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H I G H L I G H T S  

• PM1 and PM10 are significantly higher in the morning than in the afternoon. 
• PM1 and PM10 are 13 and 31% higher in urban compared to surrounding rural areas. 
• Particle numbers decrease significantly with increasing diameter along the track. 
• Total mass is bi-modally distributed and dominated by particles <0.3 μm and 3–5 μm. 
• Mass diameter distributions indicate traffic as main emission at urban hotspots.  
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A B S T R A C T   

Particulate matter (PM) sources differ in urban environments and may show spatiotemporal distinct patterns for 
varying particle aerodynamic diameters (DP). We here assess such patterns using high-resolution PM ≤10 μm 
data recorded with a cargo bike along a 14 km route through urban, suburban, and rural areas in Mainz (Ger-
many). The measurements conducted twice a day between May and August 2021 reveal decreasing particle 
number concentration (PNC) with increasing DP including ~6000 times higher particle numbers at DP 0.22–0.25 
μm compared to DP 4–5 μm. Total mass concentration is bi-modally distributed and dominated by particles <0.3 
μm and from 3 to 5 μm representing 36 and 22% of the entire air load, respectively. PM concentrations in Mainz 
are significantly higher in the morning than in the afternoon, and PM1 and PM10 are 13 and 31% higher in urban 
compared to surrounding suburban and rural areas. The high-resolution measurements also revealed 30% higher 
PM concentrations at DP 3–5 μm in the urban compared to the rural sectors, which is indicative for road dust, 
brake and tyre abrasion as the main source. DP distribution in rural hotspots is generally shifted toward larger 
particles >3 μm, most likely related to natural dust from agricultural fields. These findings show that high- 
resolution PM profiles can skillfully be recorded using bikes as mobile platform to identify spatial pollution 
patterns and attribute DP spectra to particular emission sources.   

1. Introduction 

Ambient air pollution is identified as one of the major health risks 
worldwide (WHO, 2022). Air pollutants such as PM cause cardiovas-
cular and respiratory diseases, which can lead to premature deaths 
(Lelieveld et al., 2019). While PM10 – particles with aerodynamic 
diameter (DP) of <10 μm – is inhalable and reaches in to lungs, fine 
particles with DP <2.5 μm (PM2.5) can get to the bronchial system and 
cause lung disfunction as well as chronic obstructive pulmonary disease 
(Gualtieri et al., 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 μg/m3 for PM2.5 and PM10, respec-
tively, as well as with daily thresholds of 50 μg/m3 for PM10 which must 
not be exceeded more than 35 times a year (EU, 2008). Finer particles 
like PM1 – particles with DP <1 μm – are not regulated, although high 
PM1 exposure is even worse than PM10 and PM2.5: PM1 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 

* Corresponding author. 
E-mail address: L.Harr@geo.uni-mainz.de (L. Harr).  

Contents lists available at ScienceDirect 

Atmospheric Environment 

journal homepage: www.elsevier.com/locate/atmosenv 

https://doi.org/10.1016/j.atmosenv.2023.120164 
Received 16 January 2023; Received in revised form 8 October 2023; Accepted 19 October 2023   

mailto:L.Harr@geo.uni-mainz.de
www.sciencedirect.com/science/journal/13522310
https://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2023.120164
https://doi.org/10.1016/j.atmosenv.2023.120164
https://doi.org/10.1016/j.atmosenv.2023.120164


Atmospheric Environment 315 (2023) 120164

2

background concentrations and local emission sources, including min-
eral 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; Minguillón 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 ex-
hausts of motorized vehicles mainly emit particles with DP <1 μm 
(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 mass concentration of particles with DP 1–10 μm (Harrison 
et al., 2021; Piscitello et al., 2021) with DP of tyre and brake abrasion 
mainly ranging between 2–5 μm and 1–6 μm, respectively (Fussell et al., 
2022; Hussein et al., 2008; Oroumiyeh and Zhu, 2021). 

An identification 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 as they were providing only 
PM10, PM2.5 and (rarely) PM1 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 characteristics, e.g. between street canyons and open 
building arrangements (Bukowiecki et al., 2010; Gallagher et al., 2015). 

These spatiotemporal gaps can be closed by mobile measurements 
that allow high spatial coverage to be extended both horizontally and 
vertically, for example to breathing height level of pedestrians to assess 
personal exposure, but also to identify hotspots (Elen et al., 2012). 
Mobile PM measurements were mainly conducted on foot or by bicycle 
as they do not include emission source that might interfere with the 
measurements (e.g. Carreras et al., 2020; Garcia-Algar et al., 2015; Harr 
et al., 2022b; 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., 2022a), 
measurements by bicycle enable covering a larger area at the same time 
span, e.g. areas of different characteristics like urban, suburban, and 
rural within the same run. However, there is only a limited number of 
studies that conducted mobile PM measurements using bicycles: Most 
studies focused on PNC of ultrafine particles (UFP) or particles <10 μm, 
as well as of PM1, PM2.5 and PM10. Berghmans et al. (2009), for example, 
used their bicycle platform Aeroflex II to investigate the exposure of 
cyclists to UFP and PM10 in the town of Mol, Belgium. They found out 
that UFP concentrations were highly variable within the same micro-
environment due to changes in traffic and building activities as main 
emission sources. Boogaard et al. (2009) confirmed these results in their 
mobile bicycle measurements in 11 midsized Dutch cities finding that 
UFP concentrations were highly variable and, additionally, their peaks 
were not correlated to PM2.5 hotspots. Carreras et al. (2020) and Klemm 
et al. (2021) investigated in their studies with a cargo bike platform in 
the city of Aachen, Germany, that the choice of route could be a key 
factor to reduce cyclist exposure to particulate matter <10 μm as traffic 
emission sources had the most impact on particulate matter. Van den 
Bossche et al. (2015) as well as Samad and Vogt (2020) additionally 
measured nitrogen oxides, ozone and black carbon by bicycle in the city 
center of Antwerp, Belgium and Stuttgart, Germany, respectively, to 
map spatial variability in urban environments. To address emission 
sources, however, these approaches can be imprecise because the used 
PM and PNC fractions might not resolve the particle distributions 
sufficiently. 

The novelty of our approach is to quantify the spatiotemporal vari-
ability and distribution of PM and PNC in high, (sub-) micron resolution 
of 31 different DP to determine its emission sources in different urban 
environments in the morning (MO) and afternoon (AF). In this study, we 
(i) compare measured PM1 and PM10 of approx. 50 MO and AF runs with 
stationary data, (ii) analyze their spatial variability to identify hotspots, 
(iii) quantify the measured PNC and mass concentrations per DP, and 

(iv) discuss the relative differences per DP to identify emission sources at 
the hotspots. 

2. Material and methods 

2.1. Study site 

The measurements were conducted from 28th May to August 5, 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. 1). Mainz is an inland town located in a gently hilly land-
scape along the River Rhine, which features a moderate climate with an 
annual average temperature of 10.7 ◦C and precipitation of 620 mm 
(Koeppen Cfb; DWD, 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, 2021). 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. 1 (1)) was characterized by large low-rise 
buildings and low traffic, the route passed down the hill streets with 
predominantly compact midrise buildings and multi-lane roads of high 
traffic intensity in the city center (Fig. 1 (2,3)). The route exited 
downtown via the steep and narrow, three-stories high street canyon 
‘Gaustraβe’ (<10 m wide, building-height-to-width ratio ~1) (Fig. 1 (4)) 
onto the high traffic multi-lane road ‘Pariser Straβe’ leading out of town 
(Stewart and Oke (2012); Fig. 1 (6)). At the town 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. 1 (7)), 
before returning to the starting/ending point at the campus. We con-
ducted two measurement runs every day starting at 7:30 a.m. and 4:30 
p.m. to cover MO and afternoon AF rush hour times. 

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 identifi-
cation of local emitters during the post analysis process (Fig. 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 following the light scatter 
principle (Mie, 1908) and is able to count particle sizes from 0.25 μm to 
32 μm 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 conden-
sation could significantly damage the unit’s optical chamber. 

2.2. Postprocessing analysis 

Several postprocessing steps had to be conducted to enable a reliable 
spatial analysis of each run’s measurement. At first, the GRIMM mea-
surements were merged with the GPS data. To avoid slight spatial 
inaccuracies and minor variations between the runs, a spatial synchro-
nization 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 con-
centrations along the study route (Harr et al., 2022a). The differences 
between MO and AF concentrations in PM1 and PM10 were tested on 
significance using a Monte Carlo simulation approach in which for 1000 
iterations 100 AF and MO datapoints were randomly taken to calculate 
paired Mann-Whitney U tests. We then calculated the quartile 
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coefficient of dispersion (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 coefficient of variation 
(Bonett, 2006). 

To specify the particle distribution of the particle number (PNC) and 
mass concentrations (dM) of the mean MO and AF runs, the standard PM 
categories of PM1, PM2.5, and PM10 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 μm to 32 μm (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 DP masses due to unequal bin 
widths at each point on the track. Finally, relative differences between 
dM and dMMEDIAN of each DP were calculated to indicate the relative 

Fig. 1. Bicycle track in Mainz (black line) with photographs from the starting and ending point at the university (1), the Kaiserstraβe (2), Rheinallee (3), Gaustraβe 
(4), Fichteplatz (5), Pariser Straβe (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. 

Fig. 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).  
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particle distribution for each particle bin size along the study route. 

3. Results and discussion 

3.1. Mean PM1 and PM10 

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. S1). 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 PM10 exceeded 
the daily threshold of 50 μg/m3 stated in the European law (European 
Parliament and Council (EU), 2008). Nonetheless, the spatially averaged 
mean PM1 and PM10 concentrations recorded with the cargo bike were 
in line with the mean of 3-min averaged values at the stationary moni-
toring station Mainz-Zitadelle at the same time in MO and AF, provided 
by a Thermo Fisher Sharp 5030 measurement instrument of the ZIMEN 
network (ZIMEN, 2022) (Fig. 3). The absolute differences between 
mobile and stationary measurements, however, were higher in PM10 
(meanDIFF_PM10 = 2.1 μg/m3; sdDIFF_PM10 = 7.4 μg/m3) than in PM1 
(meanDIFF_PM1 = 0.6 μg/m3; sdDIFF_PM1 = 1.5 μg/m3), whereas the 
measured mean values were in at least 68% of the runs for PM1 (73% for 
PM10) higher than the stationary data. The higher concentrations might 
be caused by the different inlet heights of the PM sensors. While PM was 
measured on 3.6 m at the monitoring station, the inlet of PM sensor on 
the cargo bike platform is at 1.6 m, much closer to local emission sources 
near ground, i.e. traffic emissions. The variation of the PM10 concen-
tration 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 of collecting reliable PM data with our mobile 
measurement setup by bike using GRIMM 11-R in urban environments. 

3.2. Spatial pattern of PM1 and PM10 

The spatial pattern of mean PM1 and PM10 along the study track 
showed higher concentrations in the city than in the suburban and 
agricultural area (Fig. 4a). However, these differences were rather small 
for PM1, as absolute differences were only 1.5 μg/m3 (13%) between 
‘Rheinallee’ (Fig. 1 (4)) – a high traffic location with the highest mean 
values – and the traffic-calmed university campus (Fig. 1 (1)). For PM10, 
the difference between the highest concentrations, ‘Gaustraβe’ (Fig. 1 
(4)), and the lowest, also university campus, was 6.3 μg/m3, meaning a 

relative difference of 31%. It is evident that the concentrations of both 
PM1 and PM10 were significantly higher in the MO than in the AF, 
regardless of the location along the route (Fig. 4 b). The mean differ-
ences between MO and AF were 3.7 μg/m3 (~54%) for PM1 and 7.7 μg/ 
m3 (~62%) for PM10, whereas the PM1/PM10 ratio rose from 53% to 
58% on average. The relative differences of PM1 and PM10 during the 
day were very similar and could be explained by the average atmo-
spheric conditions. During the night, high convective inhibition values 
and low windspeeds indicate low, stable mixing layers leading to higher 
suspension of particles near ground. During the day, solar forcing in 
combination with diurnal temperature differences of >10 K led to fast 
dissolving of the stable mixing layer by thermal convection which in 
turn caused lower PM concentrations for the AF runs (Tang et al., 2016; 
Wagner and Schäfer, 2017); Fig. S1). 

Nonetheless, the variation of PM1 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 PM10 is larger 
along the study track, whereby the QCD is higher in AF than in MO 
(0.38–0.31). Moreover, three local PM10 hotspots could be additionally 
identified for both times of the day, the ‘Kaiserstraβe’, the ‘Gaustraβe’ 
and the ‘Pariser Straβe’ (Fig. 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 PM10 showed differ-
ences of >2 μg/m3 between hotspot and surrounding streets, with a 
maximum value of 5.7 μg/m3 at the ‘Gaustraβe’. 

3.3. Particle numbers per DP 

The differences in variation between PM1 and PM10 indicate that 
PM10 hotspots were mainly caused by particles larger than PM1. How-
ever, 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. 5). PNC 
decreased sharply with increasing DP. PNC with DP < 0.25 μm, for 
instance, reached up to ~600,000 counts per liter, whereas PNC for the 
largest bin with continuously measured PM, DP of 4–5 μm, was around 
100 particles per liter. Consequently, particles with DP of <1 μm account 
for <58% of the PM10. PNC with DP of <0.25 μm is even more than 2000 
times higher than PNC with DP of 3.5–4 μm and even 6000 times higher 
than PNC with DP of 4–5 μm. 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 compar-
ison 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 

Fig. 3. Mean PM1 and PM10 concentrations from May–August 2021 recorded with the cargo bike and derived mean PM1 and PM10 from the official ZIMEN mea-
surement station at Mainz-Zitadelle, respectively. 
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between the PM10 concentrations of the MO and AF runs, which could 
not be explained by additional particles with DP > 10 μm. It is more 
likely caused by uncertainties in the weighting process of the counted 
particle DP before calculating their dM (Morawska et al., 1999). 

3.4. Median mass concentrations per DP 

The distribution of particle sizes along measured dM differed greatly 
from the distribution of particle counts showing that particles at DP of 
0.22–0.25 μm and 3.5–5 μm were dominating the total dM, indepen-
dently of the time of the day as well as the position on the route (Fig. 6a, 
left panel). In the averaged AF run, the dM for particles of 3.5–4 μm size 

Fig. 4. Spatial patterns of mean PM1 (brown) and PM10 (blue) concentrations along the study track (a), and (b) subdivided into smoothed mean MO and AF 
timeseries (df = 35, n = 1403; dark and light colors, respectively) surrounded by the interquartile range in shaded colors. 

Fig. 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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Fig. 6. Distribution of (a) median mass concentration (dM) and (b) normalized median mass concentration (ndM) per DP along the study route in the MO (left) and 
AF (right panel). Labels of the y-axes show the upper limit of the DP per bin. 
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ranged between 0.5 and 0.6 μg/m3 and 0.5–1 μg/m3, respectively, with 
hotspots in urban (max. 1 μg/m3; ~4.5 km) and agricultural (max. 0.9 
μg/m3; ~11 km) areas. The averaged MO run showed higher dM values 
with 0.8–1 μg/m3 for the smallest DP and 1.2–2.3 μg/m3 for DP 3.5–4 
μm, with highest values in the street canyon ‘Gaustraβe’ (Fig. 1 (3)). In 
contrast, particles with sizes of 0.35–1.3 μm contributed only by a 
maximum of 0.4 μg/m3 per DP (MO) and only by 0.2 μg/m3 per DP (AF) 
to the total dM of the runs – particles with DP 0.65 μm only by 0.05 μg/ 
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. 6b). 

Particles with DP <0.3 μm showed still high ndM with >15.5 μg/m3 

(MO) on average per DP and >9.5 μg/m3 (AF), whereas particles with DP 
of 0.28–0.3 μm had higher values than particles of DP 0.22–0.25 μm with 
23.2 to 16.3 μg/m3 (MO) and 12.1 to 10.5 μg/m3 (AF). The small particle 
bins of DP < 0.3 μm contributed with >9% per DP to the total ndM and 
were only exceeded by particles with DP 3.5–4 μm having 27.6 μg/m3 

and 12.0 μg/m3 on average, hence accounting with 16.3% and 14.4% 
(Fig. S2). Although particles with sizes between 0.35 and 1.3 μm 
accounted for maximum ndM values of 5.2 μg/m3 (MO) and 2.6 μg/m3 

(AF) per DP 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 μm and DP 3.5–4 μm indicate different kinds of emissions: 
Particles with size of DP <0.3 μm 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 μm point to (resuspended) road and mineral dust as 
particle sources, whereas mineral dust could be an integral part of the 

background concentration (Hussein et al., 2008; Titos et al., 2014). 
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 distribu-
tions with a mode diameter of 3–4 μm and 4–5 μm, respectively. Studies 
by Sanders et al. (2003) and Lough et al. (2005) support the findings 
about the main size distribution of brake-related particles. 

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. 7). The relative differences between dM and dMMEDIAN per DP 
showed distinct higher values in the urban (1–7.5 km) than in the sub-
urban and agricultural areas for all continuously measured DP. For DP 
<1 μm, 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 μm, 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 μm, mode diameter of tyre and 
brake abrasion, increased to 30%, at the ‘Rheinallee’ (3.7–5.1 km; Fig. 1 
(3)) for particles with DP 4–5 μm 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 

Fig. 7. Relative differences between dM and dMMEDIAN for each continuously measured aerodynamic diameter bin along the study route in the MO (left) and AF 
(right panel). Labels of the y-axes show the upper limit of the DP per bin. Dots and dashed lines refer to locations highlighted in Fig. 1. 
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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 PM10 (3.19 ± 1.18 cm/s) was nearly ten times higher 
compared to PM2.5 (0.32 ± 0.33 cm/s) on average (i.e., the larger the 
measured particles, the more likely they have been emitted in the vi-
cinity 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 PM2.5, but local 
emissions were an important factor for coarse PNC concentrations with 
larger DP. For the hotspot at the agricultural field (10.4 km) in AF runs, 
the relative differences for DP >3 μm were elevated by 20% compared to 
the dMMEDIAN, 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 
‘Kaiserstraβe’, ‘Rheinallee’, ‘Gaustraβe’ and ‘Pariser Straβe’ (see 3.2; 
Fig. 7 (2)–(4), (6)), the >17% higher relative differences of particles 
with DP >3 μm indicated that these particles have likely been locally 
emitted. Since concentrations were elevated across most diameters 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 μm (Titos et al., 2014), while (resus-
pended) road dust can also contribute to concentrations of particles with 
DP >1 μm (Fussell et al., 2022), predominantly at DP 3–5 μm due to 
brake and tyre abrasion (Hussein et al., 2008; Oroumiyeh and Zhu, 
2021). 

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 ‘Kaiserstraβe’ (1.7–2.3 km) 
and ‘Rheinallee’ (3.7–5.1 km), the relative differences decreased greatly 
after the ‘Gaustraβe’ and the ‘Pariser Straβe’, which could be explained 
by the characteristics of the respective locations. At ‘Pariser Straβe’ 
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 μm 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 ‘Gaustraβe’, however, are different. 
The ‘Gaustraβe’ (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 μm in 
‘Gaustraβe’. 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. 1 (5)), an open 
place with scrubs and trees between the traffic and bike lane that re-
duces the impact of motorized traffic on the measurements. The more 
pronounced differences in AF occurred not only at ‘Gaustraβe’ and 
‘Pariser Straβe’, 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 Schäfer, 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 μm 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 30% higher particle concentrations 
in urban compared to rural areas at DP 3–5 μm 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 par-
ticles in addition to the PNC and dM in further studies. 

4. Conclusion 

In this study, it was demonstrated that high-resolution spatiotem-
poral analyzes of particle numbers and particle mass concentrations in 
urban environments are feasible using a mobile measurement setup and 
produce values comparable to the fixed-station ZIMEN network. Mean 
PM1 and PM10 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 signifi-
cantly higher in MO than in AF for both particle sizes. Whereas the PM1 
variability is somewhat reduced and shows no clear local hotspot, PM10 
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 
particle numbers were ~6000 times higher at 0.22–0.25 μm compared 
to 4–5 μm. Particles with DP <0.3 μm and 3–5 μm were vastly domi-
nating, 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 μm) and tyre 
and brake abrasion (DP 3–5 μm). In contrast, the AF hotspot in the 
agricultural area showed a relative increase of 20% at DP >3 μm indi-
cating natural dust from the fields as the main source. These might be 
relevant for traffic planning as the transition from fossil-fueled to elec-
tric vehicles in urban areas can reduce the PNC for DP <1 μm signifi-
cantly and the dM would decrease up to 14%. However, tyre and brake 
emissions would still be present and harmful particularly in street can-
yons 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. 

We strongly recommend extending high-resolution spatiotemporal 
analyzes of particle distributions per measured DP bin in urban envi-
ronments in the future. These analyzes provide a deeper insight into the 
variability of PNC and particle concentrations than the commonly 
observed fractions of PM1, PM2.5, or PM10. They reveal patterns from 
different emission processes to indicate emission sources which facili-
tates more effective urban transport planning and eventually a reduction 
of fine particulate pollution for urban citizens. 
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