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As individuals look for ways to decrease their carbon foot-
print, many are turning to alternative forms of transportation, 
with cycling at the forefront (Apparicio, et al. 2016). This 
increase in cycling popularity is especially prevalent near uni-
versities in the United States and Canada (MacNaughton, et al. 
2014; Pucher et al., 2011). Not only does cycling contribute 
to reductions in carbon dioxide and particulate matter (PM) 
emissions but cycling also benefits riders with positive health 
gains via physical activity (Rojas-Rueda, et al. 2011).

Notwithstanding the benefits of cycle commuting, along 
streets and sidewalks in urban areas, cyclists may be exposed 
to potentially hazardous levels of air pollution, especially PM 
with aerodynamic diameter <2.5 µm, or PM2.5 (Apparicio, et 
al. 2016; Bigazzi, et al. 2016; Gilliland, et al. 2018; Rindy et al. 
2019). Exposure to air pollution occurs during various modes 
of transport, but cyclists have been shown to be one of the most 
exposed commuter groups ahead of personal vehicle, bus, and 
light rail commuters (Bigazzi and Figliozzi 2014; Dons, et al. 
2012; Ham, et al. 2017; Hankey and Marshall 2015; Int Panis, 

et al. 2010). Inhalation of pollutants during biking in urban 
areas can have negative health effects on cyclists (Apparicio, 
et al. 2016; Gilliland, et al. 2018; Thai, et al. 2008; Van den 
Bossche, et al. 2015). Taken together, however, evidence on 
the advantages and disadvantages of cycle commuting suggests 
that the positive health effects of systematic biking outweigh 
the negative ones of exposure (Guariso, et al. 2017).

Although urban cyclists face increased PM2.5 exposure, 
mobile monitoring studies, mostly conducted in European 
countries (Gilliland, et al. 2018), show that urban environ-
ments exhibit high spatial and temporal variability in PM2.5 
concentrations (Hong and Bae 2012; Targino, et al. 2016). 
For example, it is not uncommon for cyclists to encounter 
“hotspots”, locations with consistently higher PM2.5 con-
centrations relative to surrounding areas (Kaufman 2017; 
Targino, et al.. 2016). These PM2.5 hotspots often occur near 
roads, at traffic signals, intersections, bus stations, parking 
lots, and inclined streets (Apte, et al. 2017; Hong and Bae 
2012). Although student commuters represent a fast-growing 
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ABSTRACT

Although cycling has environmental and health benefits, urban cyclists are at risk of exposure to harmful 
concentrations of fine particulate matter (PM2.5). We used a low-cost particle sensor and MapMyRide to 
collect geolocated 1-minute PM2.5 measurements along four routes surrounding an urban university campus. 
Measurements were collected from 7:30-9:30 AM during fall 2017 and spring 2018. We found no significant 
differences in ride-averaged PM2.5 concentrations among routes, but all routes experienced higher concentra-
tions when winds blew from the southeast-south-southwest. Hotspots, areas with consistently elevated PM2.5 
concentrations compared to surrounding areas, were detected along all routes in areas with high traffic density 
and major signalized intersections. The highest PM2.5 concentrations occurred after 8:30, likely due to increased 
vehicular traffic. Understanding PM2.5 variability in urban areas is crucial to allow cyclists to better determine 
routes to avoid exposure to harmful levels of PM2.5.
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population among urban cyclists, few studies have quantified 
their exposure to PM pollution in and around universities 
(Gilliland, et al. 2018; Thai, et al. 2008). Better understanding 
when and where hotspots occur is crucial for cycle commuters, 
including students, and urban planners as this information can 
be used to both plan and select routes that minimize exposure 
to pollution (Bigazzi, et al. 2016; Kaufman 2017).

Therefore, in this study we had three main objectives: 1) 
use a low-cost particle sensor to quantify spatial and temporal 
variability in PM2.5 concentrations along four routes con-
necting student residential areas to a university campus; 2) 
compare ambient PM2.5 concentrations obtained from mobile 
monitoring and a stationary regional monitor; and 3) identify 
hotspots along cyclist routes. 

METHODS

Mobile PM2.5 Monitoring

Mobile PM2.5 monitoring was conducted by a student cyclist 
in the City of Denton, Texas, USA. Denton has experienced 

an 18% population increase since 2010 and, according to the 
most recent estimate, the city has a population of 136,268 
(U.S. Census Bureau 2017). The University of North Texas 
(UNT), which has its main campus in Denton, has a popula-
tion of 38,154 students (All About UNT). Denton is also 
home to Texas Woman’s University, with a student population 
of 12,835. Thus, students comprise a significant fraction of 
Denton’s population.

Based on Texas Commission of Environmental Quality 
(TCEQ) PM2.5 measurements, Denton is in attainment of 
the annual PM2.5 standard of 12 μg m-3. Yet, in Denton, there 
is only one PM2.5 monitoring station. This station is located 
at the TCEQ Denton Airport South location, approximately 
4 km from UNT and ~6.5 km from the urban center where 
PM2.5 levels are expected to be the highest. 

In this study, the mobile monitoring campaign centered on 
UNT campus and surrounding student-housing areas (Fig. 
1). The most important student housing areas are located in 
north, east, south, and westerly directions. In fact, 10,800 
student housing beds are located within 1 mile of campus 
while another 4,100 student beds are within bicycling distance 

Figure 1. Study area map of the four student cyclist commuter routes near the University of North Texas in the City of Denton, 
Texas. All routes emanated from the same starting point indicated with a red star. The UNT campus area is shown in light pink 
shading. The sole Texas Commission on Environmental Quality stationary monitor is represented by the black star.
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(UNT Parking and Transportation 2016). When this research 
was conducted, bike lane infrastructure in and around UNT 
was limited to just three designated bike lanes, shared lane 
markings on the main road traversing campus, and contraflow 
buffered bike lanes on one campus street. Given the very low 
percentage of students commuting to the university (just 5% 
of students) and the poor bicycle infrastructure (UNT Park-
ing and Transportation 2016), there are no typical commuter 
routes to campus.

Therefore, we created four routes that covered all of the 
major directions that student cyclists travel from surrounding 
residential areas to UNT campus. The routes we selected also 
represent the range of conditions that commuters experience 
while traveling to campus. These include multiple physical 
barriers to cycling––stop signs, signalized intersections, and 
heavily trafficked roads. Routes had a distance 13-19 km in 
length and were named according to the direction from whence 
they originated: North, East, Southeast, and West.

Mobile monitoring was conducted along the four selected 
routes from September 2017 to May 2018. During this period, 
the cyclist carried out 29 rides in the fall and 20 rides in the 
spring. Prior to each ride, the cyclist was equipped with a 
Dylos 1700 particle counter and an Apple iPhone with the 
MapMyRide app. The Dylos was strapped to a pack on the 
outside of the rider with the inlet exposed to the open environ-
ment. The Dylos is a low-cost, portable, battery-powered, true 
laser particle counter that measures concentration of particles 
>0.5 (small) and >2.5 (large) µm in μg m-3. These are shown 
as small (>0.5 µm) and large (>2.5 µm) particle readings on 
the device. For the purpose of this research, only the small 
particle count was used. Although this is not a conventional 
cut-off for particle size classification, the >0.5 size class includes 
all particles from 0.5 to 2.5 µm, most accurately representing 
PM2.5 with respect to the instrument capabilities.

Each ride originated at the same starting location (Fig. 
1). All 29 rides in the fall and 13 of 20 rides in the spring 
began at 7:30 AM. The remaining seven spring rides began 
at 8:30 AM. These times were chosen to capture PM2.5 vari-
ability during morning rush hour traffic as students typically 
commute to school for 8 and 9 AM classes. To collect PM2.5 
measurements, an “out and back” method was used, whereby 
the cyclist cycled half of the route and then returned to 
the starting point on UNT campus following the same path 
in the reverse direction. Rather than riding a looped route, 
this method was used to collect PM2.5 measurements along 
the same route at two different times during morning rush 
hour, similar to the forward and reverse method used by 
Hankey and Marshall (2015). To capture student commuter 
class schedules (i.e. Monday/Wednesday/Friday vs. Tuesday/
Thursday), each route was completed at least once on each 
day of the week as well as on weekends. Each route was 
completed seven to eight times in fall 2017 (n=29, September 
13-November 5) and five times in spring 2018 (n=20, Febru-
ary 9- May 1) for 49 total rides. Sampling was not conducted 

during rainy weather. Otherwise, samples were taken in a 
range of weather conditions.

Data Preparation and Analysis

The Dylos 1700 particle counter averages particle counts on 
a minute basis. Each ride lasted anywhere from 36-52 minutes. 
The mean PM2.5 concentration for each ride was determined 
from the minute averages calculated by the Dylos. Since the 
Dylos is a particle counter, all data from the Dylos were con-
verted to PM2.5 concentration using the following equation 
from Steinle et al. (2015):

PM2.5 = 4.75 + 2.8 × 10− 5 × [PNC].
To investigate differences in mean PM2.5 concentrations 

among routes, a non-parametric Kruskal-Wallis test was 
conducted separately for each season (i.e., fall and spring). 
A Wilcoxon test was used to determine if the individual 
routes differed between seasons. Non-parametric tests were 
used because the data were not normally distributed. Data on 
temperature (˚C), relative humidity (%), wind speed (kmph), 
and wind direction were obtained from the weather station 
closest to each route. Wind directions were grouped into eight 
categories (N/NNE, NE/ENE, E/ESE, SE/SSE, S/SSW, SW/
WSW, W/WNW, NW/NNW) so that each category would 
have a sample of two or more rides. Depending on the sta-
tion, data were reported at 5-minute (North and East routes), 
15-minute (Southeast route), and 60-minute (West route) 
intervals. Non-parametric correlations were used to explore 
relationships between ride-averaged PM2.5 concentrations and 
meteorological data for all routes combined. PM2.5 concentra-
tions were compared to PM2.5 concentrations from the TCEQ 
Denton Airport South site (33° 13’ 9” N, -97° 11’ 47” W) 
when available to determine the ability of the Dylos to capture 
PM2.5 concentrations on a larger spatial scale. The TCEQ only 
provides hourly data for PM2.5 concentrations; the hourly 
data for the times during the ride were averaged to determine 
the TCEQ average for the time ridden. All calculations and 
statistical analyses were performed using JMPv14. Significance 
was set at p<0.1.

Hotspot Analysis

The MapMyRide iPhone app collects spatial data points 
every second as the cyclist moves and then creates a line 
showing the path traveled. These data were used to match 
PM2.5 concentration data from the Dylos to time and location 
along the routes. Using the 1-minute data provided by the 
Dylos, a hotspot analysis was performed using the Optimized 
Hotspot Analysis tool in ArcGIS 10.4.1. This tool is used to 
identify statistically significant spatial clusters of high values 
(i.e., hotspots) by determining the significance of each mea-
surement from the Dylos within the context of neighboring 
measurements. To be a hotspot, a location must have a high 
PM2.5 concentration compared to all other measurements and 



108

a statistically significant z-score (Mitchell 2005). Due to vari-
ability in PM2.5 concentrations, hotspots were determined for 
each individual ride, with hotspots identified as locations with 
a z-score significant at the 90% confidence level. The hotspots 
were then grouped by route (i.e., all rides per route combined) 
and visually inspected for similarities. Areas that were classified 
as having significantly higher PM2.5 concentrations on >50% 
of the rides (four of seven rides in the fall, and three of five in 
the spring) were classified as hotspots in this study.

RESULTS AND DISCUSSION

Route and Seasonal Differences in PM2.5 
Concentrations

Mean PM2.5 concentrations along the four commuter routes 
ranged from 9-10.8 µg m-3 during fall 2017 and from 9.4-
13.9 µg m-3 during spring 2018. Significant differences among 
routes were not detected in either fall or spring. Significant 
differences between seasons were also not detected for any of 
the four routes sampled. However, spring PM2.5 concentra-
tions were elevated compared to fall for three of the four routes. 
Mean spring PM2.5 concentrations were 28.7%, 29.6% and 
5.7% higher compared to fall along the Southeast, East, and 
West routes, respectively. The North route was the only route 
to experience a lower (7.5%) concentration in spring compared 
to fall. The lower mean PM2.5 concentrations measured in fall 
are consistent with a previous study that found that large urban 
areas in Texas have the lowest PM2.5 concentrations during 
this season (Barrett and Sheesley 2014). 

Because there were no differences in mean ride-averaged 
PM2.5 concentrations among routes or between seasons, we 
pooled PM2.5 concentration data for all rides and routes. 
Closer examination of these PM2.5 data revealed higher ride-
to-ride variability in PM2.5 concentrations measured between 
7:30-8:30 AM during spring compared to fall (Fig. 2). During 
fall, mean ride-averaged PM2.5 ranged 2.5-fold, from 6-16.1 
µg m-3 ride, whereas in spring there was a 5-fold difference 
among rides (5.4-27.6 µg m-3).

Higher springtime variability in PM2.5 concentrations could 
be due to several factors, including higher and more variable 
wind speeds as well as increased temperatures (Parkhurst, et 
al. 1999). Increased production of secondary PM2.5 in the 
spring, as a result of increased biogenic precursor emissions, 
could also lead to higher PM2.5 concentrations (Parkhurst, et 
al. 1999). Finally, dust intrusions from West Texas during the 
spring peak dust season, may also contribute fine PM to sites 
in central and eastern Texas (Ponette-González, et al. 2018).

Dylos vs. TCEQ Stationary Measurements

Data from the TCEQ site were available for the fall 2017 
rides only. Measurements from the TCEQ monitor provided 
similar average concentrations to those obtained from the 
mobile monitoring campaign for the City of Denton as a 
whole (Table 1). For the fall, the mean TCEQ monitor PM2.5 
concentration was 9.6 µg m-3 and the average of the four routes 
in Denton was 9.8 µg m-3. Even so, the fall data showed that 
mean PM2.5 concentrations collected with the Dylos along the 
West and East routes were higher than the TCEQ averages on 

Figure 2. Concentrations of PM2.5 (µg m-3 min-1) measured along four student commuter cyclist routes near the University of 
North Texas in the City of Denton, Texas. All samples were collected from 7:30-8:30 AM from September 2017 to May 2018 
(n=42 days total). Grey shading indicates fall. Note line break between fall and spring seasons. The dashed lines represent the 
World Health Organization recommended annual PM2.5 limit (10 µg m-3) and the Texas Commission on Environmental Quality 
Organization recommended annual PM2.5 limit (12 µg m-3). 
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those measurement days, with the West route 26.7% higher 
and the East route 3.1% higher than the TCEQ station. The 
North and East averages, however, were both lower than the 
reported TCEQ averages, by 14.6% and 3.6%, respectively.

The TCEQ Denton Airport South monitor is located well 
outside of Denton’s urban core, therefore we expected that 
there would be differences between the Dylos mobile mea-
surements and the TCEQ-reported PM2.5 concentrations. 
For example, each of the routes had maximum one-minute 
PM2.5 concentrations ranging from 16.9 to 29.7 µg m-3. These 
maximum values provide a snapshot of the variability in PM2.5 
concentrations in the urban core that is not detected by sta-
tionary monitors outside of the city. Differences in PM2.5 
measurements between mobile monitoring and fixed stations 
have also been found in previous studies. For example, in 
London, Ontario, Canada, cyclist exposure on bicycle routes 
was found to be 2-4-fold higher than ambient measurements 
of PM2.5 (Gilliland, et al. 2018). These studies highlight the 

need for fine-scale measurements of PM2.5 exposure within 
urban areas. Mobile monitoring technologies present new 
opportunities to better understand and characterize urban air 
quality versus traditional stationary monitoring systems (Krecl, 
et al. 2014; Van den Bossche, et al. 2015). 

Meteorological Data and PM2.5 Concentrations

PM2.5 concentrations varied significantly by wind direction 
(p < 0.1, Fig. 3). Compared to all other directions, concen-
trations were highest when winds originated from the NE/
ENE, SE/SSE and were also elevated with S/SSW winds. 
Concentrations were lowest with NW/NNW winds. Moderate 
correlations were also detected between PM2.5 concentrations, 
temperature (ρ = 0.41, p = 0.0044) and relative humidity (ρ 
= 0.50, p = 0.0004).

That southerly winds affected PM2.5 concentration is con-
sistent with land use surrounding UNT and our general study 
area. Increased PM2.5 concentrations occur when SE/SSE and 
S/SSW winds travel over I-35, transporting vehicular emissions 
into the study area. The confluence of two branches of I-35, 
a major highway system stretching across the central United 
States from Texas to Minnesota, is positioned just west of 
the UNT campus (Fig. 4). Elevated PM2.5 concentrations 
also occur with NE/ENE winds, likely due to transport of 
emissions from a local power plant. The weak correlations 
with temperature and relative humidity could reflect seasonal 
differences in meteorological conditions, or chemical reactions 
that affect fine particle formation (Tai et al. 2010).

PM2.5 Hotspots

Hotspots were detected on all routes in both seasons (Fig. 4). 
For the fall, the East route had the most hotspot designations, 
followed by the West, North, and Southeast routes (Table 2). 
The East route also had the largest cumulative distance cov-
ered by hotspots in the fall with almost a quarter of the route 
distance covered by hotspots. For the North, Southeast, and 
West routes, the total number of hotspots and total distance 

Student Cyclists Experience PM2.5 Pollution Hotspots around an Urban University Campus

Figure 3. Median and mean (black dot) PM2.5 concentrations 
measured along four student commuter cyclist routes near the 
University of North Texas in the City of Denton, Texas, from 
September 2017 to May 2018. Wind directions are displayed 
along the x-axis.

Table 1. Mean PM2.5 concentrations measured along four student commuter cyclist routes near the University of North Texas 
in the City of Denton, Texas, from September 2017 to May 2018, and at the TCEQ location. N.D. indicates no data available 
for this time.

Fall 2017 Spring 2018

Route PM2.5 ± s.d. 
(µg m-3)

TCEQ PM2.5 No. Rides PM2.5 ± s.d. 
(µg m-3)

TCEQ PM2.5 No. Rides

North 10.2 ± 2.56 11.69 7 9.44 ± 3.6 n.d. 5
East 9.03 ± 1.37 8.75 7 11.7 ± 7.22 n.d. 5
Southeast 10.8 ± 2.5 11.19 7 13.9 ± 7.86 n.d. 5
West 9.01 ± 3.01 6.6 7 9.52 ± 4.91 n.d. 5
Average 9.8 9.6 11.0
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covered by hotspots decreased in spring 2018. However, the 
East route had two more hotspots in the spring than fall, 
and total distance covered by hotspots increased substantially 
(Table 2). Despite the large increase in hotspot distance in 
the spring on the East route, the overall number of hotspots, 
distance covered by hotspots, and the percentage of routes 
covered by hotspots decreased from fall 2017 to spring 2018.

As expected, hotspots were found in areas with high traf-
fic density and near major signalized intersections along the 
four routes. Previous studies have found positive correlations 
between traffic density and elevated black carbon concentra-
tions, a component of PM2.5, as well as increased concentra-
tions at traffic signals due to increased acceleration at these 
signals (Targino, et al. 2016). As cyclists travel through urban 
environments, they encounter these hotspots, increasing their 

exposure to PM2.5. To illustrate, on 17 October 2017, the cycle 
commuter in this study experienced PM2.5 concentrations 
above the Environmental Protection Agency’s PM2.5 break-
point between good and moderate air quality (i.e., 12 µg m-3) 
during 23 of 42 minutes ridden (55%; Fig. 5).

To avoid PM2.5 hotspots, cyclists can vary their routes, 
and the time of their commute. For example, cyclists can 
reduce their exposure to harmful PM2.5 pollution by 33% by 
using only designated bike paths instead of shared roadways 
(MacNaughton et al., 2014). Harmful exposure can also be 
avoided by commuting at times with lower traffic density. 
For example, student cycle commuters in Denton could plan 
their commute to end before 8:30, to avoid the sharp increase 
in PM2.5 occurring after this time. Our data show that the 
four student commuter routes were relatively similar in PM2.5 

Figure 4. Hotspot map of the four student cyclist commuter routes near the University of North Texas in the City of Denton, 
Texas, for (a) fall 2017 and (b) spring 2018. Hotspots are shown in red, with the routes shown in yellow (West), green (Southeast), 
blue (East), and purple (North). 

Table 2. Route length, hotspot count, cumulative linear hotspot distance, and the proportion of the route covered by hotspots 
for each of four student cyclist commuter routes sampled near the University of North Texas in the City of Denton, Texas, from 
September 2017 to May 2018.

Route Length (km) Hotspot Count Hotspot Linear Distance (km) Hotspot (%)
Route Fall Spring Fall Spring Fall Spring
North 18.4 7 2 1.52 0.62 8 3
East 13.2 9 11 3.17 4.48 24 34
Southeast 13.6 6 5 2.19 0.73 16 5
West 13.3 8 2 2.57 1.06 19 8
Total 58.5 30 20 9.45 6.81 16 12

Luce, Barrett, and Ponette-González
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concentrations between the hours of 7:30 and 8:30 AM. 
However, on seven days when measurements were conducted 
from 8:30-9:30 AM, there was considerable divergence in 
concentrations among routes (Fig. 6). The Southeast route 
increased dramatically shortly after 8:30 AM; afterwards, 
concentrations rose steadily until there was another jump at 9 
AM. Along the North route, concentrations also increased to 
above 10 µg m-3 and remained relatively steady until another 
small rise at 9 AM. The West route showed a peak at 8:05 AM 
followed by a decrease to concentrations slightly lower than 
those for 7:30 to 8:30 AM. Finally, the East route similarly 
showed a peak between 8:15-8:20 followed by a steady de-
cline in concentrations. The East route exhibited three sharp 
peaks occurring between 9:00 and 9:15. Rush hour traffic, 
characterized from 06:00 to 10:00, has been shown as a time 
of significant increase in PM2.5 concentrations, especially in 
urban areas (Chen, et al. 2016).

In 2016, only 5% of UNT students bicycled to campus. 
Several factors limit bicycle commuting to and around 
UNT: lack of protected bike lanes, few connections between 
campus and downtown, high-speed roadways, lack of driver 
awareness and physical barriers (i.e., intersections, four way 
stops, sidewalk gaps). However, in a transportation survey, 
34% percent of students reported interest in biking (UNT 
Parking and Transportation). The information collected as 
part of this study could be incorporated into future trans-
portation plans, which seek to increase student cycling to 
and from campus.

CONCLUSIONS

Cyclists are one of the most at risk commuter groups to ex-
posure to unhealthy PM2.5 concentrations (Ham, et al. 2017). 
However, through increased awareness and new monitoring 

Figure 5. Example run of the mobile measurements of PM2.5 at one-minute intervals along the East route on October 12, 2017. 

Figure 6. Concentrations of PM2.5 (µg m-3 min-1) measured along four student commuter cyclist routes near the University 
of North Texas in the City of Denton, Texas. Samples were collected from 7:30-9:30 AM from September 2017 to May 2018 
(n=49 days total).
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strategies, cyclists can limit their exposure to harmful PM2.5 
concentrations. This study showed that student cyclists experi-
ence PM2.5 pollution hotspots around an urban university 
campus. Stationary PM2.5 monitors are able to sufficiently 
provide background concentrations but are not able to capture 
the minute-to-minute variability in PM2.5 across the urban 
landscape. Low-cost portable monitors are an emerging tech-
nology allowing for greater detail in PM2.5 measurements 
both temporally and spatially. Improved monitoring networks 
across urban landscapes will allow for a better understanding of 
PM2.5 variability and allow cycle commuters to avoid harmful 
exposure.
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