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A B S T R A C T   

Ultrafine particles (UFP), harmful to human health, are emitted at high levels from motorized traffic. Bicycle 
commuting is increasingly encouraged to reduce traffic emissions and increase physical activity, but higher 
breathing rates increase inhaled UFP concentrations while in traffic. We assessed exposure to UFP while cycling 
along a fixed 8.5 km inner-city route in Copenhagen, on weekdays over six weeks (from September to October 
2020), during morning and afternoon rush-hour, as well as morning non-rush-hour, traffic time periods starting 
from 07:45, 15:45, and 09:45 h, respectively. Continuous measurements were made (each second) of particle 
number concentration (PNC) and location. PNC levels were summarized and compared across time periods. We 
used generalized additive models to adjust for meteorological factors, weekdays and trends. A total of 61 laps 
were completed, during 28 days (~20 per time period). Overall mean PNC was 18,149 pt/cm3 (range 
256–999,560 pt/cm3) with no significant difference between morning rush-hour (18003 pt/cm3), afternoon rush- 
hour (17560 pt/cm3) and late morning commute (17560 pt/cm3) [p = 0.85]. There was substantial spatial 
variation of UFP exposure along the route with highest PNC levels measured at traffic intersections (~38,000- 
42000 pt/cm3), multiple lane roads (~38,000-40000 pt/cm3) and construction sites (~44,000-51000 pt/cm3), 
while lowest levels were measured at smaller streets, areas with open built environment (~12,000 pt/cm3), as 
well as at a bus-only zone (~15,000 pt/cm3). UFP exposure in inner-city Copenhagen did not differ substantially 
when bicycling in either rush-hour or non-rush-hour, or morning or afternoon, traffic time periods. UFP exposure 
varied substantially spatially, with highest concentrations around intersections, multiple lane roads, and con-
struction sites. This suggests that exposure to UFP is not necessarily reduced by avoiding rush-hours, but by 
avoiding sources of pollution along the bicycling route.   

1. Introduction 

Ambient air pollution is the leading environmental risk factor to 
human health and is responsible for about 4.5 million premature deaths 
globally each year (Health Effects Institute, 2020). The health burden 
related to particulate matter (PM) of diameter <2.5 μm (PM2.5) and 
nitrogen dioxide (NO2) has been studied extensively (European Envi-
ronment Agency, 2020; Health Effects Institute, 2020). However, 

epidemiological evidence on the health effects of ultrafine particles 
(UFP; PM of diameter <0.1 μm) is limited (Morawska et al., 2019; 
Ohlwein et al., 2019), due to a lack of regulation and monitoring of UFP. 
Yet, toxicological evidence suggests that UFP are potentially more 
harmful to health than larger particles largely due to their bio-reactivity: 
small size and high surface-to-mass ratio allowing penetration deep into 
the airways and translocation via the circulatory system to organs while 
carrying large amounts of potential toxins (Schraufnagel, 2020). 
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Bicycling is increasingly encouraged as a healthy and sustainable 
form of mobility in cities around the world. It serves both to increase 
physical activity and to reduce emissions from motorized traffic, 
resulting in improved air quality. However, the combination of 
increased breathing rates and immediate proximity to traffic while 
bicycling increases inhaled doses of pollutants, including UFP, raising 
concerns on whether the harms related to air pollution exposure 
outweigh the health benefits of physical activity gained by bicycling. 
Human observational and experimental studies have shown small 
changes in the body due to UFP exposure during bicycling, even among 
healthy individuals and at low street-level concentrations, which can 
have adverse effects on respiratory (Matt et al., 2016; Strak et al., 2010) 
and cardiovascular (Cole-Hunter et al., 2016; Jacobs et al., 2010; 
Kubesch et al., 2014, 2015; Weichenthal et al., 2011) health. 

In cities, UFP are mainly emitted from motorized traffic and are 
characterized by large spatial and temporal variation (Morawska et al., 
2008). Concentrations at the street-level can be magnitudes higher than 
background levels measured by fixed-site monitoring stations (de 
Nazelle et al., 2017). However, epidemiological studies on the health 
effects of UFP usually rely on daily mean of UFP measured at back-
ground monitors or annual mean of UFP levels predicted at residences, 
for short-term or long-term health effects studies, respectively. Personal 
monitoring studies provide valuable insights into the substantial tem-
poral and spatial variability in UFP exposure during daily commutes in 
traffic microenvironments, which is not captured by exposure proxies 
(daily or annual means) typically used in epidemiological studies. 

Exposure to UFP during commuting on a bicycle in urban areas is 
determined by various factors such as traffic volume and composition on 
the chosen route and meteorological factors. As such, routes with closer 
proximity to traffic, with a higher density of cars and trucks, and higher 
volume of heavy diesel traffic generally result in increased exposures to 
UFP (Kaur et al., 2007; Knibbs et al., 2011). Passing vehicles, traffic jams 
and waiting at traffic lights further increase UFP concentrations expe-
riences by a bicyclist (Boogaard et al., 2009; von Schneidemesser et al., 
2019). Moreover, meteorological factors influence variation in UFP 
levels between different days and seasons of the year. Both temperature 
and wind speed have previously been found to be inversely related to 
UFP levels – the increase in temperature and wind speed leads to lower 
UFP levels (Hatzopoulou et al., 2013; Peters et al., 2014; Thai et al., 
2008). Some studies have investigated UFP exposure while bicycling on 
different routes (high-vs. low-exposure traffic routes) within a city 
(Cole-Hunter et al., 2013, 2012; Hankey and Marshall, 2015; Luen-
go-Oroz and Reis, 2019; Pattinson et al., 2017; Qiu et al., 2019) or at 
different times of the day (Berghmans et al., 2009; Hankey and Marshall, 
2015; Hatzopoulou et al., 2013; Hofman et al., 2018; Kaur et al., 2005; 
Peters et al., 2014; Qiu et al., 2019; Ragettli et al., 2013). Yet, none of 
these studies have been designed explicitly to compare rush-hour to 
non-rush-hour exposures. 

This study took place in Copenhagen, which is heralded as one of the 
world’s most bicycle-friendly cities. Increasing targeted efforts to 
improve conditions for bicyclists (such as investments in cycling infra-
structure, expanding of cycling lines and parking spaces) result in 
steadily rising numbers of people using bicycles. In 2018, 49% of 
Copenhagen’s inhabitants used bicycles for their daily commutes to 
places of work or education, increasing from 38% in 2009 (City of 
Copenhagen, Technical and Environmental Administration, (TMF), 
Mobility, 2019). This drive for active, individual mobility has been 
further encouraged in response to social distancing measures to help 
reduce the recent coronavirus disease infection spread (COVID-19) 
(Sundhedsstyrelsen, 2020). Moreover, in the aftermath of global 
COVID-19 societal lockdowns, places of work and/or study have facili-
tated more flexibility for physical attendance. Individuals may choose to 
work fully or partly from home, or when they commute, and so have 
more agency over their potential peak exposure to air pollution from 
commuting. 

In order to evaluate UFP levels experienced by a commuter when 

making this choice, the current project aimed to assess UFP exposure 
when bicycle commuting in rush-hours compared to non-rush-hour 
traffic time periods in Copenhagen, Denmark. To meet this objective, 
we monitored particle number concentration (PNC) in the bicyclist’s 
breathing zone repeatedly while bicycling on a fixed route in central 
Copenhagen at three different times of the day (rush-hours compared to 
non-rush-hours) during six consecutive weeks in September and October 
2020. 

2. Methods 

2.1. Study design 

In six consecutive weeks between September 1st and October 9th, 
2020, repeated measurements of a fixed 8.5 km route were completed on 
bicycle in Copenhagen. This route covered mostly high-traffic streets 
frequently used by bicycle commuters (Fig. 1) (City of Copenhagen, 
Technical and Environmental Administration, (TMF), Mobility, 2019). 
Along the entire route, measurements were made on dedicated bicycling 
lanes directly adjacent to streets with motorized traffic. Three time pe-
riods during weekdays were chosen for monitoring based on known 
rush-hour traffic times (Teknik og Miljøforvaltningen/The Technical 
and Environmental Administration and Center for Trafik og Byliv/-
Centre of Traffic and Urban Life, 2015): repeats (laps) were started at 
07:45 h (‘morning rush-hour’) and 15:45 h (‘afternoon rush-hour’) in 
order to cover typical times of commutes to and from work. An addi-
tional lap was started at 09:45 h (‘late morning’) in order to observe UFP 
concentrations at an alternative, later time for commuting in the 
morning, evaluating whether lower exposure to UFP can be achieved if 
bicycling outside typical rush-hours. In total, 61 laps were completed in 
the study period, where the number of laps did not differ substantially 
between weeks and time periods. One member of the project team 
(Marie Bergmann) completed all cycling laps, maximizing consistency of 
study conduct. 

Data collection for this study took place in Copenhagen in September 
and October 2020, when society was mostly re-opened after lockdown in 
the spring of 2020 due to the COVID-19 pandemic. Relevant for this 
study, total traffic counts in Denmark were comparable to those in the 
previous year, with small reductions of 2–8% in weeks 36–41 in 2020 
compared to the same weeks in 2019 (Vejdirektoratet, 2021). 

2.2. Personal exposure monitoring 

A handheld nanoparticle counter (‘DiSCmini’; Testo SE & Co. KGaA, 
Germany) was used to measure PNC, which largely represents UFP 
(Hofman et al., 2016), at 1-s intervals during bicycling. The instrument’s 
impactor was connected to a flexible, manufacturer-provided polymer 
sampling tube, connected to the instrument, and was fixed close to the 
collarbone to allow air sampling within the breathing zone (Fig. S1). The 
DiSCmini measures PNC within the particle diameter range of 10–300 
nm (modal diameter) with an impactor for particle size cut-off at 700 
nm, up to 1 million particles per cubic centimeter of air (pt/cm3). For 
quality control purposes, according to manufacturer recommendation, 
‘zero checks’ were performed immediately before and after measure-
ments using a HEPA filter. Also, according to manufacturer recom-
mendation, measurements were not done on days or at times with 
precipitation or high humidity (>90%). 

Concurrent geospatial coordinates were recorded with a GPS watch 
(‘Forerunner 920XT’; Garmin Ltd., USA). 

Meteorological information, as hourly means (coinciding with lap 
times) of temperature, relative humidity and wind speed, was obtained 
from the Danish Meteorological Institute. 

2.3. Instrument co-location 

The route was designed to include two municipal air quality 
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monitoring stations (Krügersgade and Søtorvet), which started oper-
ating on September 25th, 2020, both located at the side of major streets 
(Fig. 1). Both stations are equipped with a “GRIMM 5421” condensation 
particle counter, which measures particles with a minimum diameter of 
7 nm. For ten days during the study period, corresponding to 19 indi-
vidual cycling laps, hourly PNC data was available from these stations. 
Further, verification of data was made by co-location at one monitoring 
station (Krügersgade) at the end of the measurement campaign in 
October for 13 days. 

2.4. Statistical analysis 

First, all time points where the HEPA filter was attached were 
excluded (13% of the total dataset), and data with a particle diameter 
equal to zero (<0.01% of the total dataset) and PNC above 1 million 
(<0.01% of the total dataset) were removed for quality control pur-
poses. PNC and diameter were aggregated as means per each individual 
lap and merged with means of meteorological factors at the corre-
sponding time. Next, PNC levels, particle size, temperature and wind 
speed were described as mean, standard deviation (SD), median, range 
and interquartile range (IQR) of all laps combined and separately for the 
three times of the day. Mean PNC for the three time periods (morning 
rush-hour, late morning, afternoon rush-hour) was compared using 
ANOVA tests. 

The influence of meteorological factors (temperature, wind speed) 
on PNC was evaluated applying Generalized Additive Models (GAM) 
with a Poisson distribution (Wood and Scheipl, 2020). 

The GAM equation used is as follows: 
PNC ~ s(wind speed, k = 4) + s(temperature, k = 4) + factor(day of 

week) + s(time trend) 
Where: k is the number of degrees of freedom; 

s is a smoothing term for time trend, wind speed or ambient 
temperature. 

For validation of DiSCmini data, comparisons were made to the 
municipal air quality monitoring stations that are located on the cycling 
route. Lap PNC means were compared to time-coinciding hourly means 
at both stations using t-tests and Spearman correlation tests. Further to 
this, with co-location of the DiSCmini at Krügersgade for 13 days 
following our measurement campaign, we compared hourly and daily 
means of either instrument using Spearman correlation tests and Bland 
Altman plots. 

Mean of all monitored data was calculated at 1 × 1 m cell size along 
the route within a 10 m buffer and visualized using ArcGIS (Environ-
mental Systems Research Institute (ESRI), 2011). 

All statistical (excluding geospatial) analyses were performed in R 
statistical software (version 4.0.2) (R Foundation for Statistical 
Computing, 2021). Statistical significance was accepted at p < 0.05. 

3. Results 

3.1. Data availability and validation 

Approximately 149,300 data points were collected in total during 28 
days between September 1st and October 9th, 2020, from 61 repeated 
cycling laps, which lasted approximately 40 min each. Out of these, 20, 
21 and 20 laps were conducted at morning rush-hour, late morning and 
afternoon rush-hour times, respectively. 

At the end of the study period, the 13-day co-location period showed 
that data from the DiSCmini was comparable to a regulatory-grade air 
quality monitor (“GRIMM 5412”). Hourly and daily mean PNC 
measured by both instruments were correlated with 80.5% and 96.7% 
(Spearman correlation-test, p < 0.0001), respectively. The GRIMM 5412 

Fig. 1. Map of the bicycling route measured for particle number concentration. (Image courtesy of Google Maps). Green-bubbled arrow represents start of route, 
while red line represents exact route in the direction of black arrows (counter-clockwise). Municipal UFP monitoring stations are marked with yellow stars. The 
cycling route total length is ~8.5 km, starting and ending at the intersection Gothersgade/Øster Farimagsgade and following, among others, Nørrebrogade, Jagtvej, 
Åboulevard, HC Andersens Boulevard, Holmens Kanal and Gothersgade. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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measured higher PNC (24-h mean: 5129 pt/cm3) than the DiSCmini (24- 
h mean: 4823 pt/cm3). See Supplementary material (Figs. S2 and S3) for 
further graphical comparison of both instruments’ hourly PNC means 
during co-location. 

Coinciding hourly means, from the time periods of bicycling, were 
seen as significantly different between the DiSCmini and the two 
GRIMM 5412 that were passed along the route (both: t-test, p = 0.0003). 
Bicycling trip means of PNC were on average almost twice as high as 
GRIMM 5412 PNC at the same time (bicycling trip mean: 17,727 pt/cm3; 
Krügersgade station mean: 9642 pt/cm3; Søtorvet station mean: 9726 
pt/cm3). 

3.2. Personal exposure levels 

Table 1 shows summary statistics for lap-means of PNC, particle size 
and meteorological factors during the study period. Mean PNC during all 
cycling laps combined was 18,345 pt/cm3. For respective times of the 
day, mean PNC was 18,556, 18,882 and 17,569 pt/cm3 (morning rush- 
hour, late morning and afternoon rush-hour), which were not signifi-
cantly different from each other (ANOVA: p = 0.85). After adjustment 
for meteorological factors, there was a larger, yet still insignificant (p =
0.12), difference between trip times, with the highest PNC during late 
(non-rush-hour) morning trips (Fig. S4). Mean particle size was largest 
during morning rush-hour (48 nm) and decreased for late morning (35 
nm) and afternoon rush-hour (29 nm), being significantly different from 
each other (ANOVA: p = 0.003). 

During the study period, the mean levels of PNC showed a high 
variability depending on the day across the three trip times combined, 
ranging from ~8000 pt/cm3 to ~37,000 pt/cm3 (Fig. 2). However, there 
was no clear temporal trend for daily PNC, nor between different days of 
the week or for weekly averages during the study period (Figs. S5 and 
S6). In contrast, peaks in PNC were observed during the single laps 
(Fig. S7), indicating the importance of spatial variation in UFP levels 
along the route. 

Geospatial of all lap data illustrated ‘hot’ and ‘cold’ spots (repre-
senting high and low levels, respectively) of PNC along the route. PNC 
hot-spots were seen close to intersections and roundabouts with traffic 
signals (~38,000-42000 pt/cm3) and along busy roads (~38,000- 
40000 pt/cm3), as well as close to a construction site (~44,000-51000 
pt/cm3), which was passed on the route (Fig. 3 and Fig. S8). Notably, 
only one of the two regularly passed construction sites was seen as a PNC 
hotspot (b), which might be related to active earthworks at this site, 
whereas the other site (a) was less active and located on a bridge, with 
better natural ventilation. Segments waggregates ith low mean PNC 

were identified in a small side street to heavy traffic and at segments 
with less traffic and a more open built environment (~12,000 pt/cm3). 
Notably, PNC was higher on a segment of the route with a typical ‘street 
canyon’ (~24,000 pt/cm3), a narrow street with buildings on both sides, 
compared to ~18,000 pt/cm3 at an open segment next to a canal directly 
after (Fig. S9). Also notable, a traffic-restricted, bus-only zone that was 
passed along the route had lower mean PNC (~15,000 pt/cm3) than 
segments directly before (~17,000 pt/cm3) and after (~24,000 pt/cm3), 
see Supplementary Fig. S10. 

3.3. Effect of meteorological factors on personal exposure levels 

Our adjustment for meteorological factors showed a significant in-
fluence by the weather. Wind speed and temperature combined 
explained 46% of the deviance in PNC (all time periods combined), with 
respective 20% and 25% explained by wind speed and temperature, 
separately. Smoothing plots are given in Supplemental Fig. S11, where 
wind speed is suggested as having an inverse relationship with PNC, 
while no clear pattern can be seen for temperature. 

4. Discussion 

In this repeated measures study, exposure to UFP along popular 
routes for bicycling commuting in central Copenhagen was not signifi-
cantly different between morning (07:45–08:30 h) and afternoon 
(15:45–16:30 h) rush-hours, nor late morning (non-rush-hour) traffic 
time periods (09:45–10:30 h). Contrary to our initial hypothesis, lower 
UFP exposure could not be achieved by commuting at a non-rush-hour 
traffic time. After excluding the effects of temperature and wind speed 
on UFP levels, the late morning, non-rush-hour time showed even higher 
concentrations than morning and afternoon rush-hours. While this dif-
ference was not statistically significant, it could potentially be explained 
by factors such as a different traffic composition at this time (such as a 
higher share of commercial diesel traffic) (Knibbs et al., 2011), nucle-
ation events or other non-traffic related sources such as restaurant 
cooking emissions. 

While there was little variation in PNC in regards to the time of the 
day or day of the week, there was large spatial variation in PNC along 
the cycling route. Peak concentrations were observed along busy road 
segments with traffic congestion (~38,000-40,000 pt/cm3), traffic lights 
or roundabouts with traffic lights (~38,000-42,000 pt/cm3), as well as 
at construction sites (~44,000-51,000 pt/cm3) and street canyons 
(~24,000 pt/cm3). Lowest PNC was observed on streets with low traffic 
or road segments in more open areas and ‘ventilation’ such as side 

Table 1 
Summary of lap-means of PNC, particle size and meteorological factors on 28 weekdays during the study period (September 1st – October 9th, 2020), overall and for 
morning rush-hour (07:45–8:30 h), late morning (09:45–10:30 h) and afternoon rush-hour (15:45–16:30).  

Parameter Mean SD Min-Max 25th pctl. Median 75th pctl. 

PNC (pt/cm3) 18,345 7577 7131–36668 12,621 17,054 22,138 
Morning rush-hour 18,556 9947 7131–36668 10,777 16,619 23,747 
Late morning 18,882 7091 7268–35,945 15,254 17,621 23,655 
Afternoon rush-hour 17,569 5331 9831–30154 14,660 15,956 19,716 
Particle size (nm) 37 18 14–96 25 32 40 
Morning rush-hour 48 22 14–93 32 45 61 
Late morning 35 17 18–96 24 30 38 
Afternoon rush-hour 29 7 15–42 24 27 34 
Temperature (◦C) 15.0 3.6 5.8–25 12.6 14.6 17.5 
Morning rush-hour 12.4 2.4 5.8–17.5 10.8 12.1 14.2 
Late morning 14.2 2.1 8.6–17.9 12.7 14.3 15.3 
Afternoon rush-hour 17.8 2.9 12.7–25 15.9 17.9 19.4 
Wind Speed (m/s) 3.4 1.6 0.3–7.7 2.2 3.5 4.5 
Morning rush-hour 2.7 1.4 0.3–5.6 1.4 3 3.5 
Late morning 3.3 1.5 0.3–6.6 2.2 3.3 4.3 
Afternoon rush-hour 4.2 1.3 1.7–7.7 3.5 4.3 5 

Abbreviations: PNC, particle number concentration; pt/cm3, particles per cubic centimeter of air; nm, nanometer; m/s, meters per second; SD, standard deviation; min, 
minimum value; max, maximum value; pctl., percentile. 
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streets to heavy traffic (~12,000 pt/cm3), as well as at streets that are 
bus-only zone (~15,000 pt/cm3). These findings suggest that bicyclists 
may reduce their potential peak exposure to UFP not by changing when 
they commute, but by which route they take. Moreover, meteorological 
factors (wind speed, temperature) were important predictors of the large 
daily variation in commute PNC. Furthermore, mean personal PNC 
exposure while bicycling was about twice as high as that measured 
simultaneously by road-side monitoring stations. This finding suggests 
the importance of personal, mobile monitoring for UFP exposure 
assessment, accounting for bicyclists’ interaction with motorized traffic, 
i.e. their physical proximity to congestion associated with the crossing of 
intersections. 

Several studies have measured UFP exposure while bicycling, mostly 
in Europe and North America (an overview is provided in Supplemental 
Table S1), but none have been designed explicitly to compare rush-to 
non-rush-hour exposures. Among them, some studies compare expo-
sure at different times of the day (Berghmans et al., 2009; Hankey and 
Marshall, 2015; Hatzopoulou et al., 2013; Hofman et al., 2018; Kaur 
et al., 2005; Peters et al., 2014; Qiu et al., 2019; Ragettli et al., 2013) or 
on different routes (high-vs. low-exposure traffic routes) within a city 
(Cole-Hunter et al., 2012; Hankey and Marshall, 2015; Luengo-Oroz and 
Reis, 2019; Pattinson et al., 2017; Qiu et al., 2019). Other studies have 
compared UFP exposure for different modes of transportation, such as 
car, bus, metro or bicycle (Boogaard et al., 2009; de Nazelle et al., 2012; 
Int Panis et al., 2010; Kaur and Nieuwenhuijsen, 2009; Kingham et al., 
2013; Okokon et al., 2017; Ragettli et al., 2013; Strasser et al., 2018; 
Zuurbier et al., 2010). Six studies conducted in Belgium, Canada, 
Switzerland, China and the UK found higher UFP levels during morning 
rush-hours compared to afternoon rush-hours (Berghmans et al., 2009; 
Hatzopoulou et al., 2013; Hofman et al., 2018; Kaur et al., 2005; Qiu 
et al., 2019; Ragettli et al., 2013), which we did not see in our study. 

Others have found increasing UFP levels in relation to closer proximity 
to traffic (Cole-Hunter et al., 2013, 2012; Hankey and Marshall, 2015; 
Luengo-Oroz and Reis, 2019; Pattinson et al., 2017). Generally, 
comparability between these studies is limited due to different study 
protocols, measurement devices and study settings. As such, our findings 
from Copenhagen, a city with relatively low levels of air pollution and a 
high share of bicycle commuters, cannot easily be generalized to other 
study settings with different air pollution levels, traffic characteristics or 
rush-hour times. There is a need for more studies, especially in settings 
with higher levels of air pollution. 

Among the available studies, two studies were identified that used 
DiSCminis, as the current study did, and were done in the European 
cities of Basel and Edinburgh. While cycling on a route in Basel at 
different times of the day, mean PNC was 22,660 pt/cm3 (Ragettli et al., 
2013). In Edinburgh, cycling was done in high-, medium- and low-traffic 
contexts and mean PNC was 19,310, 9824 and 7990 pt/cm3, respec-
tively (Luengo-Oroz and Reis, 2019). Thus, our finding of mean PNC of 
around 18,000 pt/cm3 in a high-traffic setting is comparable, and 
somewhat lower than those found in Basel and Edinburgh. Besides the 
DiSCmini, personal exposure to UFP has been monitored using a ‘P-trak 
Ultrafine Particle Counter’, which measures particles in a wider size 
range of 20–1000 nm. In Antwerp, Belgium, mean PNC of 16,463 and 
9986 pt/cm3 was measured during morning (06:00–09:00 h) and af-
ternoon rush-hours (15:00–19:00 h), respectively (Hofman et al., 2018). 
Another study in Vancouver found levels of 16,226 and 9367 pt/cm3 on 
a downtown and a residential route, respectively (Cole et al., 2018). Our 
study’s finding of 18,003 and 17,560 pt/cm3 mean PNC in a high-traffic 
setting during morning and afternoon rush-hours respectively are higher 
than in these previous studies, especially for afternoon rush-hours. 
However, this could be a result of different traffic time periods used 
for defining afternoon rush-hour in our (15:45–16:30 h) and Hofman 

Fig. 2. Boxplot with daily variation in lap-means of PNC (morning rush-hour, late morning and afternoon rush-hour combined) on 28 weekdays during the study 
period (September 1st – October 9th, 2020, unadjusted for meteorological factors). Graphs present the 25th, 50th, and 75th percentile (box range and horizontal 
line), minimum and maximum values (whiskers) and mean (dots). 
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et al.‘s study (15:00–19:00 h). Several other studies, for example, in 
Barcelona (de Nazelle et al., 2012), Antwerp (Peters et al., 2014), Arn-
hem (Zuurbier et al., 2010) and Utrecht (Strak et al., 2010) found 
considerably higher PNC, ranging between ~28,000 on a low-traffic 
route in Arnhem and ~75,000 in central Barcelona. There is only a 
single study that has quantified exposure to UFP while commuting in 
rush-hour (exact time period not reported) on weekdays in Copenhagen 
in 2005 on a route comparable to ours, which reported an average 
exposure of 32,400 pt/cm3 (Vinzents et al., 2005). Here, a different 
particle counting method (TSI 3007 condensation particle counter) was 
used, which measures particles between 10 to above 1000 nm, a larger 
size range than the DiSCmini (which we used). Average exposure in that 
study was considerably higher than our study, and may reflect previ-
ously observed improvements in local UFP levels over the 15 years be-
tween their and our study (Ellermann et al., 2020). Another study on 
bicyclists’ exposure to air pollutants (nitrogen oxides, carbon monoxide 
and PM) was conducted in Copenhagen in 2007, where exposure levels 
on different types of routes were simulated and compared with each 
other (Hertel et al., 2008). The authors concluded that choosing routes 
with lower exposure, such as along less trafficked streets, as well as 
bicycling outside of rush-hours can significantly reduce accumulated air 

pollution exposure while bicycling. Future research could consider a 
comparison of different types of routes (e.g., low exposure route vs. the 
shortest route) for UFP exposure in Copenhagen. 

Notably, bicyclists in a study in Germany were found to mostly un-
derestimate their exposure to air pollution while commuting on bicycle 
(Ueberham et al., 2019). Participants of this and another study, how-
ever, expressed a willingness to change their daily commuting routes in 
order to avoid high exposures (Cole-Hunter et al., 2015; Ueberham et al., 
2019). Thus, studies such as ours can provide valuable insights into 
spatial and temporal patterns of exposure, which can be used to inform 
urban health planning and risk communication, for closing the gap in 
exposure awareness and providing people with agency for change and 
healthier alternatives for their daily bicycling routes. 

4.1. Strengths & limitations 

Strengths of this study include repeated measurements with a precise 
study protocol, using a benchmark personal particle counter sampling 
within the human breathing zone. The DiSCmini has been suggested to 
be appropriate to use for personal exposure studies, with reasonably 
good agreement with regulatory-grade particle counters (Kaminski 

Fig. 3. Spatial aggregation of mean PNC within a 10 m radius around points every 20 m (morning rush-hour, late morning and afternoon rush-hour combined) on 28 
weekdays during the study period (September 1st – October 9th, 2020). PNC data was spatially aggregated from all laps to show ‘hot’ and ‘cold’ spots along the 
cycling route of inner-city Copenhagen, Denmark. Points visualize mean measurements at every 50 m along the route. Traffic lights and bus stops along the route are 
indicated on this map. Two sites, directly on the route, where construction work was done during large parts of the study period (a: September 1st – October 6th; b: 
September 14th – October 9th), are marked with red arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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et al., 2013; Mills et al., 2013), which we saw in our study. The avail-
ability of background PNC from two fixed-site monitoring stations, 
facilitated a data validation protocol of comparisons with coinciding 
data from one-third of our total number of laps performed, and a 
co-location period totalling 13 days immediately following our bicycling 
study period. Further, adjusting for meteorological factors was per-
formed to show their meaningful influence on our results, which is not 
done in all exposure studies. 

This study has some limitations. Firstly, we are aware of DiSCmini 
device measurement drift, meaning that measurement precision is 
potentially questionable at higher concentrations and an offset may be 
required. The manufacturer specifies the device’s accuracy for 
measuring PNC with ±30%, in agreement with studies that have 
compared the DiSCmini to regulatory-grade Scanning Mobility Particle 
Sizers (SMPS) (Kaminski et al., 2013; Mills et al., 2013). Secondly, our 
study period only covers late summer/autumn, and we can therefore not 
determine the impact of seasonal variations on the measured exposure 
levels. Season has an important influence on UFP, and levels are typi-
cally higher in winter than in summer (Morawska et al., 2008). 
Furthermore, we lack data on other possible determinants of variability 
in UFP exposure during commute, such as residential heating and 
commercial (e.g. pizza ovens) wood burning, background UFP levels, 
rider speed, wind direction, street layout, green and blue spaces, etc. 

5. Conclusion 

Exposure concentration levels of UFP while bicycling in central 
Copenhagen did not appear to differ between rush-hour and non-rush- 
hour, nor morning and afternoon rush-hour, commute time periods. 
This suggests that exposure to UFP is not necessarily reduced by 
avoiding rush-hours. However, large (3-fold) spatial contrasts in expo-
sure were observed along the route: the highest exposure levels were 
seen at intersections, in roads with heavy traffic or near construction 
sites; the lowest exposure levels were seen in low-traffic roads (e.g., bus 
zones), or streets with wide and open areas. That is, cyclists during their 
commutes should be encouraged, when possible, to avoid routes that are 
congested with traffic and closed in space, and choose alternative, less 
polluted routes. Urban planning policies aimed at reducing air pollution 
levels, such as closing road segments to private motorized traffic and 
moving cycling lanes away from busy roads, would minimise exposure 
of cyclists to air pollution and maximise benefits to their health. 
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