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ABSTRACT 35 

Urban environments typically exhibit large atmospheric pollution variation, in both space and time. 36 

In contrast to traditional monitoring networks, suffering from a limited spatial coverage, mobile 37 

platforms enable personalized high-resolution monitoring, providing valuable insights into personal 38 

atmospheric pollution exposure, and the identification of potential pollution hotspots. This study 39 

evaluated personal cyclist exposure to UFPs, BC and heavy metals whilst commuting near Antwerp, 40 

Belgium, by performing mobile measurements with wearable black carbon (BC) and ultrafine particle 41 

(UFP) instruments. Loaded micro-aethalometer filterstrips were chemically analysed and the inhaled 42 

pollutant dose determined from the exhibited heart rate. Considerable spatial pollutant variation was 43 

observed along the travelled routes, with distinct contributions from spatial factors (e.g. traffic 44 

intersections, urban park and market) and temporary events. On average 300% higher BC, 20% higher 45 

UFP and changing elemental concentrations are observed along the road traffic route (RT), when 46 

compared to the bicycle highway route (BH). Although the overall background pollution determines a 47 

large portion of the experienced personal exposure (in this case 53% for BC and 40% for UFP), cyclists 48 

can influence their personal atmospheric pollution exposure, by selecting for a proper commuting route. 49 

Our results, hereby, enforce the body of evidence in favour of further policy investments in isolated 50 

bicycle infrastructure. 51 

 52 

1. Introduction 53 

Atmospheric pollution levels in typical heterogeneous urban environments are known to vary greatly in 54 

space and time. While the spatial variation is mainly linked to differences in traffic intensity, urban 55 

topology and distance to individual pollutant sources, temporal variation consists of day-to-day (mainly 56 

meteorology and urban background fluctuations), within-day (mainly due to traffic dynamics) and 57 

microscale variability (single short-lived events)1. As traditional stationary air quality monitoring 58 

networks are limited in terms of spatial coverage, mobile monitoring platforms, enabling personalized 59 

and high-resolution monitoring, have become increasingly popular during the last decade1–6. Especially 60 

for atmospheric pollutants experiencing large spatiotemporal variation in urban environments (e.g. 61 
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ultrafine particles (UFPs), black carbon (BC), NOx, …), mobile monitoring provides valuable insights 62 

into the atmospheric pollution range that city dwellers are exposed to in daily life, and potential 63 

occurrences of local hotspot locations in terms of air pollution which can consequently be targeted by 64 

policy makers and urban developers. 65 

Atmospheric aerosols, ranging from several nanometers to approximately 100 nm in diameter, are 66 

composed of primary particles, emitted from both anthropogenic activities and natural sources, and 67 

secondary particles formed by gas-to-particle conversion processes including nucleation and 68 

condensation7,8. Current air quality legislation focuses on monitoring, limiting and reducing mass 69 

concentrations of these airborne particles. However, recent toxicological and epidemiological research 70 

suggests that particle numbers may constitute better links to health endpoints than mass concentration9–71 

11. Especially ultrafine particles (UFPs), consisting of atmospheric aerosols smaller than 100 nm (<0.1 72 

µm), are able to penetrate deeply into the respiratory system, enter the bloodstream and even cross the 73 

blood-brain barrier to end up in brain tissue, inducing inflammation and, potentially leading to 74 

cardiovascular and respiratory health conditions11–13. Particle number concentrations have been shown 75 

to vary considerably in urban environments14–19, having important implications in terms of individual 76 

exposure for people moving around cities. 77 

BC is an important constituent of fine (<2.5 µm) particulate matter (mainly between 20 and 150 nm), 78 

a good indicator of combustion-related air pollution and has shown to relate to cardiovascular mortality 79 

and contribute to the risk of developing cancer 20,21. Short-term fluctuations in personal black carbon 80 

exposure have proven to be associated with rapid changes in carotid arterial stiffening 22. Similarly to 81 

UFPs, atmospheric BC concentrations have been shown to vary considerably across urban 82 

environments13,18,19,23. 83 

Besides their direct toxicity, atmospheric aerosols act as carriers of various toxic constituents like 84 

polycyclic aromatic hydrocarbons (PAHs) or heavy metals. The toxicity of heavy metals and other 85 

chemical compounds depends on several factors including the dose, route of exposure, and chemical 86 

species, as well as the age, gender, genetics, and nutritional status of exposed individuals. Because of 87 
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their high degree of toxicity, the metalloid arsenic (As), and the metals cadmium (Cd), chromium (Cr), 88 

lead (Pb), and mercury (Hg) rank among the priority substances that are of public health significance24,25. 89 

 90 

This study focuses on commuter exposure to UFPs, BC and heavy metals during rush hour periods in 91 

the city of Antwerp (Belgium). Two commuting routes connecting the residential and work address of 92 

the corresponding author were considered; (1) BH; a cycling route mostly following the Antwerp-93 

Mechelen bicycle highway, and (2) RT, which is a little shorter but runs along roads with car traffic. 94 

Both commuting routes were cycled from January till March, 2017, whilst carrying a backpack 95 

containing a MicroAeth® BC monitor (Aethlabs, US) and a P-Trak ultrafine particle counter (0.02-1 µm; 96 

Model 8525, TSI, US), performing continuous high temporal resolution measurements (10 seconds). 97 

The loaded filter strips of the micro-aethalometer were chemically analysed for their elemental content. 98 

The aim was to determine personal UFP, BC and heavy metal exposure along both commuting routes 99 

and calculate the exhibited pollution dose from the heart rate function. 100 

 101 

2. Materials & Methods 102 

 103 

Due to the high temporal variability of the considered urban pollutants, mobile monitoring can only be 104 

considered representative if large data series, representing the range of meteorological and traffic 105 

conditions, are collected1,18,26. To target an uncertainty of 50% (25% and 50% are applied as data quality 106 

objectives in the European 2008/50/EC directive), Van den Bossche et al.1 reported that 5-11 (median 107 

of 8) repeated monitoring runs satisfy to estimate the average BC concentration in urban environments. 108 

In our study, 10 monitoring runs per week (5 working days) were performed along two commuting 109 

routes, consisting of both morning (~6:00-9:00h) and evening (~15:00-19:00h) rush hour runs. For each 110 

commuting route 40 repeated runs were performed, between 6/1/2017 and 23/3/2017 (Table S1). To 111 

consider potential seasonal effects, commuting routes were alternated every week. The average cycling 112 

speed was 21.4 km h-1 (5.98 m s-1), the MicroAeth® and P-Trak were set to a 10 second monitoring 113 
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resolution and geographical and heart rate data (TomTom Runner 2) were obtained at a 1 second 114 

resolution. 115 

 116 

2.1 BC measurements 117 

The MicroAeth® quantifies the atmospheric concentration of optically absorbing aerosol particles 118 

(equivalent black carbon, ng m-3), from the changing light attenuation (at 880 nm) of a particle spot on 119 

an air-pumped T60 Teflon-coated borosilicate glass filter. From the changing light attenuation of the 120 

loaded filter media, the equivalent BC concentration is calculated following; 121 

 122 
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 124 

where 𝜎123 is the particle absorption coefficient,  𝛼123 the mass-specific absorption cross section of 125 

BC (12.47 m2 g-1 at 880 nm27), 𝐴 denotes the sampling area (m2),	𝑄 the airflow rate through the filter 126 

(ml min-1) and Δ𝐴𝑇𝑁 the changing attenuation ATN, (-ln(I/I0)), where I0 is the light intensity of the 127 

incoming light and I is the light intensity after passing the filter28. When monitoring at high temporal 128 

resolutions (1-10 second time steps) or at low atmospheric BC levels, optical and electronic noise of the 129 

instrument results in unchanged or even decreased ATN values, leading to erroneous successive BC 130 

values29. We corrected for the instrument noise by applying the Optimized Noise-reduction Algorithm 131 

(ONA), proposed by Hagler29, with an ATN threshold of 0.05, as previously applied in comparable 132 

studies in the same city1,18,30. 133 

 134 

Besides the instrument noise correction, the BC data was corrected as well for filter loading effects. 135 

As filter-accumulated particles alter the reflective properties of the filter, the measured BC concentration 136 

will be underestimated with increasing ATN. While various algorithms exist to correct for this loading 137 

effect28,31–33, we applied the algorithm of Virkkula et al.28; 138 

 139 

𝐵𝐶;<==>;/>? = 1 + 𝑘	×	𝐴𝑇𝑁 𝐵𝐶DE;<==>;/>?     (2) 140 
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 141 

Where 𝐴𝑇𝑁 is the attenuation and 𝑘 was fitted using side-by-side measurements with an AE33 142 

aethalometer (Magee Scientific, US), an instrument automatically compensating for filter loading 143 

effects using DualSpotTM Technology34. Side-by-side monitoring was performed for 37 hours using the 144 

same instrument settings as applied during the mobile campaign (10 second intervals at 200 ml min-1; n 145 

= 13449) and the AE51 sample tubing was jointly connected to the inlet of the AE33 (Figure S1), inside 146 

an air quality monitoring station (42R817) of the Flanders Environment Agency (VMM). The 10 second 147 

data from the MicroAeth® was averaged to a 1 minute resolution (75% data threshold) and compared to 148 

the 1 minute data of the AE33 reference instrument. Following non-linear least squares estimation of 149 

factor k in equation (2), a value of 0.005137 (95%CI: 0.0051 to 0.0056, p<0.0001) was obtained, which 150 

is in accordance with previous studies; 0.005335; -0.0056 to 0.005428 and 0.00918,30. 151 

 152 

Mobile monitoring was performed at a 10 second resolution and 200 ml min-1 flow rate. When < 75% 153 

of the considered commuting run was covered (due to instrument failures/errors), the BC data form the 154 

entire run were disregarded. 155 

 156 

Instrument performance was evaluated, based on 37-hour side-by-side monitoring with the AE33 (880 157 

nm channel) of an official air quality monitoring station (42R817) of the Flanders Environment Agency 158 

(VMM; Figure S1). 159 

 160 

2.2 UFP measurements 161 

 162 

UFP measurements were performed using a P-Trak Ultrafine Particle Counter (Model 8525, TSI, US). 163 

This instrument, based on condensational growth of particles (using isopropyl alcohol) and subsequent 164 

optical counting, quantifies fine-grained particles with aerodynamic diameters between 0.02 and 1 µm. 165 

The P-Trak has a flow rate of 700 ml min-1 and the sampling resolution was set to 10 seconds (similar 166 
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to the BC measurements). When <75% of the considered commuting route was covered (due to 167 

instrument failures/errors), the monitored UFP data was disregarded. 168 

 169 

Instrument performance was evaluated by comparing the mobile P-Trak measurements with 170 

simultaneous fixed-site measurements of a differential mobility analyser with corona discharger and 171 

electrometer (Model 3031, TSI, US; 20-200 nm), for each passage alongside the air quality monitoring 172 

station (42R817) of the Flanders Environment Agency (VMM).  The operational principle of the TSI 173 

3031 is based on diffusion charging of particles, followed by size segregation within a differential 174 

mobility analyser (DMA) and detection of the aerosol via an electrometer. It should be born in mind 175 

that these comparative measurements are not strictly performed side-by-side (all passages were within 176 

50 m from the considered monitoring station) and both the operational principle and sampled particle 177 

size range differ between the P-Trak and the TSI 3031. 178 

 179 

2.3 Heavy metal concentrations 180 

 181 

The MicroAeth® aethalometer uses pumped-air T60 teflon-coated borosilicate glass filter strips, 182 

providing us with particle-loaded air samples which can consequently be analysed for their elemental 183 

content. To our knowledge, these loaded filter strips have never been chemically analysed before. We 184 

applied HR-ICP-MS to evaluate a potential difference in heavy metal exposure between both commuting 185 

routes. Four filter strips (2 per commuting route) were collected from our mobile monitoring campaign, 186 

with each filter strip resulting from approximately 10-hour sampling (2 weeks with 1 hour/working day). 187 

 188 

The exposed part of the collected filter strip was cut out, weighed and transferred to a polypropylene 189 

tube. To extract the metals, 0.125 mL concentrated HNO3 (TraceMetal Grade, Fisher Chemical) was 190 

added to the exposed filter parts as well as an unexposed filter part (blanc filter). These samples were 191 

heated for 60 minutes at 115°C using a heating block (HotBlock, Environmental Express). After dilution 192 

to 4 mL all samples were analysed using HR-ICP-MS (ELEMENT 2, Thermo Scientific) for 27 193 
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elements; Na, K, Rb, Mg, Ca, Sr, Ti, V, Cr, Mo, Mn, Fe, Co, Rh, Ni, Pd, Pt, Cu, Ag, Zn, Cd, Al, Pb, As, 194 

Sb, Se, U. The obtained element concentrations (µg l-1) were normalised to the applied volume and the 195 

average filter strip weight (0.65 mg), consequently corrected for filter blanc concentrations and finally 196 

recalculated to atmospheric concentrations (ng m-3), based on the applied flow rate (200 ml min-1) and 197 

monitoring time (min). For elements that fell below the quantification limit (BMQL), normalisation, 198 

corrections and recalculations were made with half the quantification limit value (MQL = 0.001 µg l-1), 199 

following Custer et al.36. 200 

 201 

2.4 GPS and heart rate measurements 202 

 203 

Two different GPS instruments with integrated heart rate (HR) sensors (Edge 810, Garmin Ltd., US, 204 

and Runner 2 Cardio, TomTom, NL) were evaluated for their accuracy of the horizontal position along 205 

one of the commuting routes. Based on visual evaluation of the resulting 1 second geographical data 206 

from both instruments, the Runner 2 Cardio showed the best performance and was selected for the 207 

monitoring campaign, yielding mobile geographical and heart rate data at a 1 second resolution. 208 

 209 

Analyzing mobile air quality measurements requires spatial data aggregation of the obtained 210 

monitoring results. Data aggregation can be applied on different spatial levels (e.g. entire route, streets 211 

or segments), depending on the considered research question. Data aggregation along an entire cycling 212 

route might be sufficient to evaluate the average cyclist exposure to BC, while street or segment 213 

aggregation will be needed in order to map urban air quality or identify hotspot locations. As we are 214 

interested in both cyclist exposure and potential hotspot locations along the trajectories, we aggregated 215 

BC and UFP data both at the cycling route and the segment level. A spatial resolution of up to 20-50 m 216 

can be considered sufficient for urban air quality mapping1. Considering our monitoring resolution (1-217 

second heart rate and GPS and 10-second UFP and BC data), we respectively approximated 5-50 m. To 218 

compare average pollutant concentrations along the considered commuting routes, all spatial data was 219 
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averaged to 45 m buffers (to capture all measurements at both cycling lanes of certain roads (back and 220 

forth direction)) at 50 m intervals along each route. 221 

 222 

2.5 Experienced pollutant dose 223 

 224 

As, besides the atmospheric pollutant concentration, the inhaled pollution dose of an individual (= 225 

true exposure) depends on its physical activity and ventilation rate37, the heart rate was tracked as well 226 

to enable quantification of the inhaled air pollution dose. The heart rate can namely be physiologically 227 

linked to ventilation and can be easily measured38–40. Dons et al.41 previously showed that although the 228 

exhibited atmospheric BC concentration was lower for active commuters (pedestrians and cyclists), 229 

when compared to passive transport modes (bus and car), the inhaled dose was twice as high after 230 

considering their breathing rate. Heart rate based methodologies have shown to be comparable to other 231 

methods for ventilation assessments; i.e. methods based on physical activity types; on energy 232 

expenditure, METs (metabolic equivalents of task) and oxygen consumption; on breathing rate; and on 233 

methods combining heart and breathing rate37. 234 

 235 

The minute ventilation was calculated following Ramos et al.39, an average method not being at the 236 

lower or higher end in the comparison of Dons et al.37; 237 

 238 

𝑉𝐸 = 	 𝑒I.IJK L.LM×NO  for male individuals     239 

𝑉𝐸 = 	 𝑒L.PPK L.LM×NO  for female individuals 240 

 241 

with 𝑉𝐸 being the minute ventilation (L min-1) and 𝐻𝑅 the exhibited heart rate (bpm). The minute 242 

ventilation was calculated at the segment (50 m intervals) and route (route-averaged) level. 243 

 244 

2.6 Statistical data treatment 245 

 246 
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All collected mobile data (mobile air quality, heart rate and geographical data) were validated by 247 

screening for irregularities and removing data collected during instrument errors. All validated 248 

monitoring data were combined with the background data of VMM (background air quality and 249 

meteorology (temperature, relative humidity, wind speed and direction)) in one dataset at the highest 250 

temporal resolution (10 seconds; n=85272) and subsequently analysed in RStudio (version 1.1.383, 251 

RStudio Inc., 2017), more specifically in the openair package (Carslaw and Ropkins, 2015, 2012). Data 252 

distributions were evaluated by means of histograms, quantile-quantile plots and Anderson-Darling tests 253 

(Shapiro Wilk test is only suited for datasets with less than 5000 observations). All pollutant data (BC, 254 

UFP and PM) showed skewed distributions and were, therefore, log transformed. Mobile instrument 255 

performance was evaluated by comparing co-located measurements against reference instrumentation 256 

of the Flanders Environment Agency (VMM) by means of coefficients of divergence (COD), Root Mean 257 

Squared Errors (RMSE) and Pearson correlations of the log transformed pollutant data. Boxplots, single 258 

linear regression plots, coefficients of divergence (COD), Pearson (r) and Spearman Rank correlation 259 

tests (rs) were applied to evaluate the inherent relation between specific variables. Multiple regression 260 

models were applied to explain the measured mobile BC and UFP concentrations, by spatial (Route, 261 

Spatial factors), temporal (morning/evening, weekday, and meteorological data (wind speed and 262 

direction, temperature and relative humidity) and to cope with possible interaction effects (e.g. 263 

Route:ME:Weekday). Stepwise backward and forward evaluation, based on the Akaike Information 264 

Criterion (AIC), was applied to test model performance, and select the ideal combination of explanatory 265 

variables. Normality of the distributions of the resulting residuals was checked by means of histogram 266 

and quantile-quantile plots. 267 

 268 

3. Results & Discussion 269 

3.1 Mobile instrument performance 270 

3.1.1 MicroAeth® aethalometer 271 

As the highest possible temporal resolution of the AE33 aethalometer data of the air quality monitoring 272 

station is one minute, the 10 second side-by-side measurements were aggregated to the minute level. 273 
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Pearson correlation coefficients, coefficients of divergence (COD) and root mean squared errors 274 

(RMSE) were calculated at the 1 minute (n = 2223), 5 minute (n = 449) and half-hourly (n = 75) level 275 

and showed good associations (r = 0.77 – 0.97, p < 0.0001, COD = 0.03 - 0.11, RMSE = 0.15 - 0.49) 276 

between the MicroAeth® and AE33 reference instrumentation for the considered 37-hour evaluation 277 

period (Table S2). The post-processing of the BC data, by correcting for instrument noise (ONA) and 278 

additional filter loading can clearly be observed at the minute and hourly level in Figure S2. 279 

3.1.2 P-Trak ultrafine particle counter 280 

Although side-by-side measurements between the P-Trak and the 42R817 monitoring station have not 281 

been performed, co-located UFP measurements (with each passing) were compared to obtain an idea 282 

about the P-Trak instrument performance. We, therefore, established a buffer area of 50 m around the 283 

monitoring station (51°10'38.1858"N 4°25'5.0154"E) to capture the mobile UFP measurements at both 284 

cycling lanes (back and forth routes) of the adjacent street (Figure S3). The co-located 10-second UFP 285 

measurements were compared to simultaneous half-hourly UFP measurements obtained from the 286 

monitoring station. This is far from ideal, but nevertheless gives us a rough idea about the instrument 287 

performance of the P-Trak. Although the UFP particle number concentrations from the P-Trak were 288 

systematically higher, the observed association (n= 59, r = 0.75, p < 0.0001) was considered reasonable 289 

(Figure S3). 290 

3.2 Overview mobile monitoring results 291 

An overview of the performed monitoring runs is provided in Table S1. The measurement range for (1) 292 

all (morning + afternoon/evening), (2) morning and (3) evening rush hour collected BC, UFP and heart 293 

rate data can be found in Table 2. Average atmospheric concentrations of 3.3 µg m-3 and 13 391 # cm-3, 294 

for respectively BC and UFP, were obtained, which is within the range of reported results from other 295 

studies in urban environments12,13,15,16,18,42. The obtained atmospheric BC and UFP concentrations are 296 

clearly higher during morning rush hour measurements, when compared to the evening rush hours 297 

(Table 1). 298 
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Table 1: The range of obtained BC (µg m-3), UFP (# cm-3) and heart rate (HR; bpm) measurements, collected 299 
during the mobile monitoring campaign (All: morning + evening) and divided in morning (Morning; 6-9 h) and 300 
evening (Evening; 15-19 h) rush hour runs. NA’s indicate the number of unavailable data. 301 

 All (n = 123281)  Morning (n = 64069)  Evening (n = 59212) 

 BC 
(µg m-3) 

UFP 
(# cm-3) 

HR 
(bpm) 

 BC 
(µg m-3) 

UFP 
(# cm-3) 

HR 
(bpm) 

 BC 
(µg m-3) 

UFP 
(# cm-3) 

HR 
(bpm) 

Min -0.09 1203 45  0.20 1250 46  -0.09 1203 45 
25% Perc 1.27 5902 100  1.58 7061 98  1.09 5348 101 
Median 2.47 9505 118  2.89 11967 118  2.02 7864 117 
Mean 3.29 13391 114  3.78 16463 114  2.75 9986 115 

75% Perc 4.14 15790 130  4.65 20750 130  3.62 11353 130 
Max 78.8 162300 168  78.8 162300 160  45.81 107710 168 
NA’s 3893 36427 1792  1913 18410 1788  1980 18017 4 

 302 

From the number of NA’s, we can conclude that the MicroAeth® aethalometer (3% missing data) 303 

performed better than the TSI P-Trak (30% missing data) which can be related to the sensitivity of the 304 

instrument. Both the P-Trak levelling and alcohol wick sensitivity led to instrument alerts. Nevertheless, 305 

the 30% missing data is an overestimation as the UFP data was disregarded when < 75% of the 306 

considered commuting route was covered. 307 

3.3 Commuting route exposure 308 

As the mobile monitoring data from consecutive runs did not strictly coincide geographically, all 309 

measured data was averaged to 45 m buffers at 50 m intervals along each commuting route (n = 172 for 310 

RT and n=187 for BH). Doing so, average pollutant concentrations were obtained along each commuting 311 

route, based on 485-814 individual measurements per buffer (Table 2). Comparing the route-averaged 312 

atmospheric BC and UFP concentrations (RT vs BH), considerable differences can be observed between 313 

both routes. Lower BC concentrations (p < 0.0001) are observed along the bicycle highway route (1.3 314 

µg m-3; n = 187), when compared to the road traffic route (3.4 µg m-3; n = 172). Moreover, higher 315 

pollution peaks are observed along the road traffic route as well, near busy traffic intersections (denoted 316 

by 1, 3 and 4 in Figure 5), while concentrations decrease markedly near open, less-trafficked areas and 317 

in a small urban park (small urban park, Kontich; 2 in Figure 1). 318 

Table 2: Route-averaged BC (µg m-3) and UFP (# cm-3) concentrations. The number of 50 m intervals is 172 (n) 319 
for the RT and 187 (n) for the BH route. 320 

 BC (µg m-3) UFP (# cm-3) 
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 Road traffic (n=172) Bicycle Highway (n=187) Road traffic (n=172) Bicycle Highway (n=187) 
Average Counts 814 702 570 485 
     
Min 0.05 0.05 7648 7651 
25% percentile 2.82 0.92 12891 9700 
Mean 3.38 1.32 14553 12818 
Median 3.50 1.13 14698 12270 
75% percentile 3.93 1.60 16823 14632 
Max 6.83 4.23 21184 27379 

 321 

 322 

Figure 1: Buffer-averaged UFP (# cm-3) and BC (µg m-3) concentrations at 50 m intervals (represented by each 323 
dot) along the considered commuting routes with heavy-trafficked intersections (1, 3 and 4), a small urban park 324 
(2) and a market location (5; only on Wednesdays). 325 

To test whether the observed concentration differences between both cycling routes were due to 326 

the daily variation in background pollution (e.g. RT route mainly cycled on days with higher overall 327 

background pollution), half-hourly averaged BC and UFP concentrations from the reference monitoring 328 

station (42R817) were collected for periods during which the respective RT and BH routes were cycled 329 

and compared to each other. From Table S, we can conclude that the observed differences in commuting 330 

route concentrations cannot be explained by the variation in background concentrations. The average 331 

background concentrations are namely very similar on days when BH or RT routes were cycled (even 332 

slightly higher on BH days). 333 
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3.4 Representativity 334 

Comparing the obtained mobile BC and UFP measurements to the temporal hourly, daily and monthly 335 

pollutant variation experienced during the same period (January 1st-March 25th, 2017) at the (nearest) 336 

monitoring station (Figure 2), it can be observed that the observed BC range along the bicycle highway 337 

(Table 2) is well within the range of results reported by the air quality monitoring station, while the BC 338 

concentrations along the RT route and UFP results along both commuting routes (Table 2) are clearly 339 

higher. We can; therefore, state that individual exposure estimates based on data from the nearest air 340 

quality monitoring station should always be treated with caution. 341 

 342 

343 
Figure 2: Hourly, monthly and daily variation in atmospheric BC (upper, µg m-3) and UFP (lower, # cm-3) 344 
concentrations from January 1st till March 25th, 2017, measured by, respectively, an AE33 aethalometer (Magee 345 
Scientific, US) and a TSI 3031 (TSI, US) at the 42R817 monitoring station of the Flanders Environment Agency. 346 

 347 

3.5 Influencing factors 348 
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The observed mobile monitoring results are influenced by multiple spatial (point emissions, green areas, 349 

distance to sources) and temporal (meteorology, daytime, weekday, seasonality) explanatory factors. 350 

We, therefore, applied multiple linear regression models to explain the observed BC and UFP variation 351 

by route type (BH/RT), background concentrations (from 42R817), self-defined spatial factors (traffic 352 

intersections, urban park and market), temporal factors (morning/evening, weekday) and meteorology 353 

(temperature (°C), relative humidity (%), wind speed (m s-1) and direction (°)). Stepwise forward and 354 

backward predictor variable selection by exact Akaike information criterion (AIC) was applied to 355 

determine the best suited model. From the ANOVA tables for both BC and UFP (Table S4), all 356 

exploratory variables are highly significant (p<0.0001).  357 

The BC model (Table S4; upper) explained 60% (adjusted R2) of the observed mobile BC variation, 358 

of which 51% was determined by the urban background concentration, 4% by temporal factors (daytime, 359 

weekday and interaction), 3% by spatial factors (commuting route and spatial factors) and 2% by 360 

meteorological factors (temperature, relative humidity and wind). Residuals showed a normal 361 

distribution. The UFP model (Table S4; lower) explained 47% (adjusted R2) of the observed mobile 362 

UFP variation, of which 38% by the urban background concentration, 3.4% by temporal factors, 2.6% 363 

by spatial factors and 2.6% by meteorological factors. Residuals showed a normal distribution. 364 

3.6 Experienced heavy metal concentrations 365 

The obtained trace element concentrations (ng) of the analysed filter strips (BH, RT and blanc) are 366 

presented in Table S5. As the maximal flow rate of the AE51 is rather small (200 ml min-1 or 0.012 m3 367 

h-1), compared to traditional low (~2.3 m3 h-1), medium (~5.5 m3 h-1) or high (~60 m3 h-1) volume 368 

samplers (e.g. Leckel SEQ47/50), 20 monitoring runs (± 10 hours or 0.11 m3) were performed to obtain 369 

adequate dust loading on the filter strips. Although certain elements still fall below the quantification 370 

limit, most trace elements could be quantified using HR-ICP-MS, with concentrations ranging from 0.01 371 

to 1070 ng (Table S5). Based on the exhibited monitoring time and applied flow rate (200 ml min-1), the 372 

resulting atmospheric trace metal concentrations were calculated and averaged for the BH and RT filter 373 

strips (Table 3). 374 
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Comparing the atmospheric concentrations to previously reported results in Belgium43,44 and 375 

Europe45; several elements, e.g. Na, Mn, Fe, and Pb are within the same range showing the application 376 

potential of the AE51 filter strips for trace element analysis. Nevertheless, other elements could not be 377 

quantified (e.g. K and Zn) from the dust loaded filter strips, due to high concentrations in the filter blanc 378 

(BH1 in Table S5). Certain elements, i.e. Cu (26-46 ng m-3), Cr (47-63 ng m-3), Mo (3.83 ng m-3) and Ni 379 

(4-21 ng m-3), are notably higher, when compared to former reported averages in PM10 or PM2.5; 380 

respectively 7-22 ng m-3, 1-7 ng m-3, 0.5-1.47 ng m-3 and 2-8 ng m-343–45. This might be due to sampling 381 

environment of our study, which is focused on traffic-environments during rush hour periods; i.e. 382 

typically high atmospheric concentrations (Figure 2). Moreover, the lack of size-selective inlet on the 383 

AE51 might result in higher particle loadings, when compared to PM10 or PM2.5.  384 

Na, Ca, Al, Ti, Cu, Sr, Fe, Pb and Ni seem to be enriched for the RT route, when compared to 385 

the BH route. Ca, Al and Ti are generally linked to crustal matter, Fe, Cu and Pb are typical traffic 386 

metals and Ni is associated with heavy oil burning43,44. The crustal elements might be derived from road 387 

dust resuspension, or the presence of road construction works during the first half of the monitoring campaign 388 

(highest values obtained from RT1 in Table S5). Conversely, higher concentrations of Rb, Co and Mo are 389 

observed near the BH route. Railway traffic previously showed to contribute significantly to the 390 

elemental composition of Fe, Cu, Mn, Mo and Cr in PM10
46, predominantly found within the coarse 391 

(2.5–10 μm) fraction47, although Fe, Cu, Al, Cr, Co, Sb, and Zn have been detected in nano-sized 392 

particles, derived from organic brake pads and steel disc brakes, as well48,49. Cyclist exposure to several 393 

metallic elements, e.g. Pd, Sb, Ti, Fe, Sr, Pb, Cr, Ni, Cu, is much higher along the RT route, when 394 

compared to the BH route.  395 

Table 3: Average atmospheric concentrations (ng m-3) of trace elements, calculated from Table 6, for both 396 
commuting routes (BH and RT). BMQL denotes element concentrations falling below the quantification limit 397 
(0.001 µg l-1). - denotes the elements for which the quantified filter concentrations (ng) were lower than 398 
observed in the filter blanc (see Table 6). 399 

 Na Rh Pd Sb Pt Mg Al Ca Ti Mn 

 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 

BH 877.86 BMQL 0.03 1.83 -0.37 48.34 2.85 - - 10.92 

RT 1570.39 BMQL 0.16 2.78 0.10 122.84 648.71 3775.44 1.93 15.21 
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 Fe Zn K Se Rb Sr Mo Ag Cd Tl 

 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 

BH 840.15 - - BMQL 1.03 1.19 3.83 BMQL - 0.00 

RT 1175.46 - - BMQL 0.59 10.21 BMQL 0.06 - 0.01 

           

 Pb U V Cr Co Ni Cu As   

 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3 ng m-3   

BH 8.17 BMQL 0.55 46.96 0.10 4.47 25.56 BMQL   

RT 14.94 BMQL 0.72 62.81 BMQL 21.12 46.21 BMQL   

 400 

3.7 Inhaled pollution dose 401 

The minute ventilation while riding a bicycle is typically much higher, e.g. 4.3 times, when compared 402 

to car passengers5,18. We calculated the segment-averaged minute ventilation experienced along both 403 

commuting routes (VEBH and VERT). Considering the route-averaged pollutant concentrations and 404 

average cycling times of 25 and 23 min for, respectively, the BH and RT routes, the inhaled dose can 405 

be calculated for both commuting routes (Table 4). The average inhaled BC dose for, respectively, the 406 

BH and RT commuting routes was 1.10 and 2.63 µg, while the number of inhaled UFPs were 10.69 x 407 

109 and 11.31 x 109 particles. 408 

Table 4: Range of minute ventilation (VE; L min-1), cycling time (min), inhaled volume (L) and inhaled BC (µg) 409 
and UFP (x109 particles) dose for the bicycle highway (VEBH) and road traffic (VERT) commuting routes. 410 

 VEBH (L min-1) VERT (L min-1) 

Min 20.8 20.8 
25% Percentile 30.9 29.9 
Mean 33.4 33.8 
Median 35.0 35.7 
75% Percentile 36.6 37.0 
Max 38.8 40.9 
   
Cycling time (min) 25 23 
Inhaled volume (L) 834 777 
Inhaled BC dose (µg) 1.1 2.6 
Inhaled UFP dose (x109 pt) 10.7 11.3 

 411 

If we extrapolate the observed BC exposure to the daily level, inhaled BC doses of 164 and 69 µg 412 

day-1 for, respectively, the RT and BH commuting routes are obtained. These results are similar to a 413 

previous study41, which reported inhaled BC doses of 14 – 78 µg day-1, for 62 individuals surveyed 414 
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continuously for 7 consecutive days, on a 5-min time resolution. Certainly when considering a 2-5 time 415 

higher exposure during commutes compared to home/office concentrations (only 6% of time is spent in 416 

traffic, accounting for 30% of the daily inhaled dose)41. If the inhaled UFP dose is normalized to 417 

commuting distance (RT: 8.4 km and BH: 9.0 km), respectively, 1 346 447 and 1 187 445 particles m-418 

1, which is well within the range reported by Int Panis et al.5, with average inhaled UFP doses between 419 

1 135 046 and 5 580 195 particles m-1 for 21 bike commuters in different urban environments (Mol, 420 

Louvain-La-Neuve and Brussels; Belgium). 421 

Our results confirm the importance of bicycle highways (cycling infrastructure isolated from road 422 

traffic infrastructure) in terms of personal exposure to traffic-related atmospheric pollution. Although 423 

the overall background concentration (influenced by regional sources and meteorology) determines a 424 

large portion of the experienced atmospheric pollution exposure (in this case about 53% for BC and 425 

40% for UFPs), our results indicate that commuting cyclists can influence their individual atmospheric 426 

pollution exposure, by selecting for a proper commuting route. In this specific case, the lack of nearby 427 

road traffic (e.g. cycling along the Mechelen-Antwerp bicycle highway) led to decreased atmospheric 428 

pollution levels, most strongly observed for BC. These results contribute to previous model and 429 

monitoring studies quantifying air pollution impacts along cycling infrastructure4,5,18,41,50 and together 430 

with other advantages like crash risk, congestion abatement and improved health impacts, enforce the 431 

body of evidence in favour of further policy investments towards isolated bicycle infrastructure. 432 

 433 
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Table S1: An overview of the performed morning (6 – 9 h) and evening runs (15-19 h), the followed monitoring routes 
(bicycle highway (BH) or road traffic (RT)), instrument performance (UFP, BC, GPS/HR), occurring PM10 pollution 
episodes (<50 µg m-3) and applied filter strips (1-4) for heavy metal analysis (BH or RT) during the performed mobile 
monitoring campaign. 
 

 
 

   UFP  BC      

Date BH RT Morning Evening   Morning Evening GPS/HR Smog Filter 1 
(BH) 

Filter 2 
(RT) 

Filter 3 
(BH) 

Filter 4 
(RT) 

13/01/2017 x  / /  ok ok ok       
14/01/2017                           
15/01/2017                           
16/01/2017 x  ok ok  ok ok ok       
17/01/2017 x  / ok  ok ok ok x      
18/01/2017 x  ok /  ok ok ok x      
19/01/2017 x  ok ok  ok ok ok       
20/01/2017 x  ok /  ok ok ok       
21/01/2017                           
22/01/2017                 x         
23/01/2017 x x ok ok  ok / ok x       
24/01/2017  x ok ok  / ok ok x      
25/01/2017  x ok ok  ok ok ok       
26/01/2017  x ok ok  ok ok ok       
27/01/2017  x ok ok  ok ok ok       
28/01/2017                           
29/01/2017                           
30/01/2017 x x ok +-  ok ok ok        
31/01/2017 x  ok ok  ok ok ok       
01/02/2017 x  ok ok  ok ok ok       
02/02/2017 x  ok ok  ok ok ok       
03/02/2017 x  / /  ok ok ok       
04/02/2017                           
05/02/2017                           
06/02/2017 x  ok ok  ok ok ok       
07/02/2017   / /  / / /      
08/02/2017 x  ok ok  ok ok ok       
09/02/2017  x / ok  ok ok ok x      
10/02/2017   / /  / / / x     
11/02/2017                           
12/02/2017                           
13/02/2017  x ok ok  ok ok ok       
14/02/2017  x ok /  ok ok ok 50      
15/02/2017  x ok ok  ok ok ok       
16/02/2017  x ok /  ok / ok       
17/02/2017  x ok ok  ok ok ok       
18/02/2017                           
19/02/2017                           
27/02/2017   / /  / / /      
28/02/2017 x  / /  / ok ok       
01/03/2017 x  ok ok  ok ok ok       
02/03/2017   / /  / / /      
03/03/2017 x  ok ok  ok ok ok       
04/03/2017                           
05/03/2017                           
06/03/2017 x  ok /  ok ok ok       
07/03/2017 x x ok ok  ok ok ok        
08/03/2017  x / /  ok ok ok       
14/03/2017  x ok ok  ok ok ok       
15/03/2017  x / /  ok ok ok       
16/03/2017  x ok /  ok ok ok       
17/03/2017  x / ok  ok ok ok       
18/03/2017                           
19/03/2017                           
20/03/2017  x +- /  ok / ok       
21/03/2017  x ok ok  ok ok ok       
22/03/2017  x ok /  ok ok ok       
23/03/2017  x / ok  ok ok ok       
24/03/2017  x / /  ok / ok       
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Figure S1: Instrument performance evaluation of the AE51 (attached to laptop), during the 37-hour side-by-side 

monitoring with the AE33 of monitoring station 42R817 (left picture) of the Flanders Environment Agency (VMM) 

in Antwerp, Belgium. The sample tubing of both AE51 and AE33 were connected to a similar inlet (right picture). 

 

Table S2: Pearson correlations and their significance, coefficients of divergence (COD) and root mean squared errors 

(RMSE) between the black carbon (BC) results obtained from the comparison between the MicroAeth® aethalometer 

and the AE33 reference instrument, derived from the 37-hour side-by-side measurements in the 42R817 air quality 

monitoring station. 

 n Pearson correlation p COD RMSE 

1 minute level 2223 0.77 <0.0001 0.11 0.49 

5-minute level 449 0.94 <0.0001 0.06 0.23 

half-hourly level 75 0.97 <0.0001 0.03 0.15 
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Figure S2: Comparison between the BC measurements from the AE33 and the raw (AE51), ONA-corrected (AE51 

post) and ONA + filter loading corrected (AE51 ONA load) MicroAeth® measurements at the minute (upper) and 

hourly (lower) level. 

 

 

 
 

Figure S3: Left Panel: 50m buffer area (green circle) around the 42R817 air quality monitoring station (green dot) 

with all mobile measurement data (red dots) for comparison with the UFP reference instrumentation. Right panel: 

Resulting regression line (blue) with associated confidence interval (grey) of log-transformed mobile UFP 

measurements (P-Trak; <50 m from 42R817) and log-transformed fixed-site UFP measurements (TSI 3031) from the 

42R817 monitoring station; Pearson correlation (r) = 0.75 (p < 0.0001), COD = 0.05 and RMSE = 0.91. 
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Table S3: Average atmospheric UFP, BC and PM10 concentrations at the 42R817 monitoring station, during the 

consecutive BH and RT monitoring runs, expressed per filter strip period (1-4). For the exact monitoring dates, please 

refer to Table S1. 

  BH (Filter 1) RT (Filter 2) BH (Filter 3) RT (Filter 4) Average BH Average RT 

UFP (# cm-3) 5983 4507 3926 4607 4954 4557 

BC (ug m-3) 2.7 2.5 1.6 1.7 2.12 2.06 

PM10 (ug m-3) 42.2 42.1 22.4 26.5 32.32 34.28 

 
 
Table S4: ANOVA tables of the multiple linear regression models explaining the observed mobile BC (upper) and 

UFP (lower) concentrations. 

 

Explanatory variables Df Sum Sq Mean Sq F value p 

Ln BCback 1 31116 31116 9986 <0.0001 

Commuting route (RT/BH) 1 836 836 2684 <0.0001 

Spatial factors 3 766 255 819 <0.0001 

Daytime (Morning/Noon/Evening) 2 219 110 351 <0.0001 

Weekday 4 125 31 100 <0.0001 

Wind speed (m s-1) 1 288 288 923 <0.0001 

Wind direction (°) 1 250 250 802 <0.0001 

Relative Humidity (%) 1 565 565 1813 <0.0001 

Atmospheric temperature (°C) 1 104 104 335 <0.0001 

Route:Daytime:Weekday 12 2213 184 592 <0.0001 

Residuals 80030 24935 0.3   
 

 Explanatory variables Df Sum Sq Mean Sq F value p 

Ln UFPback 1 16643 16643 59922 <0.0001 

Commuting route (RT/BH) 1 848 3052 3052 <0.0001 

Spatial factors 3 310 103 372 <0.0001 

Daytime (Morning/Noon/Evening) 2 243 122 438 <0.0001 

Weekday 4 306 76 275 <0.0001 

Wind speed (m s-1) 1 683 683 2457 <0.0001 

Wind direction (°) 1 185 185 665 <0.0001 

Relative Humidity (%) 1 145 145 522 <0.0001 

Atmospheric temperature (°C) 1 107 107 383 <0.0001 

Route:Daytime:Weekday 12 947 79 284 <0.0001 

Residuals 84002 23331 0.3     
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Table S5: Observed trace element concentrations (ng) of the filter strips (BH1, RT1, BH1, RT2, Blanc), after 

normalisation for analytical volume (ml) and filter mass (mg). BMQL denotes element concentrations falling below 

the quantification limit (0.001 µg l-1), while Time and Air represent the monitoring time (min) and resulting sampling 

volume (m3) of each filter strip. No air (-) was passed over the blanc filter.  

 

Filter strip 
Time Air Mass Volume Na Rh Pd Sb Pt Mg Al 

min m3 mg ml ng ng ng ng ng ng ng 

BH1 572 0.114 0.690 4.10 761 BMQL BMQL 0.24 0.06 12.9 26.8 

RT1 545 0.109 0.543 4.08 787 BMQL BMQL 0.27 0.13 21.3 169.1 

BH2 576 0.115 0.795 4.09 809 BMQL 0.01 0.18 0.11 9.04 16.4 

RT2 508 0.102 0.626 4.10 907 BMQL 0.03 0.31 0.14 15.6 15.4 

Blanc (BH1) 572 - 0.57 4.093 684 BMQL BMQL BMQL 0.13 5.41 21.3 

            

Filter strip 
Ca Ti Mn Fe Zn K Se Rb Sr Mo Ag 

ng ng ng ng ng ng ng ng ng ng ng 

BH1 82.4 1.17 1.51 117 31.8 373 BMQL 0.24 0.67 0.59 BMQL 

RT1 1070 1.85 1.85 139 34.9 369 BMQL 0.13 2.55 BMQL 0.01 

BH2 74.2 1.03 1.00 117 27.3 302 BMQL BMQL 0.76 0.29 BMQL 

RT2 115 1.71 1.37 150 36.1 312 BMQL BMQL 0.82 BMQL BMQL 

Blanc (BH1) 179 1.58 BMQL 21 46.9 412 BMQL BMQL 0.58 BMQL BMQL 

            

Filter strip 
Cd Tl Pb U V Cr Co Ni Cu As  

ng ng ng ng ng ng ng ng ng ng  

BH1 0.07 BMQL 1.61 BMQL 0.04 5.47 BMQL 1.00 4.16 BMQL  

RT1 0.06 BMQL 2.10 BMQL 0.11 7.08 BMQL 4.45 6.60 BMQL  

BH2 0.03 BMQL 0.86 BMQL 0.09 10.7 0.03 0.67 2.62 BMQL  

RT2 0.03 BMQL 1.65 BMQL 0.05 11.4 BMQL 0.77 4.13 BMQL  

Blanc (BH1) 0.07 BMQL 0.30 BMQL BMQL 2.69 BMQL 0.32 0.46 BMQL  
 


