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• Real-time personal PM2.5 and BC expo-
sures measured for N90 Beijing college
students

• Sensor-based portable particlemonitors
and GPS were used for personal moni-
toring.

• Statistics and graphs presented by gen-
der, season, time-of-day andmicroenvi-
ronment

• Personal concentrations were generally
lower than ambient concentrations.

• BC personal-ambient difference varied
more across microenvironments than
PM2.5.
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This study is part of the “Air Polluion Impacts on Cardiopulmonary disease in Beijing: an integrated study of Ex-
posure Science, Toxicologenomics & Environmental Epidemiology (APIC-ESTEE)” project under the UK-China
joint research programme “Atmospheric Pollution and Human Health in a Chinese Megacity (APHH-China)”.
The aim is to capture the spatio-temporal variability in people's exposure to fine particles (PM2.5) and black car-
bon (BC) air pollution in Beijing, China. A total of 120 students were recruited for a panel study from ten univer-
sities in Haidian District in northwestern Beijing from December 2017 to June 2018. Real-time personal
concentrations of PM2.5 and BCweremeasured over a 24-h periodwith two research-grade portable personal ex-
posure monitors. Personal microenvironments (MEs) were determined by applying an algorithm to the hand-
held GPS unit data. On average, the participants spent the most time indoors (79% in Residence and 16% in
Workplace), and much less time travelling by Walking, Cycling, Bus and Metro. Similar patterns were observed
across participant gender and body-mass index classifications. The participants were exposed to 33.8 ±
27.8 μg m−3 PM2.5 and to 1.9 ± 1.2 μg m−3 BC over the 24-h monitoring period, on average 24.3 μg m−3 (42%)
and 0.8 μgm−3 (28%) lower, respectively, than the concurrent fixed-site ambient measurements. Relative differ-
ences between personal and ambient BC concentrations showed greater variability across the MEs, highlighting
.
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significant contributions from Dining and travelling by Bus, which involve potential combustion of fuels. This
study demonstrates the potential value of personal exposure monitoring in investigating air pollution related
health effects, and in evaluating the effectiveness of pollution control and intervention measures.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Outdoor and indoor air pollution have been identified as the most
important environmental risk factors for adverse human health out-
comes across the world (Loomis et al., 2013; World Health
Organization, 2006; World Health Organization Regional Office for
Europe, 2013). The issue of air pollution is especially of concern in de-
veloping countries due to their rapid and large-scale urbanisation, lead-
ing to extreme levels of pollution impacting large populations. Beijing,
the capital city of China, exemplifies this pattern. Its population has
nearly doubled to 21.7 million since 2000 (National Bureau of
Statistics, 2018), and, accordingly, energy consumption andmotor vehi-
cle use have increased dramatically. The fast growth in pollutant emis-
sion sources, together with adverse dispersion conditions, particularly
in winter, has led to a dramatic deterioration in air quality, often
resulting in severe haze episodes that have attracted worldwide atten-
tion (An et al., 2019).

It is estimated that 1.15 million people die prematurely each year in
China because of ambient air pollution (World Health Organization,
2018). Stroke, ischemic heart disease, lung cancer and chronic obstruc-
tive pulmonary disease (COPD) are the top causes of the premature
deaths (Institute for Health Metrics and Evaluation (IHME), 2018),
and have all been associated with long-term exposure to airborne par-
ticulate matter (PM), especially fine PMwith an aerodynamic diameter
b2.5 μm (PM2.5).

The particles within PM2.5 derive from a wide range of sources, in-
cluding directly-emitted “primary” particles, such as resuspended
dust, seasalt, and industrial and combustion-related particles, as well
as from formation of new secondary inorganic and organic particulate
matter from reactions of gaseous sulphur dioxide, nitric oxides, ammo-
nia and volatile organic compounds. One important constituent of PM2.5

is black carbon (BC), since it acts as a good tracer for combustion-related
air pollution and because of its stronger associationwith certain adverse
health effects than PM2.5 (Bell et al., 2009; Janssen et al., 2011; Patel
et al., 2009; Schaap and Denier van der Gon, 2007; Spira-Cohen et al.,
2011). The greater damage to health is attributed to its large surface ca-
pacity to carry significant levels of potentially toxic substances
(e.g., heavy metals and persistent organic pollutants), high ability to in-
duce inflammation, penetrating into deeper parts of the lungs (Braniš
et al., 2010; Weichenthal, 2012) and deposition in secondary organs
(Semmler et al., 2004). BC is relatively straightforward to measure
through light absorption techniques and is often examined in investiga-
tions of the health impacts of urban air pollution (Chiu et al., 2013; Fang
et al., 2012; Hart et al., 2018; Luben et al., 2017; Zhao et al., 2014).

While most of the health effects of exposure to air pollution are
widely accepted, the exposure-response associations were established
mainly in North America and Europe, and may not be applicable to
China because of differences in sources, unique pollution climatology,
personal activity patterns that determined their exposure pathways
and population vulnerability. To add to the local knowledge and deter-
mine effective mitigations to reduce the health risks for the large popu-
lation in Beijing, researchers in the UK and China have joined forces
since 2016 under the “Atmospheric Pollution & Human Health in a Chi-
nese Megacity (APHH-China)” research programme, aiming to identify
the concentrations and sources of air pollution in Beijing, and how peo-
ple are exposed (Shi et al., 2019).Within the programme, the “Air Pollu-
tion Impacts on Cardiopulmonary disease in Beijing: an integrated study
of Exposure Science, Toxicogenomics & Environmental Epidemiology
(APIC-ESTEE)” project specifically looks into detailed assessments of
people's exposure to air pollution for long- and short-term epidemio-
logical analyses.

Most epidemiology studies use point measurements from fixed-site
ambient (outdoor) monitoring stations to represent the average pollu-
tion level for the whole neighbourhood or community, or modelled
higher spatial resolution values for home locations derived from these
measurements. However, conventional statutory monitoring stations
are bulky and expensive to operate, which greatly limits their spatial
coverage in large cities like Beijing. Although various atmospheric
modelling approaches have been developed to fill the gapswhere no di-
rect measurements are available, they are often inadequate in fully cap-
turing the local variability in concentrations, particularly at sites near
traffic (Lin et al., 2017a). Furthermore, the accuracy of the modelled
concentration remains uncertain, without appropriate verification
through some measurements (Holliday et al., 2014; Meng et al., 2005;
Sarnat et al., 2007). In addition, people on average spend 76% of their
time in indoor environments (Lei et al., 2016), where air quality could
be very different from the ambient levels (Chen and Zhao, 2011;
Cortez-Lugo et al., 2008; Huang et al., 2015; Shi et al., 2015). Personal
monitoring could provide themost accurate information on individuals'
exposure, although it is often more costly (if large numbers of partici-
pants are required) and takes considerably more effort to perform and
integrate data. Of the small number of personal monitoring studies in
China, most of them collected time-integrated samples to determine
the total exposure over a certain period of time (Chen et al., 2017; Fan
et al., 2018; Shang et al., 2019), which do not show the temporal vari-
ability in individuals' exposure and thus could not associate exposure
to short-term peak concentrations with acute health outcomes. Other
researchers only focused on certain types of pathways, such as commut-
ing, or conducted their studies through prescribed activities (Lei et al.,
2017; Shen andGao, 2019),which lacked a comprehensive understand-
ing of people's exposure in real life. Only very few studies in China, and
beyond, have utilised the power of the emerging sensor-based portable
air quality monitors to gauge personal exposures (Lei et al., 2016). In
these studies, the researchers relied on the manufacturers' calibration
of the instruments, whereas there is evidence that careful field calibra-
tion was needed (Lin et al., 2017).

Characterisation of the variability of individual's exposure to air pol-
lution can help identify conditions leading to detrimental impacts on
health. Therefore, this study aimed to address the following research
questions:

• Can lower-cost sensor-based portable personal exposure monitors,
GPS trackers, and modern data science tools, be used as a low burden
approach tomeasure individual's real-time exposures to PM2.5 and BC
in their daily lives?

• What are the contributors to the variability of individual's PM2.5 and
BC exposures, and can this data provide insight into behaviour
changes to reduce personal exposure to air pollution, and interven-
tions to reduce air pollution in general?

• What is the relationship between the “true” personal exposure and
the average ambient concentration measured at the nearest fixed-
site statutorymonitoring station,which is conventionally used to rep-
resent community exposure in epidemiological studies?

This study investigates these questions by capturing the spatio-
temporal variability in individual's exposures to PM2.5 and BC air

http://creativecommons.org/licenses/by/4.0/
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pollution in Beijing in higher-education students asked to carry two
research-grade low-intrusive real-time personal monitors and GPS
trackers. Post-exposure data processing allows a better insight into the
activity patterns and how they affect the participants' exposures to
these air pollutants. This data will be used for linking with the health
metrics obtained later in the APIC-ESTEE project, but also has the poten-
tial to be used to shape future studies and advice on exposure reduction
and public health protection.

2. Materials and methods

2.1. Study design, study area and population

An overview of the study design is shown in the schematic of re-
search framework in Fig. 1. The studywas carried out in Haidian District
in north-western Beijing, wheremost higher education institutes are lo-
cated. A total of 120 students were recruited for the personal exposure
monitoring study, from ten universities around the North 4th Ring
Road (Fig. 2), if they met the following inclusion criteria:

• Aged 18–49 yrs.;
• Bodymass index (BMI) within 18.5–24.0 (“normal”) or N 28.5 kgm−2

(“overweight”);
• Non-smoking for at least one year prior to the recruitment;
• Absence of metabolic syndrome conditions, e.g., normal blood pres-
sure, lipid values and fasting glucose concentrations;

• High level of cardiorespiratory fitness;
• Able to comply with the study procedure.

The sample size was chosen to yield estimates with a (95% confi-
dence interval) margin of error of around ±5 μg m−3 of the true popu-
lation value of PM2.5 for the main population means.

This study was approved by the Institutional Review Boards of Pe-
king University Health Science Center (PKU-HSC) (IRB00001052-
16066), and an informed consent form was signed by each participant
before enrolment. The study and reporting conform to the
Fig. 1. Schematic of the r
Strengthening the Reporting of OBservational studies in Epidemiology
(STROBE) guidelines.

To investigate the potential differences in activities and exposure to
air pollution, approximately the same numbers of male and female, and
normal-weight and overweight volunteers were recruited.

Personal monitoring of air pollution was performed over three sea-
sons, namely, Winter: 14 December 2017–16 January 2018, Spring: 15
March–18 April 2018, and Summer: 8 May–12 June 2018. Each partici-
pant was continuously monitored for their exposures to PM2.5 and BC
for 24 h during their daily lives on a weekday in a single season. The
participant's location was recorded using a handheld GPS tracker, and
categorised via post-processing into a set of microenvironments (MEs).
2.2. Personal monitoring

Up to five participants were monitored simultaneously at any time.
Each personal monitoring session started at 08:00 on a Monday, Tues-
day,Wednesday or Thursday,when theparticipant attended the labora-
tory to be equipped with personal monitors contained in a small
messenger bag, and ended at 08:00 the following day when the partic-
ipant returned to the laboratory.

PM2.5 was measured using a MicroPEM personal exposure monitor
(RTI International, USA), which is based on optical scattering (nephe-
lometry). BC was measured using a microAeth AE51 personal exposure
monitor (AethLabs, USA), which is based on optical absorption. A 610A
PRO GNSS handheld GPS unit (IceGPS, China) was used for location
tracking. The PM2.5 and BC monitors sampled through conductive tub-
ing attached to the bag strap, to allow sampling at the breathing zone
(Fig. 3). The participants were instructed to carry the bag as much as
possible throughout their regular activities, but were asked to refrain
from very strenuous exercises in order to protect the equipment from
mechanical shock. Compared with most epidemiological studies that
may use only fixed-site ambientmeasurements, or exposure studies fo-
cusing on one aspect of people's activities such as transit, or collecting
time-averaged personal pollutant samples, the 24-h continuous per-
sonal exposure measurement using portable real-time monitors
esearch framework.



Fig. 2. Map of the study area in north-western Beijing. The red circles mark the universities, from which the participants were recruited. The green circle indicates the state-operated
ambient PM2.5 reference analyser at the state-operated Haidian Wanliu Monitoring Station. The blue circle represents the BC reference analyser on the roof of Peking University School
of Public Health. (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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allowed the participants to carry on with their normal daily lives. We
believe that this approach provides a more comprehensive, realistic
and detailed understanding of their activity patterns and how their ex-
posures to PM2.5 and BC varied in relation to activity. Themore granular
information could be helpful for assessing associations with health
responses.

TheMicroPEMs were operated in the continuousmode at a flowrate
of 0.5 Lmin−1, taking PM2.5 readings every 10 s. They also collected par-
ticles onto a 25 mm Teflon filter, which permitted post-deployment
gravimetric quantification of cumulative PM2.5. The microAeth units
measured BC concentration by determining the absorption of an
880 nm wavelength laser beam by the particulate deposit on the filter
every 1 min at a flowrate of 150 mL min−1. The filter discs and strips
in each MicroPEM and microAeth monitor were replaced before each
personal monitoring session to avoid overloading by particles and con-
sequent impact on flowrate and optical determination. The GPS trackers
logged the participant's location every 1 min, and were programmed to
enter energy saving mode to pause logging when satellite signals were
lost for an extended period of time (such aswhen staying in a building),
and resume logging when connections were re-established.

Lung function, heart rate variability and blood pressure were re-
corded during the same period, and a blood and urine sample was col-
lected from each participant before and after the personal monitoring
period. The methodological details and results for the health-related
part of the wider study are being reported separately elsewhere.

2.3. Personal monitoring data integration and QA/QC

Raw data from the MicroPEMs were converted to PM2.5 mass con-
centrations (corrected for relative humidity) and exported using the
proprietary MicroPEM Docking Station software. Occasionally, a
MicroPEM sampled at an unexpected flowrate due to the internal filter
being overloaded by very high concentrations of PM2.5 or a
malfunctioning pump. Since this would lead to calculation of an errone-
ous PM2.5 concentration, any concentration associated with a flowrate
outside the manufacturer's specified operational range of
0.45–0.55 L min−1 was discarded.

Raw BC measurements from the microAeths were first uploaded to
the AethLabs' Dashboard for optical noise attenuation (ONA) smooth-
ing, for which the ONA threshold (ΔATN) was set to 0.01. This is an
adaptive time-averaging algorithm to reduce the occurrence of negative
values due to high-frequency sampling and low BC concentrations
(Hagler et al., 2011). The smoothedmeasurements were then corrected
for underestimation from the filter loading effect (Apte et al., 2011).

To ensure inter-comparability of measurements from individual
monitors, the MicroPEM PM2.5 measurements from each personal



Fig. 3. Illustration of personal monitoring kit worn by a researcher. All battery-operated
personal monitors and a GPS tracker were contained in the small messenger bag, and
measured personal pollution levels through conductive tubing.
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exposure session were calibrated using the mass change of the
monitor's internal filter during that session. Retrieved filter samples
were stored in a laboratory freezer at −20 °C when not in use. Prior to
weighing, filters were conditioned for 24 h in the same controlled envi-
ronment (25 °C, ~45% relative humidity) as the high precisionmicrobal-
ance used for weighing (AG285, Mettler Toledo, USA). The filter-based
mass of particles collected were compared with the cumulative se-
quence of PM2.5 concentrations derived from the monitor optical scat-
tering. Occasionally a MicroPEM unit returned a negative value when
PM2.5 concentrations were very low (b3 μg m−3). Therefore, for the
filter-based calibration correction, reported concentrations of less than
−3 μg m−3 were discarded, and those within [−3,0) μg m−3 were set
to 0. The whole time-series was discarded if the relative difference be-
tween the post- and pre-processed mean concentrations was N50%.
This excluded 11 (12%) of the participants.

To calibrate the microAeth BC measurements, the five microAeths
were set up to sample alongside a reference BC analyser (Aethalometer
AE33,Magee Scientific, USA) on the roof of the School of Public Health at
Peking University Health Science Centre (PKU-SPH) for three consecu-
tive 24-h sessions during 24–27 August 2018. Simple linear regressions
were then derived from the co-located measurements for each
microAeth, to correct the personal exposure measurements. Personal
exposuremonitors were set up in the sameway for the co-located sam-
pling as for the personal monitoring sessions to ensure the applicability
of the calibration regressions.

The 1-min GPS tracking data was initially geotagged as follows ac-
cording to its inferred speed of movement (b0.5 km h−1: sedentary;
0.5–5.8 km h−1: walking; 5.8–18.0 km h−1: cycling; N18.0 km h−1: in
a vehicle) as well as according to building and road data on
OpenStreetMap. The tagging of Metro was delineated as the period be-
tween entering a metro station and leaving a subsequentmetro station.
This preliminary identification was cross-checked and corrected with a
custom-built R Shiny app, which visualised the GPS tracking on
OpenStreetMap. The verified geotags were then categorised into eight
MEs grouped under Indoors (Residence, Workplace, Dining and Shop)
and Outdoors (Walking, Cycling and travelling by Bus and Metro), be-
fore synchronising with the pollution measurements to compare expo-
sure levels between MEs.

Sometimes the GPS tracker did not activate as expected after an
interrupted reception of satellite signals, resulting in untracked move-
ment between locations. These gaps were labelled as “non-determin-
able (ND)” and excluded from ME exposure analysis (20.3%), but still
retained for personal exposure analysis, because they comprised part
of the individual's exposure.

2.4. Ambient PM2.5 and BC measurements

The nearest state-operated Haidian Wanliu automatic Urban Envi-
ronment Evaluation Monitoring Station was chosen as the fixed-site
station for comparison. Situated in the same district with the participat-
ing universities, ambient air quality measurements at Haidian Wanliu
are most likely to be used as a proxy for personal exposures for this
area in conventional epidemiological study designs. Hourly ambient
PM2.5 concentrations from Haidian Wanliu were downloaded from
China's Air Quality Historical Data repository (Wang, 2018). As this
site does notmeasure ambient BC concentrations, ambient BCmeasure-
ments at 1-min intervals were obtained from the aforementioned refer-
ence BC analyser on the roof of PKU-SPH.

Ambient and personal pollutionmeasurements were all averaged to
hourly values and merged together by timestamp. The hourly concen-
trations were also geotagged with the prevailing MEs identified for
each hour from the personal exposure monitoring.

2.5. Data analysis

Statistics and graphical analysis were performed to show variations
by gender, season and time-of-day. The contribution of eachME to total
exposure was quantified for each pollutant separately. Pearson correla-
tion was used to assess the association between ambient and personal
concentrations for each pollutant. Additionally, a relative personal in-
crement/decrement was calculated for each pollutant
(Cpersonal − Cambient)/Cambient, and compared between pollutants.

All data processing and reportingwere performed in R version 3.6.1,
with custom code using packages of tidyverse, readxl, openair, caret,
broom, shiny, leaflet, leaflet.extras, plotly, qwraps2, ggpubr and
rmarkdown.

3. Results

Of the 120 students originally recruited for the study, 94 completed
the personal monitoring phase of the study. Incomplete personal pollu-
tion recordings (e.g., from monitoring equipment malfunction) were
excluded, resulting in 79 (84.0%) and 83 (88.3%) time-series of personal
exposure measurements for PM2.5 and BC, respectively (Table 1).

Fig. 4 summarises the proportion of time, on average, spent by par-
ticipants in different MEs stratified by gender and by weight classifica-
tion. On average, the participants spent most of the time (at least
18.9 h, 79.0%) in Indoor environments, with themost time in Residence
(14.8 h, 61.9%) andWorkplace (3.9 h, 16.3%), and substantially less time
travelling, mainly Walking (26.8 min), followed by Cycling (8.4 min),
taking a Bus (4.0 min) and taking the Metro (2.5 min) (time presented
as average across all participants in the study). Due to interrupted satel-
lite signals, 4.3 h (18.1%) of each participant's time could not be



Table 1
Demographic of study participants (age = 23 ± 2 yr).

PM2.5 BC

Male
(N = 48)

Female
(N = 31)

Normal-weight
(N = 44)

Overweight
(N = 35)

Male
(N = 47)

Female
(N = 30)

Normal-weight
(N = 44)

Overweight
(N = 33)

Number of participants, n (% participants per season)
Winter 24 (50.0) 12 (38.7) 21 (47.7) 15 (42.9) 22 (46.8) 11 (36.7) 18 (40.9) 15 (45.5)
Spring 18 (37.5) 17 (54.8) 20 (45.5) 15 (42.9) 18 (38.3) 17 (56.7) 20 (45.5) 15 (45.5)
Summer 6 (12.5) 2 (6.5) 3 (6.8) 5 (14.3) 7 (14.9) 2 (6.7) 6 (13.6) 3 (9.1)

Bodily statistics, mean ± SD
Height (m) 1.73

± 0.06
1.63
± 0.05

1.68 ± 0.08 1.70 ± 0.06 1.73
± 0.06

1.63
± 0.05

1.68 ± 0.09 1.69 ± 0.06

Weight (kg) 76.4
± 11.7

60.1
± 11.3

59.8 ± 8.8 82.9 ± 6.7 75.4
± 11.8

60.3
± 11.4

59.8 ± 8.5 82.5 ± 6.8

BMI (kg m−2) 25.7 ± 4.0 22.7 ± 3.9 21.1 ± 1.9 28.8 ± 1.6 25.4 ± 4.1 22.8 ± 4.0 21.0 ± 1.9 28.8 ± 1.6
Pollutant concentration, mean ± SD

Ambient
(μg m−3)

55.5
± 45.8

62.4
± 56.4

46.2 ± 42.4 73.4 ± 55.1 2.3 ± 1.8 3.0 ± 2.3 2.2 ± 1.9 3.2 ± 2.1

Personal
(μg m−3)

30.3
± 23.9

39.3
± 32.8

32.6 ± 28.3 35.4 ± 27.6 1.7 ± 0.9 2.3 ± 1.5 1.7 ± 1.1 2.3 ± 1.3
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attributed to anME determined by GPS tracking. Time spent in different
MEs did not show any substantial differences betweenmale and female,
and normal-weight and overweight participants.

3.1. Overview of personal PM2.5 and BC concentrations

Fig. 5 summarises the range of hourly personal PM2.5 and BC concen-
trations experienced by each participant. Personal hourly-averaged
PM2.5 concentrations ranged from 0.2 to 643.4 μg m−3 (across all
person-hours in the dataset) and the equivalent personal BC concentra-
tions varied between 0.6 and 86.5 μgm−3, revealing variability between
participants monitored during the same monitoring period
(e.g., Participants 41–50 for both PM2.5 and BC), as well as within an in-
dividual participant's exposure period (e.g., Participants 9, 59, 79 for
Fig. 4. Average time spent in different microenvironments stratified by gender and BMI classifi
corresponding category.
PM2.5 and Participants 25, 30, 59 for BC). These variabilities reflected
the impact on personal exposure by different MEs, which was not cap-
tured by the ambient concentrations. However, personal PM2.5 and BC
concentrations were generally correlated with the prevailing levels of
concurrent ambient PM2.5 and BC concentrations, i.e., when ambient
levels were higher (lower), then personal values were higher (lower),
although the personal PM2.5 and BC concentrations were generally
lower than their concurrent ambient values.

On average, the participants were exposed to 33.8 ±
27.8 μg m−3 PM2.5 and to 1.9± 1.2 μgm−3 BC over their 24-hmonitor-
ing period. Compared with the ambient concentrations of PM2.5 (58.2 ±
50.0 μg m−3) and BC (2.7 ± 2.1 μg m−3) for the same periods, the
mean personal exposures were therefore 24.3 μg m−3 (41.8%) and
0.8 μg m−3 (28.1%) lower for the two pollutants, respectively.
cation. The number on the top of each column indicates the number of participants in the



Fig. 5. Boxplots of measured a) PM2.5 and b) BC concentrations (hourly averages) for each participant's 24-h personal exposure period. Each box with whiskers shows the median, the
interquartile range (IQR) and the smallest and the largest values within 1.5 × IQR from the lower and the upper quartiles. Jitters (circles: male, crosses: female) represent the hourly
averaged personal concentrations. Boxes and jitters are colour-coded by monitoring period. The red dashed lines show the mean ambient concentrations of the respective pollutant for
the nearest fixed-site monitoring station for the corresponding monitoring periods (thus the length of the dashed line indicates which participants were monitored in parallel in the
same period). The blue dashes show the time-weighted residential mean concentrations of the respective pollutant for each participant. (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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As many modelling epidemiological studies used concentrations of
pollutants at residential addresses to represent exposure to air pollu-
tion, the measured PM2.5 and BC concentrations geotagged as “residen-
tial” in this study were also extracted to calculate the time-weighted
residential exposure concentrations for the participants. On average,
the participants were exposed to 33.9 ± 27.1 μg m−3 PM2.5 and 2.1 ±
1.3 μgm−3 BC in their residences. These values are similar to and highly
correlated with the participants' 24-h mean exposure concentrations
(r=0.980 and r=0.990 for PM2.5 and BC, respectively). These correla-
tions are higher than those between the 24-h personal and ambient
concentrations (r = 0.678 for PM2.5 and r = 0.880 for BC), largely be-
cause the personal-residential (indoor) concentrations are part of the
24-h personal concentrations.

3.2. Temporal and seasonal variation in personal PM2.5 and BC
concentrations

Boxplots summarising the diurnal profile in personal PM2.5 and BC
concentrations for each measurement period are presented in Fig. 6.
The personal PM2.5 and BC concentrations show distinctive diurnal pat-
terns, which also varied over the three seasons of the study.

In the winter, personal PM2.5 concentration increased steadily
through the morning rush hours, before reaching the first peak of the
day at 10:00 (27.7 ± 32.1 μg m−3). Concentrations briefly declined at
noon (17.6 ± 17.0 μg m−3), before increasing again with the afternoon
rush hours to a maximum around 19:00 (39.7 ± 45.6 μg m−3). The
PM2.5 concentration then gradually decreased in late evenings to the
daily low (18.3 ± 18.3 μg m−3) before dawn.

Personal BC concentration in the winter showed a similar diurnal
pattern, with a morning peak at 09:00 (1.7 ± 0.8 μg m−3), and a later
evening peak at 21:00 (2.1± 1.4 μgm−3). The daily minima in personal
BC concentration coincided in time with those for PM2.5 concentration
at 12:00 (1.3 ± 0.5 μg m−3) and 06:00 (1.2 ± 0.5 μg m−3) (Fig. 6).

The daily patterns in personal PM2.5 and BC concentrations in the
spring were generally similar to those in the winter, albeit with slightly
different timings for the maxima and minima. However, the much
higher peak personal concentrations of both pollutants in the morning
(70.5 ± 74.5 μg m−3 PM2.5 at 08:00, and 2.5 ± 1.4 μg m−3 BC at
09:00) dwarf the fluctuations in the rest of the 24-h period, and thus
make the diurnal patterns less pronounced. Also, hourly aggregated
concentrations of both pollutants appeared to vary more within each
hour in the spring than in the winter.

In contrast, Fig. 6 shows that diurnal variation of personal PM2.5 and
BC concentrationswas rather different in the summer than in thewinter
and spring. Althoughmaxima andminima occurred at roughly the same
time of the day, personal concentrations of both pollutants was lower in



Fig. 6.Boxplots ofmeasured a) PM2.5 and b) BCpersonal concentrations averaged for each hour during each study period. Each boxwithwhiskers represents themedian, the inter-quartile
range (IQR), and the extreme values within 1.5 × IQR from the upper and the lower quartiles of all personal measurements within that hour. The red dashes show the mean ambient
concentrations of the respective pollutant for the corresponding hours. (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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the daytime, and elevated after midnight, despite the relatively large
variability in the hourly-averaged personal PM2.5 concentrations.

In all three seasons, the hourly mean personal PM2.5 and BC concen-
trations correlated well with the concurrent hourly mean ambient con-
centrations of these two pollutants (albeit with personal measurements
usually substantially lower than those from the ambientmonitoring sta-
tion) (Table 2). However, the difference between the personal and am-
bient concentrations fluctuated throughout the day, with larger
differences between late evening and early morning hours (Fig. 6).

The differences between mean personal and ambient PM2.5 and BC
concentrations, indicating the potential error when using ambient con-
centration to quantify personal exposure, also showed clear seasonal
and diurnal variability.

Across the three seasons, the difference between personal and ambi-
ent PM2.5 concentrationswas greater in the spring (−28.2 μgm−3) than
in the summer and winter (−24.4 and −22.4 μg m−3, respectively)
(Fig. 6 and Table 2). The personal-ambient differences in BC concentra-
tions exhibited a different and much greater seasonal variability, with
the greatest differential in the winter (−0.9 μg m−3), followed by in
the spring and in the summer (−0.5 and 0.1 μg m−3, respectively).

With respect to diurnal patterns in the differences between personal
and ambient concentrations of PM2.5 and BC, lower differences tended
to occur during the morning and evening rush hours, as well as the
noon sub-rush hours (Fig. 6). The greater differences were usually
observed between late evening and early morning hours, and in the
middle of the morning and the afternoon.
3.3. Personal exposure to PM2.5 and BC by ME

Table 3 summarises the average concentrations of PM2.5 and BC in
each ME by season. On average, over all participants and seasons, the
participants were exposed to their highest concentrations of PM2.5

when Cycling (109.8 ± 62.4 μg m−3), in the Shop (79.6 ±
103.4 μg m−3) and travelling by Bus (63.9 ± 22.1 μg m−3), and to
their lowest concentrations of PM2.5 when in the Metro (11.0 ±
11.7 μg m−3), Residence (33.8 ± 34.5 μg m−3) and Workplace
(38.9 ± 47.7 μg m−3).

The highest personal concentrations of BC occurredwhen on the Bus
(4.7 μg m−3), Cycling (3.9 ± 2.1 μg m−3), and in the Shop (3.2 ±
2.7 μg m−3), and the lowest concentrations when Dining, in Workplace
and Residence (1.4 ± 0.8, 1.7 ± 0.9 and 1.9± 1.4 μgm−3, respectively).

Table 3 shows that there was some seasonality in both the personal
PM2.5 and BC concentrations in each ME. The highest personal concen-
trations of both pollutantswere observed in the spring. Personal BC con-
centrations in all MEs in thewinter were consistently higher than those
in the summer, but there was little consistency in personal PM2.5

concentrations.



Table 2
Mean hourly-averaged personal and ambient PM2.5 and BC concentrations, the personal minus ambient concentration differences and the correlations between hour-of-the-day personal
and ambient concentrations, each stratified by season.

Season [PM2.5]pers (μg m−3) [PM2.5]ambi (μg m−3) [PM2.5]diff (μg m−3) rPM2.5 [BC]pers (μg m−3) [BC]ambi (μg m−3) [BC]diff (μg m−3) rBC

Winter 27.0 49.4 −22.4 0.632 1.6 2.6 −0.9 0.922
Spring 43.7 71.9 −28.2 0.879 2.1 2.6 −0.5 0.880
Summer 28.8 53.2 −24.4 0.779 1.3 1.2 0.1 0.895
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Fig. 7a shows the relative difference between personal and ambient
PM2.5 concentrations for each ME. This illustrates that personal PM2.5

concentrationswere generally lower across all MEs than the concurrent
ambient levels at the nearby Haidian Wanliu Urban Environmental
Monitoring Station, except for a number of observations in the Shop
and when travelling by Metro, Walking and Bus. There was no signifi-
cant difference in PM2.5 average relative difference values across all
MEs, although Indoor environments (Workplace, Residence and Din-
ing) tended to attenuate personal PM2.5 concentrationsmore. However,
there was considerable variability in PM2.5 relative differences in some
MEs; for example, some participants were exposed to PM2.5 concentra-
tions up to 3.5 times higher than the ambient levels when they were in
the Shop (Fig. 7a).

The relative difference between personal and ambient BC concentra-
tions for each ME is shown in Fig. 7b. The relative differences between
personal and ambient BC showed considerably greater variability across
the MEs than was the case for PM2.5 (Fig. 7a). The largest attenuation
and enhancement in personal BC concentration were observed in the
Workplace and the Metro, respectively. While reductions in personal
BC concentrations were statistically insignificant in most MEs, personal
BC concentrations were clearly elevated when the participants were
Dining and travelling by Metro. On average, BC concentration in the
Metro was twice as high as the ambient level, and the difference could
be up to 3.5 times (Fig. 7b).

Most of the participants' personal exposure (defined as the product
of personal concentration and time spent in anME)was fromResidence
andWorkplace (96.2% combined), whereas the other Indoor MEs (Din-
ing and Shop) contributed only 1.1% and all Outdoor MEs (Walking, Cy-
cling, Bus and Metro) merely 2.7% (Table 4). Contributions to personal
PM2.5 exposure by MEs also varied by season. Personal exposure to
PM2.5 in Residence was much higher in the summer (92.8%) than in
the winter and the spring (77.5 and 71.3%, respectively). In contrast,
personal exposure to PM2.5 at the Workplaces was much lower in the
summer (6.8%) than in the other seasons (23.5 and 20.4% for the spring
and the winter, respectively) (Table 4).

The participants travelled mostly byWalking (a total of ~13 h across
the whole study), which also represented the greatest contribution to
personal exposure to outdoor PM2.5 (1.3%). While the participants
spent roughly the same amount of time Cycling and travelling by Bus
and Metro (~4 h), Cycling contributed the second most personal
Table 3
Personal PM2.5 and BC concentrations (mean ± SD, μg m−3) by ME and by season. NA indicate
personal pollution data.

Season Residence Workplace Dining Shop

PM2.5

Winter 27.3 ± 31.5 29.6 ± 22.9 5.0 ± 2.0 15.1 ± NA
Spring 41.6 ± 37.8 51.9 ± 63.4 69.2 ± 66.4 111.9 ± 12
Summer 31.0 ± 19.2 10.8 ± 12.9 7.1 ± NA NA
All-season 33.8 ± 34.5 38.9 ± 47.7 45.4 ± 60.0 79.6 ± 103

BC
Winter 1.7 ± 1.2 1.6 ± 0.7 1.0 ± 0.2 1.0
Spring 2.3 ± 1.6 1.9 ± 1.1 2.0 ± 0.9 4.4 ± 2.7
Summer 1.4 ± 0.8 1.1 ± 0.3 0.8 ± 0.2 NA
All-season 1.9 ± 1.4 1.7 ± 0.9 1.4 ± 0.8 3.2 ± 2.7
exposure to outdoor PM2.5 (0.8%), 8 times higher than travelling by
Metro (0.1%), with travelling by Bus in between (0.5%).

Similar to the observations for personal PM2.5 exposure, Residence
and Workplace together contributed the greatest personal exposure to
BC (96.5%). Among the remainder of theMEs, the participants were ex-
posed to BC while Walking (1.1%), followed by Cycling and Dining (0.7
and 0.6%, respectively). BC exposures when travelling by Bus andMetro
and in Shopwere likewise lower (contributing 0.4, 0.3, and 0.4% of daily
exposure, respectively).

Personal BC exposure by MEs also showed a degree of seasonality.
Personal exposures to BC in Residence were similar in the winter and
the spring (accounting for 74.6 and 75.9% of daily exposure, respec-
tively), but substantially higher in the summer (85.2%), whereas the
contribution from Workplace to personal BC exposure decreased on
moving through the winter, spring and summer seasons (23.3, 19.1,
and 12.1%, respectively) (Table 4).

4. Discussion

This study characterised the spatio-temporal and personal variabil-
ities in individuals' 24-h exposures to PM2.5 and BC via a panel study
of N90 university students from ten universities in north-western Bei-
jing. Real-time personal exposure measurements were collected using
portable monitors in winter, spring and summer, and compared with
concurrent fixed-site ambient measurements in Beijing, to reveal main
exposure pathways for the study population. Filter-based correction
and co-located field calibration of individual personal monitors ensure
the intercomparability of the personal and ambient measurements.
This is one of the first detailed datasets of real-time personal exposure
assessment of this kind in Beijing.

4.1. Activity patterns and personal exposure levels

Post-monitoring processing of the participants' GPS data success-
fully attributed people's exposure to eight identified MEs over 80% of
the time, without the need for a conventional time-activity diary. The
student participants spent the majority of the time in indoor environ-
ments, largely in their Residence or their Workplace, an observation
that was independent of gender or weight classification. Comparatively,
a handbook for exposure factors in China suggests a median of 83% of
time spent in indoor MEs (Duan et al., 2015). This differs from previous
s that the total time spent in the respective ME and season was b30 min, or there was no

Walking Cycling Bus Metro

30.3 ± 29.0 97.4 ± 26.2 56.0 ± 34.7 17.2
3.0 60.6 ± 54.9 122.2 ± 101.9 71.9 ± 3.2 24.3

NA NA NA 1.2 ± 1.4
.4 53.6 ± 50.8 109.8 ± 62.4 63.9 ± 22.1 11.0 ± 11.7

1.1 4.0 ± 1.3 4.7 2.7
2.8 ± 2.1 5.4 ± 1.4 NA 3.0
NA 1.0 NA 1.4 ± 0.6
2.6 ± 2.1 3.9 ± 2.1 4.7 2.2 ± 0.9



Fig. 7. Relative difference between a) PM2.5 and b) BC personal and ambient concentrations by ME. The points and whiskers are the medians and interquartile ranges of hourly relative
differentials in personal PM2.5 and BC exposure in the corresponding MEs. n shows the number of hourly relative differentials in each ME for all participants.
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studies in other parts of the world involving participants with more di-
versified professions (Dons et al., 2011), but is typical for university stu-
dents in China, who stay in on-campus accommodation during term
time. The students were mostly attending lectures and conducting re-
search during the study period, so there were fewer periods of other ac-
tivities in the remaining time. It was also because campuses of Chinese
universities usually provide most amenities, eliminating the need to
leave the campus frequently. The real-life measurements made in this
study provide reasonable estimates of the exposure patterns of the stu-
dent population in Beijing. However, to represent personal exposure for
the broader population in Beijing, additional studies are needed that in-
clude a greater variety of people of different ages with more diverse
daily tasks, such as caterers, delivery drivers and building workers.

The personal PM2.5 daily mean concentration measured in this
study, 33.8 ± 27.8 μg m−3, exceeds the WHO's guideline for 24-h
mean PM2.5 concentration of 25 μg m−3 (World Health Organization,
2006). It is also higher than previously reported personal PM2.5 mea-
surements in Europe (with the range of study averages of 5.2 to
19.4 μg m−3) (Johannesson et al., 2011; Lanki et al., 2007; Montagne
et al., 2014) and North America (with the range of study averages of
13.0 to 22.0 μg m−3) (Kim et al., 2005; Williams et al., 2000). This was
due to the generally higher PM2.5 pollution in Beijing, but nonetheless
meets the Chinese Grade-II standard for 24-hmean PM2.5 concentration
of 75 μg m−3 (Ministry of Ecology and Environment of the People’s
Republic of China, 2012), and is in line with observations in other
major Chinese cities (2.9–126.8 μg m−3) (Baccarelli et al., 2014; Chen
et al., 2018; Du et al., 2010; Lei et al., 2016; Liu et al., 2019). The WHO
has not set a guideline concentration for BC at present, but the personal
concentrationmeasured in this study (1.9± 1.2 μgm−3) was compara-
ble with the exposure levels observed in vehicles in another Chinese
megacity, Shanghai (Lei et al., 2016), and on jogging trails in Macau
(3.5 ± 2.3 μgm−3) (Liu et al., 2019). Both of these published studies re-
ported a large spatial variability in BC in relation to distance to major
roads. This current study also found substantial variability in personal
BC concentration between participants monitored on the same day
and within some individual participants, whereas such variability was
less dramatic for personal PM2.5 concentrations, particularly between si-
multaneously monitored participants.

4.2. Personal exposure vs ambient concentration

Over the three seasons, personal PM2.5 and BC exposures correlated
well with ambient concentrations, showing the importance of outdoor
sources to participants' exposure to air pollution, even though partici-
pants were indoors most of the time. The highest personal and ambient
concentrations being observed in the spring of 2018 was unusual for
Beijing, where PM concentrations are typically highest in winter, as
the result of extra emissions from large-scale heating and adverse dis-
persion conditions due to temperature inversion. The significantly
lower PM concentrations in winter in the present study were probably
due to various strict emission controls the local government applied to-
wards the end of 2017, in order to meet the air quality objectives of a 5-
year reduction of 25% in PM2.5 concentration by 2017 set in the “Action
Plan on Prevention and Control of Air Pollution”. These emission con-
trols are undoubtedly effective in reducing ambient air pollution. None-
theless, it should not be overlooked that the determinants of ventilation
of the indoor MEs, such as the building structure, door and window
opening patterns, and the availability and use of air conditioners and
air purifiers will make a difference to indoor pollution levels.

On average, the personal PM2.5 and BC concentrations measured in
this study were 41.8% and 28.1% lower than their respective fixed-site
ambient concentrations. This contrasts with findings from previous
studies comparing personal exposure and ambient concentrations in
other Chinesemegacities (Fan et al., 2018; Lei et al., 2016). This ismostly
because of the different activity patterns between the study popula-
tions. Our participants spent most of the time in indoor environments,
whereas the concentrations in the published studies were also experi-
enced more in road travelling and cooking. The personal-ambient



Table 4
Time-weighted personal PM2.5 and BC exposure contributed by eachME (%) in each season. NA indicates the total time spent in respectiveME across the seasonwas b30min, or therewas
no personal pollution data.

Season Residence Workplace Dining Shop Walking Cycling Bus Metro

PM2.5

Winter 77.5 20.4 0.0 0.1 0.4 0.9 0.5 0.1
Spring 71.3 23.5 1.1 0.7 2.0 0.8 0.5 0.1
Summer 92.8 6.8 0.3 NA NA NA NA 0.1
All-season 74.7 21.5 0.7 0.4 1.3 0.8 0.5 0.1

BC
Winter 74.6 23.3 0.2 0.1 0.6 0.6 0.4 0.2
Spring 75.9 19.1 0.9 0.7 1.8 0.8 0.5 0.2
Summer 85.2 12.1 0.8 NA NA 0.5 NA 1.4
All-season 76.0 20.5 0.6 0.4 1.1 0.7 0.4 0.3
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differenceswill also reflect the locations of both the ambientmonitoring
station and the participants. In any event, these findings highlighted the
great variability in personal exposures to PM2.5 and BC,which is unlikely
to be represented in fixed-site point measurements used in conven-
tional approaches.

Personal PM2.5 and BC concentrations measured in this study exhib-
ited relatively clear diurnal patterns, namely, the dual peaks in the
morning and the evening, as previous studies in other Chinese mega-
cities have also observed (Liu et al., 2019; Qiu et al., 2019). However,
in contrast to the higher morning peaks reported in the other studies,
our participants were exposed to higher concentrations of these pollut-
ants in the evenings (Fig. 6). This appears to be correlated with the
higher evening ambient concentrations of both pollutants observed in
the winter and the summer. Greater personal-ambient differences
were found between late evening and early morning hours, when our
participants returned to their Residence, and thus had a greater degree
of separation fromoutdoor sources. This was reflected in the differences
and correlations between personal and ambient BC concentrations ex-
amined by season. Despite the broadly similar personal-ambient corre-
lations over the three seasons (r ≈ 0.9), the difference between the
personal and ambient BC concentrations was higher in the winter
than in the summer, indicating that our participants were exposed to
more outdoor air as the weather turned warmer in the year (Table 2).
4.3. Microenvironment contributions to personal exposure

Exposure analysis by ME revealed that Cycling, Shop and Bus were
themost pollutedMEs for both PM2.5 and BC. PM concentrations are ex-
pected to be higher in these MEs due to traffic emissions (for Cycling
and Bus), indoor sources (for Shop, including food courts within a shop-
ping centre), and particle resuspension enhanced by larger volumes of
people movement. On the other hand, Residence and Workplace were
consistently among the three cleanest MEs in our study. This relative
pattern of personal PM2.5 and BC concentrations in different MEs was
consistent with that reported in a previous transport-related survey in
Xi'an, China, albeit the personal PM2.5 concentration recorded during
Cycling in our study was much higher (up to ~9 times higher than the
WHO guideline value) (Qiu et al., 2019; World Health Organization,
2006). However, PM2.5 personal concentrations measured during Cy-
cling (more closely reflecting the PM2.5 concentrations on roads and
cycle paths) were lower than the fixed-site ambient measurements
~5 km away. This suggested that the high concentration, to which the
cyclists were exposed might be attributed to higher PM2.5 concentra-
tions in the broader urban environment, not only from traffic sources.

This study did not find statistically significant differences between
relative differentials in personal PM2.5 concentrations across the eight
MEs. This is partly due to the very small amounts of time spent in
some of the MEs and the large within-ME variability for some MEs,
and partly because there were PM2.5 sources in all MEs. The relative dif-
ferentials between personal and ambient concentrations were more
variable across the MEs for BC than for PM2.5. Despite the small sample
size, the significantly elevated personal BC concentrations when Dining
and on the Bus highlighted the emissions of BC from potential uses of
biomass and coal fuels in cooking and from combustion of fossil fuels
in bus engines. The observation in this study that travelling byMetro ap-
pears to significantly increasemeasured personal BC concentrationmay
be a measurement artefact, considering that the metros in Beijing are
electrically powered. The microAeth AE51 used in this study estimates
BC concentration by determining the light absorption by the dark spot
on the filter strip. However, previous studies have reported potential in-
terference from iron oxides in PM (e.g., from wheel and rail wear) in
Aethalometer measurements (Cai et al., 2013, 2014).
4.4. Implications of the findings

This study found substantial variability in both within- and
between-person exposures to BC, among the study population of
higher-education students in Beijing, which was larger than the vari-
ability in PM2.5 exposures. This suggests that BC could be a more dis-
criminating indicator for health responses to traffic-related pollution
in urban environments, and that people's exposure to BC is less likely
to be fully represented by point ambient measurements at a distant
fixed-site monitor. This highlights the value of more detailed personal
exposure assessment in air pollution epidemiology. For example,
when attributing health outcomes observed in individuals to their ex-
posures, the undifferentiated point measurements may reduce the cor-
relation between the two, and thus hinder the identification of
associations between PM and health parameters. Studies have found
stronger associations between cardiorespiratory emergency depart-
ment visits and exposure to traffic pollution using more spatiotempo-
rally resolved air pollution and exposure data, compared with point
measurements from a centrally located monitoring station (Batterman
et al., 2014).

Ambient PM2.5 and BC concentrations appeared to be the most im-
portant drivers of personal exposures for the studypopulation, although
personal exposure monitoring shows that using the average ambient
concentrations as a surrogate of true personal exposures may lead to
an overestimate of ~70% and ~40% for PM2.5 and BC, respectively. The
uncertainty could be larger in a broader population with amore diverse
lifestyle. However, the important role of outdoor pollution in personal
exposure calls for more informed ventilation strategies and indoor air
treatment for exposure reduction and health protection, during the
timewhen greater reductions in ambient PM are attained. For example,
it is common practice in China to open the windows for ventilation first
thing in themorning, however, the peak pollution levels over extended
morning rush hours suggest that it may be better to do so later in the
morning, or resort to a dedicated outdoor air system for the more
vulnerable.

Real-time personal monitoring highlighted the potential risks to res-
idents of Beijing from air pollution during commuting. This has
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encouraged the local residents to adopt personal protective measures,
such aswearing suitable facemasks and closing thewindowwhen in ve-
hicles to reduce their exposure to air pollution (Cherrie et al., 2018;
Kolluru et al., 2019). While the effectiveness of these personal-level in-
terventions needs further research in both typical and high pollution
scenarios, the greater influence of this study could be to educate indi-
viduals on behaviour changes beneficial for a greener society and envi-
ronment, including via influence on businesses. After all, everyone has
social responsibility to help achieve the 17 Sustainable Development
Goals in the United Nations 2030 Agenda for Sustainable Development.
4.5. Limitations of the study

This study demonstrated the feasibility of quantifying individuals'
true personal exposures to PM2.5 and BC in Beijing using field-
calibrated portable monitors and GPS trackers. The participants were
monitored through their daily normal life, and there was no significant
additional burden to participants (from, for example, keeping a manual
time-activity diary). The approach adopted in this study improved the
data integrity by automating data collection and was better able to re-
flect all pathways contributing to individuals' exposure. On the other
hand, there were some technical challenges, such as participants' MEs
not being fully determined with the GPS data, which affected the attri-
bution of some exposure to the MEs, and limited the exposure assign-
ment to hourly averages in this study. This was due to the variable
delays in reactivating the GPS trackers when leaving a building. A better
solution may be to use smartphone-based location services, which uti-
lises GPS satellites as well as connectivity to cellular andWiFi networks
to allowmore responsive and accurate tracking of bearers (Dewulf et al.,
2016). For indoor MEs where detailed location tracking is challenging,
more insight into the pathways of exposure may be obtained by identi-
fying people's activities, such as cooking and cleaning, via recording and
identifying sounds or video footage alongside personal pollution levels
and locations (Milà et al., 2018; von Schneidemesser et al., 2019) or
source apportionment via size-resolved particle sampling and simulta-
neous measurement of multiple pollutants (Vu et al., 2015). Other lim-
itations of this study include that each participant could only be
monitored once due to the large study population and the time and ef-
fort required for follow-up. Repeated measurements from the same in-
dividual across seasons would be advantageous in establishing the
variability of individual's activity patterns and exposure pathways, and
allow for better association with health outcomes. Lastly, this study
did not measure inhaled dose, which can differ with race, gender, age,
body weight and intensity of physical activity.

Despite these limitations, the comparison of personal and ambient
pollutant concentrations in this study has highlighted the higher incre-
ment in personal BC exposure in MEs that use biomass and fossil fuels.
This information should be considered when devising informed pollu-
tion control policies and intervention measures to reduce people's ex-
posure in these MEs. For example, cleaner energy should be promoted
for cooking and heating, as well as for motor vehicles; better ventilation
should be installed at metro stations; separation between motor vehi-
cles and cyclists and pedestrians should be increased to allow further at-
tenuation of traffic-related pollution. The spatiotemporally resolved
personal-ambient comparison can also provide insight for evaluating
the effectiveness of such mitigations. For example, measurements in
this study revealed that the ambient concentrations peaked slightly
later in the day than the personal concentrations. Also, the highest BC
personal exposure occurred slightly later in the day than that of PM2.5.
Given that 45% of Beijing's local air pollution is generated by mobile
sources (vehicles) (UN Environment, 2019), particularly diesel-engine
vehicles, which are a major source of BC, these differences in peak
times may reflect the positive effects on air quality of the policy that re-
stricts certain heavy goods vehicles from passing through the city
(within the 6th ring road, including our study area) at rush hours.
5. Conclusions

This study demonstrated the feasibility of capturing the variability in
personal exposures to PM2.5 and BC pollution in Beijing, using lower-
cost portable devices and modern data science tools. In the study of
N90 university students, personal measurements of PM2.5 and BC were
found to be generally lower than concurrent ambient measurements
from fixed sites in the broader neighbourhood. Greater personal-
ambient differences in BC concentrations across MEs confirmed BC as
a good indicator for traffic-related pollution in the urban environment,
and also identified cooking as a notable source of exposure to
combustion-derived PM during shopping in retail outlets with dining
areas. Overall, the use of personal monitoring of PM2.5 and BC concen-
trations captured the high variation between participants monitored
over the same period, and within some individual participants. This de-
tailed exposure characterisation is likely to be valuable when assessing
the effect of air pollution exposure on health outcomes, and could also
offer valuable insight into the effectiveness of interventions to reduce
air pollution.
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