PM1o (Parkhurst et al., 1999; Xu et al., 2017). Whereas a weighting towards
PM2 s indicates emissions from combustion processes, i.e., vehicle exhausts and house heating,
a low ratio indicates natural emissions as sources, i.e., pollen and leaf particles and/or fugitive
or re-suspended road dust from tire and brake abrasion, for instance (Evagelopoulos et al., 2019;
Karagulian et al., 2019; Querol et al., 2001; Xu et al., 2017).

In urban areas, PM.2s/PMyg ratios can rapidly change over time due to short-term variation in
emission intensity, e.g., rush hour or non-rush hour, but also in response to changing weather
situations. Stationary anti-cyclonic weather in Central Europe is associated with low wind
speeds and limited precipitation (Czernecki et al., 2017; Graham et al., 2020) as well as,
particularly in autumn and winter, high CIN causing low MLH. The vertical air exchange is
thus reduced, leading to an accumulation of fine particles near ground and a high PM2s
apportionment > 60% relative to PM1o, which is generally in contrast to PM.s/PMyg ratios < 0.5
typically recorded in spring and summer (Speranza et al., 2016; Tang et al., 2016; Wagner and
Schafer, 2017).

To monitor the seasonal variability of the PM2 s and PMzo, 30 to 60 min mean data are provided
by the official stationary measurement networks in Europe (ZIMEN, 2021a). However, highly
temporal changes < 30 min cannot be detected, and more importantly, spatial variability of
particle concentrations and their sources cannot be represented due to the immobility of

permanent network facilities. Spatiotemporal differences in personal exposure can therefore not
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be represented. In contrast, mobile measurements provide the possibility to extend the spatial
coverage of stationary measurements, particularly at the pedestrian breath level (WMO, 2018).
A cost-effective solution for mobile measurements is the use of so-called low-cost monitoring
systems (Alfano et al., 2020). These devices are also highly portable due to their small weight
and size and can be easily mounted on vehicles or racks carried by a person (Al-Ali et al., 2010).
We used Alphasense OPC-N3 sensors (Alphasense, 2018), demonstrated to perform well under
laboratory conditions (Morawska et al., 2018; Sousan et al., 2016), to measure different types
of particles at high temporal resolution of 1 s. However, in urban outdoor environments, the
accuracy of these data is adversely affected by changes in particle composition and RH (Brattich
et al., 2020; Crilley et al., 2018; Di Antonio et al., 2018).

The goal of this study was to demonstrate seasonal and spatial variability of PMa2s
concentrations in a Central European city (Mainz, Germany) using mobile low-cost instruments
at high spatiotemporal resolution. We (i) compared these measurements with long-term
stationary data, (ii) identified PM2s hotspots and their source, and (iii) investigated seasonal
changes in source regimes throughout the study area. We expected to find (i) similar peak PM25
values in March and September, (ii) highest polluted locations nearby streets with high traffic
intensity and close to anthropogenic sources, and (iii) higher PM2s/PMyo ratios in spring than

in late summer due to prevailing anti cyclonic weather regimes in the colder season.

3.2 Materials and Methods

3.2.1 Study Sites and Sensors

The study was conducted on five consecutive weekdays in September (14.09.20-18.09.20) and
March (01.03.21-05.03.21) in Mainz, the capital and largest city (approx. 220,000 habitants)
of Rhineland-Palatinate in south-west Germany (50.0 °N, 8.26 °E, Fig. 3-1). Located in a
slightly hilly landscape along the river Rhine, Mainz is an inland town and one of the cities with
the highest PM concentrations in Germany (ZIMEN, 2021b). The climate is moderate with an
annual average TA of 10.7 °C and precipitation of 620 mm (Koeppen Cfb) (Deutscher
Wetterdienst, 2021a, 2021b).

The study route includes three urban quarters of different characteristics: Altstadt, Hartenberg,
and Neustadt (Fig. 3-1). The Altstadt quarter is the old part of the town characterized by
compact low- to midrise buildings, mostly paved streets, and pedestrian zones (Stewart and

Oke, 2012). The urban architecture of the Hartenberg quarter, on the contrary, is a district with
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open low- to midrise buildings, a small grove, and low motorized traffic. The Neustadt quarter
Is characterized by mainly five-story-high buildings and narrow streets (~10 m wide), small
parks (< 150 m across), and low traffic intensity in a grid-based street layout. Large multi-lane
roads with high traffic intensities surround this quarter as well as the Altstadt.

SR .
NG a/f N7/ , N

A “; \

MAIN STATION START / END

MONITORING SITES
MAINZ-PARCUSSTRASSE
MAINZ-ZITADELLE

Fig. 3-1 Study tracks in the Mainz Altstadt, Hartenberg, and Neustadt (black, orange, and blue lines, respectively), their joint

start and end point at the main station (magenta), and the monitoring sites of the ZIMEN network at Mainz-Parcusstrale
(dark red) and Mainz-Zitadelle (red) of the ZIMEN network, and map of Germany showing the location of Mainz (orange).

The total length of the study route was ~15 km or ~3 h walking by foot. To mitigate potential
changes of local concentrations during such a long time span, we divided the route into three
circular tracks, each leading through one of the districts. Each track was 5 km long (~1 h by
foot) and shared the same starting and ending point at the Mainz train station (50.0017 °N,
8.2595 °E; Fig. 3-1magenta dot). The division into district tracks also supported multiple
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measurements per day. We conducted four measurement runs on each track, before and during
the MO and AF rush hours starting at 6 am, 07:30 am, 4 pm and 05:30 pm, with the exception
of 14.09.20 when we only measured in the AF. For each track, one device was used comprised
of a PM sensor Alphasense OPC-N3 (Alphasense, 2018), a ESP32 controller (Espressif, 2021),
a GPS module (Simcom, 2021), and a microSD card to save measurement data (Fig. 3-2a). The
sensors were mounted at adult breath height (1.6 m) on the front of a wearable rack to reduce
influences of the person carrying the device (Fig. 3-2b). To support the detection of local

emitters during post-processing, every run was filmed with a camera attached to the rack.

(a) PM SENSOR
(ALPHASENSE OPC N3)

GPS : | ESP32-

SD CARD

SIZE
11.5 x 14 x 12.5 [CM]

Fig. 3-2 (a) Design and components of the measurement device (dimensions: 11.5 cm x 14 cm x 12.5 cm), and (b) picture of
a person carrying the rack.

3.2.2 Inter-Sensor Variability

The Alphasense OPC-N3 sensors are low-cost optical particle counters following a light
scattering principle (Mie, 1908). The detected particles are put into bins considering their
estimated size (Bohren and Huffman, 1998) and subsequently converted into dM
(Walser et al., 2017). The measurement range of the Alphasense OPC-N3 for particles is 0.35
to 40 um (Alphasense, 2018). The handy OPC-N3 units are suitable for a mobile measurement
rack, affordable (~300 €), and perform well under laboratory conditions (Sousan et al., 2021)
considering the European EN 481 standard and manufacture calibration (Crilley et al., 2018).

However, to further assess accuracy and address inter-sensor variability, a stationary field
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calibration in an environment similar to the study area is recommended (Alfano et al., 2020;
Chatzidiakou et al., 2019; Crilley et al., 2020; Gysel et al., 2007; Hagler et al., 2018; WMO,
2018). Such a calibration was conducted on the Hartenberg district from 18-22.11.20,
05-08.01.21, and 20-23.02.21. Since there were no reference devices that feature a comparable
temporal resolution (< 20 s), we adjusted two PM sensors to one other sensor: in our case, the
sensors used in the Altstadt and Neustadt were adjusted to the Hartenberg sensor (Fig. 3-3). The
devices were co-located on the same height side-by-side to measure PM2s concentrations in a
1 s interval. The resulting data were then processed into 20 s arithmetic means, whereby the
10% highest and lowest values were truncated to mitigate the influence of short-term emissions

(e.g., smokers).

L R?=0.98 L R? = 0.98

604

PM,  [Hg/m?]

RMSE = 1.13 pg/m* ' RMSE = 1.14 pg/m®
0 04
0 20 40 60 80 0 20 40 60 80
PM,, [Hg/m?] PM, [wa/m?]
ALTSTADT NEUSTADT

Fig. 3-3 Scatterplots and polynomial regressions of the moving 20 s truncated arithmetic mean PM2s adjustments of the
sensors used on the Altstadt (left panel) and Neustadt tracks (right panel) to the Hartenberg sensor including R? coefficients
and RMSE for the adjustment periods from 18-22.11.20, 05-08.01.21, and 20-23.02.21.

Scatterplots of data measured in the Altstadt and Neustadt compared to Hartenberg showed that
the cross-sensor accuracy was high. In addition to an explained variance exceeding 0.98, the
data were homoscedastic and low RMSE reached 1.13 pg/m?® and 1.14 pg/m?, respectively.
However, 4th degree polynomial (instead of linear) regression models were most suited to

transform the measurements and produce statistically reliable data.
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3.2.3 Data Post-processing

To enable the comparison across different runs and tracks, several steps of post-processing had
to be undertaken. At first, the recorded 1 s interval PM datasets were averaged calculating
moving 20 s truncated arithmetic means, similar to the procedure used for calibration. A spatial
synchronization of the data of the individual tracks was applied to adjust slight variations in run
duration and minor inaccuracies of the GPS data. This was done by manually setting an ideal
route for every subtrack and converting the data into points with a distance of 50 cm to each
other. Each point was allocated to its appropriate data by calculating an average of the 10 closest
original datapoints using an inverse distance weighting method (Shepard, 1968). The data of
each track and run were then converted considering the polynomial regression equation
obtained from the calibration trials. To reduce the effect of particle hygroscopy, a RH correction
for data recorded at RH > 60% according to Crilley et al., 2018 was applied. The correction
formula is based on the k-Kohler theory, with k =0.33 as a composition of hygroscopic particles
in the ambient air and a dry particle density of 1.65 g/cm? (Crilley et al., 2020). Ambient RH
measurements were taken from the long-term station Mainz-Zitadelle of the ZIMEN network.
The processed data were then analyzed using descriptive statistics, i.e., arithmetic mean,
median, and SD. In order to validate our absolute PM.s measurements for PM2s hotspot
identification, a comparison of the mean PM:s values of each track and run in September and
March against the regular long-term station data from Mainz-ParcusstralRe, which is
characterized by urban traffic, and Mainz Zitadelle, which resembles the urban background,
was performed. These two measurement stations are part of the ZIMEN network, which carries
out measurements with Thermo Fisher SHARP 5030 instruments (Thermo Fisher Science,
2011) to monitor PM2s and PM3o on behalf of the state.

For the detection of highly polluted spots, the following steps were conducted. To counteract
time-related fine particulate gradients, the data of each run were linearly detrended.
Subsequently, the measurements of the simultaneously conducted runs in each district were
combined and highly polluted locations (spots with 10% highest PM2 s values) were identified:
we determined highly polluted locations, for each period and season, by overlaying the extreme
data of the respective runs and looking for matches. A match was recorded if the same location
within a radius of 20 m indicated a pollution hotspot (i.e., 10% highest values) in several runs.
After identifying highly polluted locations, we calculated PM2s/PMyo ratios for the September

and March data to evaluate emission sources.
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3.3 Results and Discussion

3.3.1 Absolute PM2s Concentrations in September and March

In September, the uncorrected mean PM2s concentrations were in line with the ZIMEN
measurements and showed a diurnal pattern in PM2s characterized by 50 to 220% higher
concentrations in the MO compared to the AF runs. This pattern was recorded during the first
three days of the September campaign and followed by declining concentrations toward the end

of the week (0, for median PM1o concentrations, see Fig. 3-A4).
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Fig. 3-4 Mean PM:;s concentrations in the Altstadt, Hartenberg, Neustadt (black, blue, and orange colors, respectively), and
ZIMEN data from the Mainz-ParcusstraBe and Mainz-Zitadelle (dark red and red colors, respectively) during the study
periods in (a) September and (b) March with corresponding boxplots and arithmetic means (yellow dots). The unfilled
dots symbolize the RH-corrected PM2s measurements, and the filled dots symbolize PM2.5 concentrations without RH

correction.
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This change in PM2 s variability could be associated to changes in the weather regime: the first
three days were characterized by warm late summer weather conditions consisting of high daily
maximum TA > 30 °C, moderate mean RH < 57%, and low maximum windspeeds < 1.0 m/s
mainly from southeast directions (0; Fig. 3-Al). These stable conditions were also expressed
by a low mean MLH < 200 m and high mean CIN with daily amplitudes up to 340 J/kg, which
provided meteorologically favorable conditions for increased PM concentrations (Graham et
al., 2020). However, our measurements mainly underestimated the PM2 s concentrations of the
ZIMEN network in this period, particularly during the MO runs of 15.09.20 and 16.09.20 and
after consideration of the RH correction. These differences exceeded 23 pg/m? in absolute
values equal to 700% (both on 1509.20, first run). Right after the 4th run on 16 September 2020,
the weather changed. Air pressure increased to 1015 hPa accompanied by rising windspeeds
(max: < 1.7 m/s), higher mean MLH value, lower CIN (69 J/kg), lower TA, and mean RH
< 60% during last six runs of the September campaign which is why no RH correction was
applied for this period (Fig. 3-Al). During this time, the differences between our and the
ZIMEN data decreased. Whereas our measurements showed still slightly higher PMazs

concentrations on the 17.09.20, differences did not exceed 3.0 pg/m? thereafter.

In March, the PM2s concentrations were higher than in September. The differences between
ZIMEN and our uncorrected measurements were moderate (< 5.2 pg/m?) during the first four
runs. Thereafter, when stable weather conditions set in (Tab. 3-1, Fig. 3-A2) and PMas
concentrations increased, a substantially larger underestimation up to 25.1 pg/m? of the ZIMEN
was recorded. An exception was run one on 03.01.21 on the Hartenberg, where we measured
> 12 pg/m? higher concentrations on average, though this seemed to be a single outlier that we
could not explain. After 03.03.21, the PM2s concentrations decreased due to a change in
weather, upcoming north wind (max. 3.2 m/s), and a short-term shower, followed by decreasing
of TA and RH. The differences between the ZIMEN measurements and those conducted by us

were again small.

In both study periods, the differences in absolute PM2.s between our runs and the stationary data
were large and could not be explained by spatial variability. Our findings confirm the results
of, e.g., Lietal., 2020 and Sousan et al., 2016, who identified this underestimation of OPC-N3
sensors compared to reference instruments. A stronger underestimation of the RH-corrected
PM2s concentration could be explained by the fact that any correction lowers the values
(Crilley et al., 2020). Furthermore, the missing diurnal pattern during the first 3 — 4 days in
September could be related to higher RH in the AF causing larger corrections. In March,
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however, the uncorrected measurements still showed diurnal patterns, whereas both the
RH-corrected and ZIMEN data did not. The RH correction looked more suitable in the spring
campaign, possibly because the prevailing higher RH resulted in corrections and hence stronger
underestimations. The overall substantial underestimations and incomprehensible differences
between mobile and stationary data led to the conclusion that our PM sensors cannot be used
to assess absolute PM2s concentrations. For this reason, we used relative instead of absolute

PM2 5 data to evaluate highly polluted areas.

Tab. 3-1 Meteorological conditions during the study measurement periods in September and March including mean TA [°C],
mean RH [%], precipitation sum [mm], atmospheric pressure [hPA], wind speed [m/s], wind direction [°], mean CIN
[J/kg], and mean MLH [m]. Adapted with permission from Umweltmeteorologie RLP, 2021; ZIMEN, 2021b.

Date 14.09. 15.09. 16.09. 17.09. 18.09. 01.03. 02.03. 03.03. 04.03. 05.03.
TA (°C) 23.0 233 23.8 19.5 18.8 7.7 9.2 8.2 9.6 5.8
RH (%) 53.6 56.6 571 51.2 46 66.8 62.7 715 71.7 59.4
Precipitation (mm) 0.3 0 0.1 11 1.9 0 0 0 9.5 0

Atmospheric

pressure (hPA) 1013 1009 1007 1013 1012 1021 1020 1017 1008 1014

Wind direction (°) 56 63 147 105 100 143 122 148 225 166
Wind speed (m/s) 0.2 0.1 0.4 0.6 0.6 0.5 0.3 0.2 0.6 11
CIN (J/kg) 177 171 171 60 85 163 148 219 110 27
MLH (m) 170 165 115 312 249 135 163 102 226 455

3.3.2 Highly Polluted Places and Sources

The identification of highly polluted sites, i.e., sites with the highest 10% of PMa2s
concentrations throughout the entire study area, was conducted using 35 of 38 runs. Two runs
were excluded due to sensor malfunctions (run two on 01.03.21 and run two on 03.03.21) and
one run was omitted because of onsetting rain causing strongly lowered PM, which did not

allow reasonable spatial comparisons of that run (run three on 04.03.21).

Our result showed that no location was consistently identified as a highly polluted area
throughout the entire measurement period (Fig. 3-5). This result was unexpected as our
measurements took place along roads and large intersections with high vehicle traffic, reported
to be main source of fine particle concentrations in urban areas (Kumar et al., 2017). On the
contrary, locations with high levels of PM2s could be identified on all three tracks. While all
PM. s hotspots were recorded in the Neustadt district during the September MO runs, the AF
runs also included highly polluted places in the Altstadt. For the early MO runs in March,

hotspots were solely detected in the Hartenberg, and in later runs, the highly polluted places
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were recorded on all tracks yet focused in the Hartenberg and Neustadt districts. People were
thus exposed to high particle concentrations at varying places in different urban settings

depending on the daytime and season.

SEP 6 am 07:30 am

4 pm 05:30 pm

07:30 am

Fig. 3-5 Locations showing the 10% highest PM2s concentrations (red dots) throughout the runs during the September and
March campaigns.
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However, there were locations where pedestrians were exposed more frequently. In > 50% of
the September runs, we identified 21 different spots showing recurring high PM2s
concentrations throughout all tracks (Fig. 3-6, left panel). The larger number of hotspots in
September could be assigned to the low absolute PM..s concentrations and minor differences
among districts (0). At low particle concentrations, local emissions have a large influence on
absolute PM2s peaks, and the mitigated track differences further the spread of hotspots. In
March, there were at least seven highly polluted locations, mostly recorded on the overall more
polluted Hartenberg track. However, when increasing the threshold to define highly polluted
areas to > 60% of the runs, the number of hotspots declined massively to only five locations
(Fig. 3-6, right panel; Fig. 3-A3). The remaining September hotspots were in a Neustadt park
and the Altstadt pedestrian zone, whereas the two remaining March hotspots were located near

amajor housing construction site in Hartenberg and a traffic-loaded bridge near the train station.

SEPTEMBER MARCH
4)
©
(5]
O CONSTRUCTION SITE
(3) ZONE OBRIDGE

Fig. 3-6 Locations with 10% highest PM:s in > 60% of all runs in September (left panel) and March (right panel). Colors
refer to parks (green), pedestrian zone (blue and cyan), construction site (magenta), and a bridge (violet).

The March hotspots could clearly be attributed to anthropogenic sources: the origin of the
particles at the bridge could be assigned to vehicles, as there was a high intensity of traffic on
the multi-lane road crossing the bridge; the emission sources of the construction site were
seemingly related to building processes and frequent construction vehicles
(Karagulian et al., 2019; Yue et al.,, 2010). These conclusions were supported by low
apportionment of PM_5 in PMyo at these locations (Fig. 3-7). While the high PM25/PMo ratio
at the bridge near the main station (0.73) indicated the particle source to originate
predominantly from anthropogenic emissions due to combustion processes of vehicles, the
lower ratio (0.63) and high variability (IQR = 0.13) at the construction sites pointed to a mixture

of resuspended dust and particles from combustion processes.
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The three September hotspots were particularly surprising, as there was no motorized traffic
present at the time. This is in contrast to our hypothesis that the hotspots were related to heavy
traffic streets as the main driver of high PMa2s concentrations in urban areas
(Kumar et al., 2017). The high values in the pedestrian zones could nevertheless be of
anthropogenic origin, emitted by the exhaust systems of the restaurant kitchens blowing fine
particles during deep-frying and roasting onto the streets (Kang et al., 2019). Particles were
likely additionally emitted in the outdoor areas of the restaurants (Fig. 3-A3, panel 3) due to
smoking activities as reported by Birmili et al., 2013. High PM2s/PM1o ratios > 0.6 at these
locations support the conclusion that anthropogenic sources were the main emitters, as does the
fact that these sites were identified as PM2s hotspots in the AF runs, i.e., at times when

restaurants were highly frequented.
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Fig. 3-7 PMa2s/PMio—ratio boxplots of the PM2s hotspots in the park (green) and pedestrian zones (cyan and blue) for
September (green, cyan, and blue colors) and the construction site (magenta) and motorized road (violet) for March.

Yellow dots indicate mean values.

The particle sources in the park could not be attributed to combustion processes as in the other
hotspots. The much lower mean PM2s/PMyo ratio = 0.24 and small IQR = 0.07 pointed to a
homogenous particle composition during September at this location (Fig. 3-7). These values
were either related to fugitive dust (Evagelopoulos et al., 2019), i.e., impervious areas and
footpaths containing loose top material, or to re-suspended road dust from the multi-lane road
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right next to the park. The spatial distribution of the PM2.s/PMo ratios for September indicated
that horizontal transport of fine particles from the close road was unlikely (Fig. 3-8).
Ratios < 0.5 are rather indicative of locations with ongoing road and construction works and of
parks with loose gravel on the walkways. Since there was no roadwork near to the park during
the measurement campaign, whirled up dust from graveled and unpaved walkways was the
most plausible local emissions. These findings corroborate with Paas and Schneider, 2016 who
attributed higher mean concentrations in a green area to re-suspended dried-out grass and

unsurfaced footpath particles.
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Fig. 3-8 Spatial patterns of mean PM2s/PMo ratios in September and March. Bluish colors indicate ratios between 0 to 0.5.

The dots mark important particle sources including unpaved surfaces (brown) and construction sites (grey).

The comparison of highly polluted locations in September and March showed that the hotspots
varied within the study area and that the underlying particle source changed. The data were
additionally characterized by a substantial increase in PM2s/PM1o ratios from 0.56 to 0.76
between autumn and spring, averaged over the study area (Fig. 3-8). This seasonal change is in
line with Speranza et al., 2016 reporting ratios of < 0.5 during warmer seasons (spring—summer)
and ratio of > 0.5 during colder seasons (autumn — winter). In our case, the increase in PM2s
ratio was likely additionally affected by a pronounced cool thermal inversion (Tab. 3-1; Fig. 3-
A2). These conditions constrained the vertical mixing of air, which led to an increase in fine
particle concentrations at ground level. The prevailing low wind speeds subsequently amplified
dry deposition of coarse particles, which in turn increased the PMas apportionment in PM1o
(Blanco-Becerra et al., 2015; Huang et al., 2014; Wallace and Kanaroglou, 2009).
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3.4 Conclusion

Using mobile low-cost devices containing Alphasense OPC-N3 sensors, small-scale PMas
hotspots along a 15 km transect in an urban area were identified. Three sensors showed a high
agreement among each other but severely underestimated the measured PM2s concentrations
of the ZIMEN network, particularly after applying a widely used RH correction
(Crilley et al., 2020). Absolute PM2s values were not considered, but additional calibration
against high-resolution reference instruments could possibly improve the data accuracy of
OPC-N3 sensors.

The identification of (relatively) heavily polluted locations revealed persisting PM2 s hotspots
in > 60% of all runs, though the locations varied between the September and March study
periods. The March hotspots were most likely triggered by local anthropogenic emissions
including traffic emissions and construction work. This conclusion was supported by
PM2s/PMyo ratios > 0.6 indicating combustion processes as the main particle source. The
September hotspots, however, were located in areas dominated by pedestrians, and the PM
sources were attributed to restaurant cooking exhaust air and outdoor seating activities.
Exceptionally low PM2.s/PMyo ratios of 0.24 recorded in a park pointed to particles originating
from locally emitted natural dust from unpaved footpaths, bare soils, and gravel surfaces. The
PM2s/PMyo ratios also increased from September to March as additional heating due to cooler
TA and stable weather conditions prevailed during the spring campaign. The composition of
sources can be further differentiated by analyzing the chemical composition of particles, which
we recommend for further studies. The work detailed here revealed the capability of low-cost
sensors to identify small-scale PM2 s hotspots and sources. While the accuracy of absolute PM2 5
concentrations was insufficient, highly resolved spatiotemporal measurements may
complement the stationary data and support the identification of highly polluted areas in the

urban environment.
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Fig. 3-Al weather conditions during September measurement period. Grey bars represent daily measurement runs.

RH, TA, and air pressure were measured at 2 m a.g.l. at the measurement station Mainz-Zitadelle, wind direction and
speed at 10 m a.g.l and precipitation at 2 m a.g.l. at the measurement station Mainz-Mombach. CIN and MLH were

measured with a radiometer at the headquarter of the state office for environment in Mainz.
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Fig. 3-A2 weather conditions during March measurement period. Grey bars represent daily measurement runs. RH,
TA, and air pressure were measured at 2 m a.g.l. at the measurement station Mainz-Zitadelle, wind direction and speed at
10 m a.g.l and precipitation at 2 m a.g.l. at the measurement station Mainz-Mombach. CIN and MLH were measured with
a radiometer at the headquarter of the state office for environment in Mainz.

Fig. 3-A3 Pictures of the high polluted areas during the measurement campaigns in September (panels 1-3) and March

(panels 4 and 5)
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“(Harr et al., 2022).
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Summary

The results of Section 3 demonstrate that the Alphasense OPC-N3 low-cost sensors do not
provide accurate absolute PM2s values. Since emission sources can be of inhomogeneous
particle Dp as they can be emitted by different processes, e.g. traffic emissions containing of
exhaust and various non-exhaust emissions, the low-cost sensors were not able to properly
resolve absolute PM for varying particle Dp. The following study shows a new approach to
address high spatiotemporal patterns of the distribution and attribution of PNC and
concentrations at high, (sub-) micron particle resolution: Mobile measurements were performed
using a GRIMM 11-R laser aerosol spectrometer mounted on a mobile cargo bike platform.
After comparing the measured PM; and PMzo with stationary data, the spatial variability of
these fractions was analyzed to detect locations of high concentrations. Subsequently, the
measured PNC and dM were quantified in submicron resolution and the emission sources at the
hotspots were identified along unique source patterns. The author was largely responsible for
the conception, methodology, formal analysis as well as for the research and data maintenance.

He wrote the manuscript including all figures.
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4.1 Introduction

Ambient air pollution is identified as one of the major health risks worldwide (WHO, 2022).
Air pollutants such as PM cause cardiovascular and respiratory diseases, which can lead to
premature deaths (Lelieveld et al., 2019). While PMyo — particles with Dp of < 10 pm —is
inhalable and reaches in to lungs, fine particles with Dp < 2.5 pm (PM2.5) can get to the bronchial
system and cause lung disfunction as well as chronic obstructive pulmonary disease (Gualtieri
etal., 2011; Torres-Ramos et al., 2011). For these reasons, both particle fractions are regulated
by the EU with a permissible annual mean concentration of 20 and 40 pg/m3 for PM2s and
PM1o, respectively, as well as with daily thresholds of 50 pug/m? for PM1o which must not be
exceeded more than 35 times a year (European Parliament and Council, 2008). Finer particles
like PM1 — particles with Dp < 1 um — are not regulated, although high PM1 exposure is even
worse than PM1g and PM2s: PMy can reach deeper into the lungs causing poorer lung functions,
cytotoxicity effects and inflammation, particularly affecting children (Jalava et al., 2015; Yang
et al., 2020).

In urban environments, the level of PM depends largely on regional background concentrations
and local emission sources, including mineral and biogenic components, but also of
anthropogenic origins, i.e. domestic heating, industrial fumes and particularly traffic
(e.g. Azarmi et al., 2016; Karagulian et al., 2015; Minguillén et al., 2012; Titos et al., 2014).
Traffic-related emissions are not of homogenous particle sizes, since they are released by
different processes: While combustion exhausts of motorized vehicles mainly emit particles
with Dp <1 pm (Squizzato et al., 2016; Titos et al., 2014), non-exhaust particles — i.e. road
wear, (resuspended) road dust as well as tyre and brake abrasion — contribute to dM of particles
with Dp 1 — 10 um (Harrison et al., 2021; Piscitello et al., 2021) with Dp of tyre and brake
abrasion mainly ranging between 2 — 5 um and 1 — 6 pm, respectively (Fussell et al., 2022;
Hussein et al., 2008; Oroumiyeh and Zhu, 2021).

A distinction of emission sources by particle size is therefore only possible if the particles were
measured in (sub-) micron resolution. Official stationary monitoring networks in Europe,
however, were not able to resolve particle sizes in this range since they were providing only
PM1o, PM25 and (rarely) PM; data according to the legal requirements (European Parliament
and Council, 2008). In addition, the immobility of the stations and their temporal measurement
resolution of > 30 min averages (ZIMEN, 2022) make it unfeasible to record variations in urban

PM concentrations, for example induced by changes in traffic intensity or varying street
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characteristics, e.g. between street canyons and open arrangements of buildings
(Bukowiecki et al., 2010; Gallagher et al., 2015).

These spatiotemporal gaps can be closed by mobile measurements that allow spatial coverage
to be extended both horizontally and vertically, for example to breathing height level of
pedestrians. Mobile PM measurements were mainly conducted by foot and bicycle (e.g.
Carreras et al., 2020; Garcia-Algar et al., 2015; Harr et al., 2022a; Sharma and Kumar, 2020).
While studies by foot only allow high spatiotemporal measurements in short time intervals
(> 1s) along a max. 5 km long track within an hour (Harr et al., 2022b), measurements by bike
give the possibility to cover a larger area at the same time, e.g. areas of different characteristics

like urban, suburban, and rural within the same run.

The main objective of this study is to analyze the spatiotemporal variability of high-resolution
PM to determine its emission sources in an urban environment. We (i) compare measured PM;
and PMyo with stationary data, (ii) analyze their spatial variability to identify hotspots, (iii)
quantify the measured PNC and dM per Dp, and (iv) discuss the relative differences per Dp to

identify emission sources at the hotspots.

4.2 Material and methods

4.2.1 Study Site

The measurements were conducted from 28" May to 5" August 2021 in Mainz, the capital and
largest city (approx. 220,000 inhabitants) of the southwestern German federal state Rhineland-
Palatinate (50.0 °N, 8.26 °E, Fig. 4-1). Mainz is an inland town located in a gently hilly
landscape along the River Rhine, which features a moderate climate with an annual average TA
of 10.7 °C and precipitation of 620 mm (Koeppen Cfb; Deutscher Wetterdienst, 2021a, 2021b).
The city's basin location hinders large-scale air exchange and results in Mainz being one of the
most polluted cities in Germany (ZIMEN, 2021a). The 14 km long, circular study route led on
paved roads through areas of different characteristics: While the starting and ending point at
the campus of the university (49.9932 °N, 8.242 °E; Fig. 4-1 (1)) was characterized by large
low-rise buildings and low traffic, the route passed streets with predominantly compact midrise
buildings and multi-lane roads of high traffic intensity in the city center (Fig. 4-1 (2,3)). The
route exited downtown via the steep and narrow, three-stories high street canyon ‘Gaustraf3e’
(< 10 m wide, building-height-to-width ratio ~1) (Fig. 4-1 (4)) onto the high traffic multi-lane
road ‘Pariser Straf3e’ leading out of town (Stewart and Oke, 2012; Fig. 4-1 (6)). At the town
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sign, the route continued through a suburban area with low-rise buildings and low traffic
followed by an agricultural area in the west of the city (Fig. 4-1 (7)), before returning to the
starting/ending point at the campus. We conducted two measurement runs every day starting at

7:30 am and 4:30 pm to cover MO and AF rush hour times.

"<& LEGEND

“% < [l URBAN f}
;7'-.3-;; ——STREET Il AGRICULTURE |
A —— HIGHWAY Il PARK 3

I WATERWAY

MONITORING SITE
MZ-ZITADELLE
FRIEDRICHSFELD

Fig. 4-1 Bicycle track in Mainz (black line) with photographs from the starting and ending point at the university (1), the
KaiserstraBe (2), Rheinallee (3), Gaustrale (4), Fichteplatz (5), Pariser Stral3e (6) and agricultural area (7). The monitoring
sites at Mainz-Zitadelle and Friedrichsfeld are highlighted by black dots. Insert map shows the location of Mainz (orange)
in Germany. © OpenStreetMap

The mobile measurements were conducted with a full-suspension electro cargo bike. The
electric assistance allowed measurements to be made at a constant, average speed of 17 km/h
and the suspension avoided vibrations which could interfere with the measurements. The bike
was equipped with a GPS device powered by an USB-Powerbank and a camera with which
each run was filmed to facilitate the identification of local emitters during the post analysis
process (Fig. 4-2). As PM sensor, a GRIMM 11-R laser aerosol spectrometer was mounted in
a box on the cargo platform, with the front orientated air inlet at a height of 1.6 m, corresponding
to the average breathing height of adults. The GRIMM 11-R is an optical particle counter
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following the light scatter principle (Mie, 1908) and is able to count particle sizes from 0.25 um
to 32 um with 31 size bins in high temporal resolution of 6 s (GRIMM Aerosol Technik GmbH
& Co. KG, 2015). The instrument is calibrated by the manufacturer to a filter-based reference
instrument (Peters et al., 2006). As the GRIMM 11-R is intended for indoor use, it should only
be used at RH < 95% and under precipitation-free conditions, as condensation could
significantly damage the unit's optical chamber.

a)

1.6M B 4
AIR INLET |

PMSENSOR— -
(GRIMM 11-R (MINI-LAS))

Fig. 4-2 Photographs of the electro cargo bike with GPS device, powerbank, camera (a) and the box containing PM sensors,
GRIMM 11-R PM sensors (b).

4.2.2 Post-processing analysis

Several post-processing steps had to be conducted to enable a reliable spatial analysis of each
run’s measurement. At first, the GRIMM measurements were merged with the GPS data. To
avoid slight spatial inaccuracies and minor variations between the runs, a spatial
synchronization to a manually set ideal route was applied. An ideal route was converted into
datapoints with a distance of 10 m and assigned the 10 closest original measurement points to
each point using inverse distance weighting (Shepard, 1968). The PM data were subsequently
linearly detrended to mitigate potential time-related changes in particle concentrations along
the study route (Harr et al., 2022a). The differences between MO and AF concentrations in PM

and PMyo were tested on significance using a Monte Carlo simulation approach in which for
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1000 iterations 100 AF and MO datapoints were randomly taken to calculate paired Mann-
Whitney U tests. We then calculated the QCD to quantify the variation of particle
concentrations along the study route, since this measure of variation is less sensitive to outliers
than the commonly used CV (Bonett, 2006).

To specify the particle distribution of the PNC and dM of the mean MO and AF runs, the
standard PM categories of PM1, PM2s, and PM1o were considered too imprecise. We hence
focused on the originally measured PNC and dM instead, which is divided into 31 Dp bins
ranging from < 0.25 pum to 32 um (GRIMM Aerosol Technik GmbH & Co. KG, 2015). These
datasets were then used to calculate median PNC and dM for each particle Dp category at each
datapoint along the study route for the average of all MO and AF runs, respectively. A
normalization of the dM data was performed with dM/dlog (Dp) to reduce possible bias in the
Dr masses due to unequal bin widths at each point on the track. Finally, relative differences
between dM and dMwmepian Of each Dp were calculated to indicate the relative particle
distribution for each particle bin size along the study route.

4.3 Results and Discussion

4.3.1 Mean PMi1 and PMio

During the study period, 97 of 140 possible measurement runs (50 MO and 47 AF runs) could
be conducted, 43 measurement runs were omitted due to unstable weather (Fig. 4-Al). These
unsteady weather conditions — precipitation was 27% higher than in the reference period
1991-2020 (DWD, 2022) — led to cleaner air with relatively low particle concentrations overall:
There was no run in which mean PM1o exceeded the daily threshold of 50 pg/m? stated in the
European law (European Parliament and Council, 2008). Nonetheless, the median PM; and
PM1o concentrations recorded with the cargo bike were in line with the measurements at the
stationary monitoring station Mainz-Zitadelle, provided by the ZIMEN network
(ZIMEN, 2022; Fig. 3). The absolute differences between mobile and stationary measurements,
however, were higher in PM1o (meanpirr_pm1o0 = 1.3 ug/ms3; sdpirr_pmio = 4.9 pg/ms) than in PMy
(meanpirr_pm1 = 0.7 pg/m3; sdoirr_pm1 = 1.3 pg/m3). The differing concentration levels could be
caused by coarse particles emitted in the various local environments along the study route, e.g.
road dust in the city vs. resuspended natural dust at the agricultural field (Kerschbaumer and

Lutz, 2008). The comparison of mobile and stationary measurements underlines the feasibility
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of collecting reliable PM data with our mobile measurement setup by bike using GRIMM 11-R

in urban environments.
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Fig. 4-3 Median PM1 and PMzo concentrations from May—August 2021 recorded with the cargo bike and derived from the
official ZIMEN measurement station at Mainz-Zitadelle, respectively.

4.3.2 Spatial pattern of PM1 and PM1o

The spatial pattern of mean PM and PM1o along the study track showed higher concentrations
in the city than in the suburban and agricultural area (Fig. 4-4a). However, these differences
were rather small for PMy, as absolute differences were only 1.5 pg/m?® (13%) between
‘Rheinallee’ (Fig. 4-1 (4)) — a high traffic location with the highest mean values — and the
traffic-calmed university campus (Fig. 4-1 (1)). For PMyo, the difference between the highest
concentrations, ‘Gaustrafie’ (Fig. 4-1 (4)), and the lowest, also university campus, was
6.3 pg/ms3, meaning a relative difference of 31%. It is evident that the concentrations of both
PM: and PM1o were significantly higher in the MO than in the AF, regardless of the location
along the route (Fig. 4-4 b). The mean differences between MO and AF were 3.7 pg/m3 (~54%)
for PM1 and 7.7 pg/m?3 (~62%) for PM1o, whereas the PM1/PMyg ratio rose from 53% to 58%
on average. The relative differences of PM1 and PM1o during the day were very similar and
could be explained by the average atmospheric conditions. During the night, high CIN values
and low windspeeds indicate low, stable MLH leading to higher suspension of particles near
ground. During the day, solar forcing in combination with diurnal TA differences of > 10 K led
to fast dissolving of the stable MLH by thermal convection which in turn caused lower PM
concentrations for the AF runs (Tang et al., 2016, Wagner and Schafer, 2017; Fig. 4-Al).

69



Distribution and attribution of particulate matter in urban environments

L =0.12

= D ; .\r,»;%i%»?‘f‘w\y;, 4 ©) ® % ® . 8CD??:%,J‘HTO.12

'QCD, 55, = 0.31

16:30H

I
|
|
|
|
|
|
|
|
|
|
I
I
|
255 5 75 10 125 14
¢ Il \QCD.,.. =0.38
| 1
I ]
I

2.5 5 7.5 10 125 14
ROUTE [km]

Fig. 4-4 Spatial patterns of mean PM1 (brown) and PMao (blue) concentrations along the study track (a) , and (b) subdivided
into mean MO and AF timeseries (light and dark colors, respectively). Bold curves are smoothing splines (df = 35,
n = 1403) surrounded by the IQR in shaded colors.

Nonetheless, the variation of PM: was only 12%, resulting in small differences in
concentrations along the route with no clear local hotspot in the mean MO and AF runs. In
contrast, the variation of PMyg is larger along the study track, whereby the QCD is higher in AF
than in MO (0.38 to 0.31). Moreover, three local PM1o hotspots could be additionally identified
for both times of the day, the ‘Kaiserstrae’, the ‘Gaustrale’ and the ‘Pariser Stralle’ (Fig. 4-
1 (2,4,6)) and another one close to a farm house in the agricultural fields (10.4 km) in AF. These
hotspots become even more visible during mean MO runs, where PM1o showed differences of
> 2 ug/ms3 between hotspot and surrounding streets, with a maximum value of 5.7 pg/m3 at the

‘Gaustralle’.

4.3.3 Particle number concentrations per Dp

The differences in variation between PM and PMyo indicate that PM1o hotspots were mainly
caused by particles larger than PM1. However, the PNC per originally measured Dp bin of the
sensor showed that, regardless of the time of the day and the position on the measurement track,
most particles were assigned to the smallest Dp (Fig. 4-5). PNC decreased sharply with
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increasing Dp. PNC with Dp < 0.25 pm, for instance, reached up to ~600,000 counts per cms,
whereas PNC for the largest bin with continuously measured PM, Dp of 4-5 um, was around
100 particles per cm3. Consequently, particles with Dp of < 1 pm account for < 58% of the
PMj1o. PNC with Dp of < 0.25 um is even more than 2000 times higher than PNC with Dp of
3.5-4 pum and even 6000 times higher than PNC with Dp of 4-5 pum. The consideration of
particle mass is hence probably not sufficient to describe the health hazards of especially small

particles in a meaningful way (Schraufnagel, 2020).

An average of 191,501,376 particles (MO) was counted in comparison to a mean of
112,013,837 particles (AF), meaning that PNC was 71% higher in MO than in AF. This
difference was even 9% higher than between the PM1o concentrations of the MO and AF runs,
which could not be explained by additional particles with Dp > 10 um. It is more likely caused
by uncertainties in the weighting process of the counted particle Dp before calculating their dM
(Morawska et al., 1999).

MORNING AFTERNOON

CoooUMICUIDUININIOOUIONODWORNDNIUIA R WL
= =t o = = = = L L = L L = L=t =T
1

OSNUINOSONOMALLNNALL00000000000
mououIooUMOUNODWoRND IR R WK
SO00000000000000cONROUNIOUNO®RU
L1 1 1 1 1 1 1 |

RNOGONONOSONMNALWWNNAAL00000000000

T ] € 1
= = -
o ] o ]
10.00- 10.00.
12.50 12.50
17901 17501
PIXihl| TOTAL 2000 Jlear:\ 8
g &l 191,501,376 PARTICLES %g.gg- 112,013,837 PARTICLES
32.00- 32.00-
0 2.5 5 7.5 10 12.5 14 0 2.5 5 7.5 10 125 14
ROUTE [km] ROUTE [km]
m T T T T T |
0 100 200 300 400 500 800 2000 40000 340000
13000 155000 617500
PNC (#PARTICLES / CM?]

Fig. 4-5 Median PNC distributions for each bin along the study route in MO (left) and AF (right panel). Labels of the y-axes
show the upper limit of the Dp per bin.
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4.3.4 Median mass concentrations per Dp

The distribution of particle Dp along measured dM differed greatly from the distribution of
particle counts showing that particles at Dp of 0.22-0.25 pm and 3.5-5 pm were dominating
the total dM, independently of the time of the day as well as the position on the route (Fig. 4-
6a). In the averaged AF run, the dM for particles of 3.5-4 pum size ranged between 0.5—
0.6 pg/m3 and 0.5-1 pg/ms, respectively, with hotspots in urban (max. 1 pg/ms; ~4.5 km) and
agricultural (max. 0.9 pg/ms3; ~11 km) areas. The averaged MO run showed higher dM values
with 0.8-1 pug/ms for the smallest Dp and 1.2-2.3 pg/m3 for Dp 3.5-4 um, with highest values
in the street canyon ‘Gaustralie’ (Fig. 4-1 (3)). In contrast, particles with sizes of 0.35-1.3 um
contributed only by a maximum of 0.4 pg/m?3 per Dp (MO) and only by 0.2 pg/m? per Dp (AF)
to the total dM of the runs — particles with Dp 0.65 pm only by 0.05 pg/m3 for both times of the
day. Moreover, the measured median dM shows a skewed picture of the particle mass
distribution since the Dp bins were not of equal width. This could cause an overestimation of
the dM of large Dp, because the larger the Dp, the wider the bins and the higher the possibility
of more particles in each bin. To reduce the biases, we calculated the ‘normalized dM’ (ndM)

for every Dp (Fig. 4-6b).

Particles with Dp < 0.3 um showed still high ndM with > 15.5 pg/m3 (MO) on average per Dp
and > 9.5 pug/ms3 (AF), whereas particles with Dp of 0.28-0.3 um had higher values than particles
of Dp 0.22-0.25 pm with 23.2 to 16.3 pg/m? (MO) and 12.1 to 10.5 pg/m?® (AF). The small
particle bins of Dp < 0.3 um contributed with > 9% per Dp to the total ndM and were only
exceeded by particles with Dp 3.5-4 pum having 27.6 pg/ms3 and 12.0 pg/m? on average, hence
accounting with 16.3% and 14.4% (Fig. 4-A2). Although particles with sizes between
0.35-1.3 um accounted for maximum ndM values of 5.2 pug/m3 (MO) and 2.6 pg/ms3 (AF) per
Dr on average, respectively, they contributed only by 3% per Dp at both times of the day and

thus did not have a major impact on the total ndM.

The distinct bimodal distributions in dM and ndM with peaks at Dp 0.28-0.3 pum and
Dp 3.5-4 um indicate different kinds of emissions: Particles with size of Dp < 0.3 um originate
from whirled-up road and mineral dust, and — in urban areas — from combustion-related
processes, i.e. traffic exhausts (Karagulian et al., 2015; Squizzato et al., 2016). The peak in
Dp 3.5-4 um point to (resuspended) road and mineral dust as particle origins, whereas mineral
dust could be an integral part of the background concentration (Hussein et al., 2008; Titos et
al., 2014).
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According to Oroumiyeh and Zhu (2021), the main source of urban road dust could be locally
emitted brake and tyre abrasion, as they have found out that brake and tyre wear have unimodal
mass size distributions with a mode Dp of 3—4 pm and 4-5 pm, respectively. Studies by Sanders
et al. (2003) and Lough et al. (2005) support the findings about the main size distribution of
brake-related particles.

4.3.5 Relative differences per Dp

In order to indicate the spatial origin of the measured particles more clearly, we analyzed the
relative differences of dM per Dp along the route (Fig. 4-7). The relative differences between
dM and dMwmean per Dp showed distinct higher values in the urban (1-7.5 km) than in the
suburban and agricultural areas for all continuously measured Dp. For Dp < 1 um, the
concentrations were on average 13% (MO) and 14% higher (AF). The higher dM in the city
could be attributed to locally emitted, traffic-related combustion processes and whirled-up road
wear in the inner city which were largely absent in the suburban and agricultural areas. This
hypothesis is in line with findings by Titos et al. (2014) showing that 16% of the total PM1
concentrations at an urban station in southern Spain in summer were related to road dust and
traffic exhaust, while the background concentration consisted of mineral dust (21%) and mainly
of regionally transported, resuspended dust (63%). It is noticeable that the relative differences
in the urban area were increasing with increasing Dp. While for Dp 0.22-0.25 pm, the
concentrations were 8% (MO) and 5% (AF) higher in the urban than rural areas on average, the
difference of particles with Dp 3-5 um, mode Dp of tyre and brake abrasion, increased to 30%,
at the ‘Rheinallee’ (3.7-5.1 km; Fig. 4-1 (3)) for particles with Dp 4-5 pm even to 55% (MO)
and 70% (AF). This discrepancy between dM in the city and dM in the more rural areas
indicated a decreasing large-scale mixing with increasing size of the emitted particles. This
behavior can be traced back to a shorter suspension time of coarser particles in the ambient air
due to faster deposition. Wu et al. (2018) found out that the velocity of dry deposition in summer
for PMyo (3.19 £ 1.18 cm/s) was nearly ten times higher compared to PM25 (0.32 £ 0.33 cm/s)
on average (i.e., the larger the measured particles, the more likely they have been emitted in the

vicinity of the respective measurement).

Our findings also agree with the results of Carreras et al. (2020), who stated in their study with
mobile measurements of particle mass and number concentrations by bike, that long-range
transported particles dominated the dM for PM_ s, but local emissions were an important factor
for coarse PNC concentrations with larger Dp. For the hotspot at the agricultural field (10.4 km)
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in AF runs, the relative differences for Dp > 3 um were elevated by 20% compared to the
dMwebian, indicating local emissions. In lack of motorized road traffic and as there were no
other increased differences in smaller Dp, it is likely that the particles originated from locally
whirled up natural dust from the surrounding fields. Considering the other identified hotspots
at ‘Kaiserstrafle’, ‘Rheinallee’, ‘Gaustraie’ and ‘Pariser Strafie’ (see 4.3.2; Fig. 4-7 (2)—(4),
(6)), the > 17% higher relative differences of particles with Dp > 3 pm indicated that these
particles have likely been locally emitted. Since concentrations were elevated across most Dp
at these sites, it stands to reason that the particles were emitted from multiple sources at the
same time or, more likely, from one source that emits particles with several Dp. In urban areas,
this one source is traffic: Road wear and combustion processes of vehicles have an impact on
particle concentrations of Dp < 1 um (Titos et al., 2014), while (resuspended) road dust can also
contribute to concentrations of particles with Dp > 1 um (Fussell et al., 2022), predominantly

at Dp 3-5 pum due to brake and tyre abrasion (Hussein et al., 2008; Oroumiyeh and Zhu, 2021).
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The patterns of the relative differences surrounding the hotspots support this hypothesis: While
the relative differences were high on the entire, highly frequented, four-lane roads
‘Kaiserstralle’ (1.7-2.3 km) and ‘Rheinallee’ (3.7-5.1 km), the relative differences decreased
greatly after the ‘Gaustralle’ and the ‘Pariser Strafle’, which could be explained by the
characteristics of the respective locations. At ‘Pariser Strafle’ hotspot, the speed limit on the
four-lane road is changed from 50 to 70 km/h for out-of-town traffic lanes, which leads to an
acceleration of vehicles causing an increase in traffic exhaust and whirled up road dust on the
one hand as well as increased braking on the opposite lanes on the other hand. This resulted in
a rise in particle concentrations in each Dp, especially in Dp > 3 um with relative differences of
113% (MO) and 124% (AF) on average. The differences at each Dp decreased abruptly > 20%
as the bike lane leads away from the street into a suburban part of the town. The characteristics
of the ‘Gaustrafle’, however, are different. The ‘Gaustrafie’ (5.9—6.4 km) is a short but steeply
ascending road that is demanding for vehicles, leading to a higher amount of exhaust and brake
abrasion particles. These particles accumulated due to the additional canyon effect in the street,
as the surrounding buildings obstruct the air flow to disperse PM (Gallagher et al., 2015). This
in turn resulted in up to 51% higher concentrations (MO) and even 61% (AF) for Dp 4-5 pum in
‘Gaustralie’. The relative differences for particles of the same Dp decreased rapidly by 46%
(MO) and 72% (AF) on average after leaving the street canyon and entering the ‘Fichteplatz’
(Fig. 4-1 (5)), an open place with scrubs and trees between the traffic and bike lane that reduces
the impact of motorized traffic on the measurements. The more pronounced differences in AF
occurred not only at ‘Gaustra3e’ and ‘Pariser Straf3e’, but also at the other urban hotspots, which
could be attributed to the generally lower concentration level with a higher diffusivity due to
more solar forcing in AF (Tang et al., 2016; Wagner and Schafer, 2017).

The dominance of traffic-related particle sources as local emissions in urban environments are
not unexpected, but only the spatiotemporal high-resolution analysis of PM gave the possibility
to attribute emissions from different processes to the same emission source, mainly tyre and
brake abrasion and fuel combustion from traffic. This analysis can be particularly relevant since
electric vehicles become a serious alternative to internal combustion engine vehicles in urban
environments (e.g. Ding et al., 2017; Sanguesa et al., 2021; Yong et al., 2015). Assuming an
increasing proportion of electric vehicles, emission from combustion-related particles with
Dp < 1 pum would be reduced to a minimum, which could lead to a reduction of up to 14% for
total PM concentrations in urban areas. However, particle emissions by tyre and brake abrasion
would still be present (Timmers and Achten, 2016; Woo et al., 2022), which means that the
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30% higher particle concentrations in urban compared to rural areas at Dp 3-5 pm will not
decrease by banning fossil-fueled vehicles alone. In order to additionally minimize these PM
concentrations, it would hence be required to reduce the total number of vehicles in the city,
i.e., reducing private transport and increasing the use of local public transport. Nonetheless, it
Is important to note that measurements of PNC and dM of particles alone could not prove the
emission source beyond doubt, even though traffic is very likely one of the main PM sources
in the city. It is also not possible to clearly distinguish between road dust and tyre and brake
abrasion of the same size (Bukowiecki et al., 2010). We therefore recommend measuring the

chemical composition of the particles in addition to the PNC and dM in further studies.

4.4 Conclusion

In this study, it was demonstrated that high-resolution spatiotemporal analyzes of PNC and dM
in urban environments are feasible using a mobile measurement setup and produce values
comparable to the fixed-station ZIMEN network. Mean PM1 and PM1o concentrations were
higher in the urban than in the suburban and agricultural areas. Regardless of the unsteady
weather conditions during the study period, PM concentrations were significantly higher in MO
than in AF for both particle sizes. Whereas the PM; variability is somewhat reduced and shows
no clear local hotspot, PMyg variability is larger and can be used to identify pollution hotspot,
three of which located at urban multi-lane roads and street canyons and one in the agricultural
area. The numbers of particles per classified Dp bin, however, showed that the PNC decreased
greatly with increasing Dp. This finding is independent of the location and time of the day, and
PNC were ~6000 times higher at 0.22-0.25 pum compared to 4-5 pum. Particles with Dp < 0.3
pum and 3-5 um were vastly dominating, representing 33 and 24%, of the total dM, respectively.
Higher dM in both of these Dp ranges indicate that the particles were likely emitted from traffic-
related combustion processes (Dp < 1 um) and tyre and brake abrasion (Dp 3-5 pm). In contrast,
the AF hotspot in the agricultural area showed a relative increase of 20% at Dp > 3 um indicating
natural dust from the fields as the main source. These might be relevant for traffic planning as
the transition from fossil-fueled to electric vehicles in urban areas can reduce the PNC for Dp
<1 pm significantly and the dM would decrease up to 14%. However, tyre and brake emissions
would still be present and harmful particularly in street canyons and roads with high traffic
intensity. A reduction of the total number of vehicles and increase of public transport would

seemingly help to limit PM emissions at all particle sizes.
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We strongly recommend extending high-resolution spatiotemporal analyzes of particle
distributions per measured Dp bin in urban environments in the future. These analyzes provide
a deeper insight into the variability of PNC and particle concentrations than the commonly
observed fractions of PMy, PM2s, or PMyo. They reveal patterns from different emission
processes to indicate emission sources which facilitates more effective urban transport planning

and eventually a reduction of fine particulate pollution for urban citizens.
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5 Conclusions and perspectives

Besides climate change, air pollution is one of the biggest challenges worldwide. Monitoring
air pollution and in particular PM levels is therefore of great importance in order to be able to
make recommendations for the protection of the population (Gozzi et al., 2016; WHO, 2022).
As stationary monitoring sites cannot provide data about spatiotemporal variability due to their
immobility and measurement interval of > 30 min (ZIMEN, 2022), mobile measurement
systems offer the opportunity to measure personal exposure levels in complex urban
environments at high spatiotemporal resolution. Upcoming low-cost sensors, in particular,
impress with great portability and little expenses to expand mobile measurements in science

and private citizen monitoring.

This thesis has revealed great advancements in mobile PM monitoring in urban environments.
The explorative investigations point out potentials and limitations in vertically differentiated
personal PM2 s exposures measurements of children and adults as well as in identifying small-
scale spatial PM hotspots and their sources.

First, it was demonstrated that it can be appropriate to use state-of-the-art, low-cost sensors
OPC-N3 by Alphasense to conduct mobile PM measurement studies in complex urban
environments (Section 2). It has been proven that in six out of eight runs on consecutive days,
children are exposed to significantly higher PM2s concentrations than adults, independent of
the position along the measurement route. The absolute and relative differences increased with
increasing concentrations accompanying with lower spatial variability. The differences could
be explained by accumulation processes of locally emitted PM during stable anticyclonic
weather conditions. The findings are all the more remarkable as the breathing heights of
children and adults, and thus the measurement heights, are only 60 cm apart vertically. These
results could be brought into line with an exhaust particle dispersion simulation conducted with
ENVI-met for high-traffic roads.

Based on the demonstrated applicability of the Alphasense OPC-N3 low-cost sensors for
mobile measurements, seasonal and spatial variability of PM_ s in the urban area of Mainz were
examined in high spatiotemporal resolution. Persisting PM2 s hotspots could be identified in
> 60% of the runs, but the locations varied between the spring and autumn study periods. While
the March hotspots could be attributed to anthropogenic sources as construction sites and traffic

emissions, underlined by PM2s/ PMyo ratios, the September hotspots could be allocated to

85



Conclusions and perspectives

popular areas dominated by pedestrians: seating activities outside of restaurants and a park. The
according PM2s / PMyo ratios indicate cooking and smoking at the restaurants and whirled up
bare soils of graveled paths. The results of both studies contribute to a rethinking of the optimal
location of PM monitoring stations to identify hotspots and the representativeness of the

formalized measurement heights between 1.5 — 4 m to cover personal exposure.

Despite the great potential of being able to measure spatiotemporal variability in high vertical
and spatiotemporal resolution, there are still important limitations that need to be considered
when using the low-cost sensors. It is highly recommended to recalibrate the OPC-N3 sensors
under ambient environmental conditions of the study as varying chemical compositions of
ambient PM may influence the measured concentrations (Chatzidiakou et al., 2019; Gysel et
al., 2007; Hagler et al., 2018). However, the side-by-side calibration in Section 2 demonstrated
that the perform weak under RH > 85% even after the recommended RH correction following
Crilley et al. (2020, 2018). The variability between the sensors showed a large
heteroscedasticity for PM > 10 pg/m3, resulting in such large biases that reliable comparisons
of these sensors under high RH conditions were questionable. In the perspective, there is a need
of further improvements to reduce the RH sensitivity. For example, before the air flow enters
the sensor, the RH could be reduced by an upstream chemical absorber or by drying the air with
a heated measuring inlet (Samad et al., 2021), but these processes are still too complex and too

large to be used in mobile measuring devices.

Furthermore, a side-by-side calibration of the OPC-N3 sensors to each other is not sufficient to
determine absolute PM concentrations accurately enough. The three sensors used in section 3,
for example, showed high agreement with each other, but significantly underestimated the
measured PM2s concentrations of the ZIMEN network of the state Rhineland-Palatinate,
regardless of whether a RH correction was applied or not. Calibration with reference
instruments could improve the accuracy of the sensors, in particular during RH < 85%
conditions. However, this is very time-consuming and cost-intensive, as the measuring stations
in the EU do not provide high-resolution measurement data and calibration at the measuring
points is therefore not possible. Consequently, high-resolution reference measuring instruments
would have to be purchased and suitable measuring locations would have to be identified prior
to each study as low-cost sensors can be sensitive to chemical compositions of the ambient air.
This could possibly be undertaken for scientific studies, but in the context of easy-to-use citizen
science projects, the extensive calibrations are not feasible and low-cost sensors would no

longer be attractive despite their existing potential.
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Until improved low-cost sensors are available to address RH susceptibility and absolute PM
accuracy, low-cost sensors should only be used to determine spatiotemporal highly resolved
relative changes and trends in PM2s and PMz1o in complex urban environments. The detection
of exceedances of concentration limits is then not possible, but low-cost sensors PM data could
complement measurements by stationary monitoring systems and help to identify highly

polluted areas in urban areas where follow-up measurements can then be taken.

To address high spatiotemporal absolute PM values and to indicate PM pattern (sub-) micron
resolution, a study using a mobile cargo bike platform with GRIMM 11-R reference instruments
was conducted in the urban environment of Mainz (Section 4). It could be demonstrated that
the concentrations for PMy and PMz1o were significantly higher in the MO than in the AF. The
mean concentrations were higher in urban than in suburban and rural areas for both fractions.
But only clear hotspots could be identified for PM1o, three of which were located at urban multi-

lane roads and street canyons and one in the agricultural area.

The PNC decreased greatly with increasing Dp, independent of the location and time of the day.
Particles with Dp < 0.3 um and 3-5 um were vastly dominating the total dM. This indicates that
the particles were likely emitted from traffic-related combustion processes (Dp < 1 um) and
tyre and brake abrasion (Dp 3-5 pum). In contrast, the elevated concentrations with Dp > 3 um
at the rural hotspot gave an indication that natural dust from the agricultural fields was crucial

for the elevated concentrations.

These results could be of relevance for future traffic planning as well as for the new EURO 7
emission standard, as the transition from internal combustion engine vehicles to electric ones
in urban areas can reduce the PNC and dM for Dp < 1 pum significantly. Tyre and brake
emissions, however, would still be there and noxious especially in areas where emissions
accumulate, i.e. street canyons and roads with high traffic intensity. Reducing the total number
of vehicles and increasing of public transport would help to limit PM emissions at all particle

sizes.

In summary, mobile measurement systems offer the opportunity to measure PM in high
spatiotemporal resolution in urban areas. While state-of-the-art low-cost sensors can extend
spatial coverage and provide PM hotspots and their sources using relative PM values, more the
more expensive measurement system on the cargo bike platform can even provide absolute
values in (sub-) micron resolution to gain a deeper insight into the variability of the PNC and

PM distributions across the Dp spectrum on personal exposure level. Dp spectral analyzes
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enable the visualization of spatial PNC and dM patterns so that emission sources can be more
clearly identified. This might help future urban transportation planners target PM pollution
reduction. Mobile measurement systems therefore usefully complement fixed, stationary
measurements and can take particular account of personal exposure in complex urban

environments.
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