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Graphical Abstract

Commuter’s exposures to PM, 5 and ultrafine particles above background levels were observed
in Santiago Chile, which varied with transport mode.
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Environmental impact

Urban environment can be heavily impacted by transport emissions that include
noxious pollutants such as PM, s and ultrafine particles. Transport emissions impacts and the
impact of using different transport modes have been studied measuring personal exposures to
pollutants in commuters using highly exposed routes in different cities in the world. Here we
compared personal exposures to PM2.5 and ultrafine particles in commuters travelling in
different transport modes through a heavily trafficked avenue in Santiago, Chile. The impact of
transport mode, background level contribution, meteorology, vehicular restriction and time
variables were explored.
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Abstract

The objective of this study was to compare persexyosure to particulate
matter (fine and ultrafine particle) in commutessng different transport modes
(bicycle, bus, car and subway) in a busy, assigaete in downtown Santiago, Chile.
Volunteers carrying personal samplers completeddudled commutes during the
morning rush hours, while central site measuremwate conducted in parallel. A total
of 137 valid commutes were assessed. The impardfal site, traffic and other
variables were explored with regression modelsz £pérsonal concentrations were
equal or slightly above central site measuremevtide UFP personal concentrations
were above it. Regression models showed impadistbfbackground levels and traffic
emissions on personal BMand UFP exposures. Traffic impacts varied withgport
modes. Estimates of traffic impacts on personap Piere 2.0, 13.0, 16.9 and 17.5
ngm3, for car, bicycle, subway and bus, respectivelyilevfor UFP were 8 400, 16
200, 25 600 and 30 100 couwts®, for subway, car, bicycle and bus, respectively.
After controlling for central site and transport aeg higher temperatures increased
PM: s exposures and decreased UFP ones, while windidmeaffected UFP personal
exposures. In conclusion, we found significant iotpaf both central site background
measurements and traffic emissions on personalsexes of volunteer commuters in

an assigned route in Santiago, with impacts varwitly transport modes.

Keywords. PMz s, ultrafine particles, personal exposure, transpurtes, traffic

emissions, Santiago Chile
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I ntroduction

It is known that traffic emissions include sevgrallutants, which can affect
people’s health, including fine particulate matéi. s), ultrafine particles (UFP) and
toxic gases, such as carbon monoxide and nitrogiele® . Besides the known
impacts of these pollutants on human health, sexecant studies have shown that
proximity to traffic may increase adverse healfle@f. For instance, respiratory
impacts in asthmati¢snd cyclist, and increased acute myocardial infarction
Additionally, it has been shown that people livimgar highways experience increased
pre-mature mortality

People can be unequally exposed to pollutants wbitemuting by different
transport modes. Transport mode may change how clmsmuters are from traffic
emissions and to what extent they could be pradefctean ambient concentrations. For
instance, bus commuters may fulfill their commutesugh very busy streets with
traffic jams, very close to other vehicles, whileyicle commuters may maintain a
larger distance to other vehicles; on the othedhbhoses have doors and windows, and
even air conditioning, which may protect commufess outdoor pollution. When
comparing transport modes in terms of pollutantosxpe, we address two
complementary questions: i) how exposure changds Weping “external conditions”
constanti(e. same route); and ii) how exposure changes i€timemute is similar
(similar start and end) but the route changes. Bpfiroaches are complementary, as it
is important to know whether or not the differemcexposure while commuting by bus
or car is due to the mode itself, or to the electede.

A standard way to compare transport modes is bygrasag a fixed route. Several
studies have attempted to compare transport manesdering fixed routesxposeé?’,

while there are proportionally fewer studies colittg for other variables, such as
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meteorology and/or central site, background le¥eland even fewer studies from
developing countries and measuring ultrafine pladgit 1 18 The aim of this study was
to compare personal exposure to particulate m@tds s and UFP) in commuters using
different transport modes (bicycle, bus, car armh&y) in an assigned route in downtown
Santiago, Chile, while controlling for the impaétentral site background measurements

and other factors such as meteorology and vehicegrictions.

Materials and M ethods

Study Site

Santiago is the capital of Chile and is the ceot@ommercial, industrial and
cultural activity of the country. It has a poputatiover 6 million people, spread over about
100 knt (Figure 1a). Santiago is located in a valley ceddsy the Mapocho River and
surrounded by the Andes Mountains to the East eaneral other mountain ranges in other
directions. The enclosed location inhibits venitiat which when combined with common
winter thermal inversions, causes the accumulatfgollutants and frequent air pollution
episodes. Due to the large population and its sipteaffic emissions are important and are
one of the main contributors to the large RMoncentrations observEd? Santiago’s
transport system consists of a fleet of 6180 diegs€$® and an electrical subway system
with underground and surface components. Additigntie transport fleet includes
1,597,762 private cars, mostly gasoline powered light and heavy duty diesel trucks to
transport materials and godtisVlost of the commercial and cultural activity bétcity is
concentrated downtown, with several mixing higle tiilding producing street canyons,
and heavy traffic including usual traffic jams dwgirush hours.

The assigned route was located in downtown Sanaagdas comprised of two
major avenues: Alameda Avenue and Republica Stréegaire 1b). This section of

Alameda Avenue was selected because it repres@atsian of many typical
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commutes in Santiago and includes infrastructuradour transport modes:
underground subway, several bus lines and a cgmvaienade that includes a bicycle
line. Alameda is the major commercial street intgo and has heavy public and
private vehicular traffic that includes cars (uspghsoline powered), diesel buses and
trucks; it is generally crowded with commuters btr@nsport modes. Traffic jams
during rush hours are common.
Commutes

Volunteers carried personal samplers for.Bleind ultrafine particles while
background ambient measurements were performearall@ at a central site. To
ensure a variety of weather conditions, commute® werformed during winter-spring
months of 2011 and summer-autumn months of 201Zokhmutes were targeted to
run from 8:00 am to 9:00 am, which is during thermag rush hour. The assigned
route mimics a full commute for a person in theaaféhe route was Universidad Andrés
Bello (UNAB), Alameda Avenue, “La Moneda” Subwayafon, “Central Station”
Subway and back to a meeting point where volunteerbange personal samplers with
the other commuter and repeated the process tbyferad at the UNAB site. A
sampling session consisted of two commuters perfayithe route twice, one carrying
the PM s sampler and the other with the UFP sampler. Tamspode and order of
samplers was assigned randomly. Car and bicyclemdes were performed almost
completely on these transport modes. Bus and subamaynutes included walking
portions along Republica Street and bus and suloaaynutes along Alameda Avenue.
They also included short walking sections alongwdda Avenue, including street
crossing and waiting periods. Subway commutes werlrmed completely
underground, and volunteers were asked to chamgetion (i.e., east to west) inside

the subway station, without ascending to streedllev
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During commutes, volunteers carried backpacks auntathe samplers. When
commuters used cars, the backpack with the sampletocated on the passenger seat
next to the driver. Three different cars were udading the study: a 2006 Toyota Yaris,
a 2000 Subaru Forester, and a 2005 Subary Legd#layars were gasoline powered and
included catalytic converters. To homogenize coowls, volunteers were asked to drive
the cars with the most likely cold morning condisai.e., windows were closed and
ventilation and heating were used at will, but withrecirculation. To avoid risky
commutes for cyclists and not to bias the studynabsurements were cancelled during
rainy days. Finally, some measurements were scbedluring the nation-wide 2011
political demonstrations regarding education. Onlg few cases measurements were
rescheduled, as early morning activities did naiflected with demonstrating activities.
Only volunteers (mostly researchers and some stsidparticipated as commuters. All
participants read and signed a consent form. Aicgdures were approved by the

University of Chile, Faculty of Medicine Ethics Camttee.

M easur ements

Personal PMs particle concentrations were measured using aHedaptical
particle counter (DUST-TRAK Il, Model 8532, TSI, &eview, MN, USA), while
personal UFP were made using a handheld condenshparticle counter (P-TRAK
Model 8525, TSI). Samplers were placed in backpackspowered with batteries. A
conductive inlet tubing provided by the factory veasmnected to the samplers, taken out
of the backpack and placed on the belts of the giadkwith the inlet about 10 cm
below of the shoulder of the commuter. Samplersewget to register and average data

every 10 seconds.
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Central site measurements were acquired in patalaty a pair of the same
samplers used for personal monitoring. Samplere Yomated in a balcony at the
second floor of a UNAB building (Figure 1b), withet inlets extended about 30 cm.
from the edge of the balcony using the same tuasithe personal samplers. As Dust-
Trak measurements cannot be used as an absoluee waparallel, integrated P
filter samples were collected (as previously perfetf®). PM s filter samples were
collected using a Personal Environmental Monitoodel 761-203A, SKC, Eighty
Four, PA) operated at 4 liters per minute with 37pmerweighted Teflon filters.
Collected mass was determined by gravimetry at €hésbNet Laboratory (Tigard,
OR, USA). Blank filters were acquired in parallaeban a similar filter sampler that
was not connected to a pump.

Details of the commute regarding congestion, affinditions, times entering
transport modes and some special events duringptnenute were recorded using
personal voice recorders. All instruments were byowized. Meteorological variables
were downloaded from the Ministry of Environmen&%i including wind speed and
direction, temperature and relative humidity. Aldaring winter months a vehicular
restriction takes place as an air pollution contnelsure. Restriction takes place during
April to August, and during this period 4 out of d@nventional cars without catalytic
converters and mechanic injection (according tense plates) cannot circulate.

Each session commenced and terminated with quartgrol (QC) activities for
both continuous PM samplers, including zeroingitiserument using a filter, and
collocating the samplers for 3 minutes at the @rsite both at the beginning and the
end of the commutes. Collocations showed good letiwes, but there were usually
differences in responses between samplers. Thergfersonal measurements were

corrected each day using the central site as referd\lso, PMs measurements at the
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central site were calibrated against filter sampkeslone previousts: About eight
commutes were integrated in one filter to ensufiicgnt mass was collected (about 2

m?® sampled). Blank filters showed small values, tfoeeethey were not considered.

Data Analysis

For each sampling day, four personal/centralaie observations were
generated, in two transport modes usingEP&hd UFP samplers. Each commute was
plotted against time and visually inspected to clatata losses, sampler clogging and
large outliers. Commutes with systematic problerasewemoved, including one BNl
and three UFP commutes. Each commute was colldapsesdmean concentration value.
Summary statistics, boxplots, and histograms waleutated separately by transport
modes.

To determine the impact of different parameterpersonal samples,
regressions models were fitted as done previdtsie response variable was always
either PM.s or UFP mean personal exposures for each commat@ables were tested
untransformed to ease interpretation and provideempbysical meaning to the restits
However, models residuals were checked, and alththey showed some skewedness,
regression analysis is robust to mild deviationsifmormality.

Three models were built with increasing complefatyeach pollutant. Model 1
included only central site as main predictor, mdlalso included different intercepts
for each transport mode, and finally model 3 ineldiddditionally all significant
parameters (meteorological, temporal and vehigelstriction variables). In Model 1
the slope was interpreted as the contribution okgaund pollution to personal
exposure while the intercept was interpreted asgamegate contribution of traffic

emissions to personal exposure. In Model 2 theaetf#s are interpreted as specific
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traffic contributions differentiated by transporbde. Model 3 was constructed by
testing each variable at a time using Model 2 lbase. Tested variables included
meteorology (temperature, relative humidity, wip@éed and direction), temporal (days
of week, months) and days vehicular restrictiorariables were tested continuously,
whenever possible, or as dummies one at a timaifsgnt variables were added to
model 2, and only variables that remained signifi¢hereafter, including the others
were retained in Model 3. Besides the impact ofsihecific variables under study,
output from Model 3 can be interpreted as the irhp&central site and traffic
emissions by transport modes controlling by theotariables. Statistical contrast
between the different transport modes was doney&theffé tests. All tests were
considered significant at the 0.05 level. All datelysis was done using SAS 9.3
statistical package (SAS Institute Inc., Cary, M@yl R statistical package (R

Foundation for Statistical Computing: Vienna, Atest2009).

Results

Summary statistics

Commutes were performed from Juné #%rough October 13 2011 and from
March 6" through May 18, 2012. A total of 139 commutes were performedn\6i
and 67 commutes having valid data for Mnd UFP, respectively (Table 1). Almost
the same number of commutes were performed usenditferent transport modes.
Examples of temporal observed concentrations Imgpart mode and pollutant are
shown in Figure 2 and Figure 3. Usually, centred data appeared much smoother as
compared to personal exposures, which showed peates above central site
measurements. For personal measurements, largen@edrequent peaks were

observed for UFP measurements than foe RMnd for bicycle and bus commutes than
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for car and subway ones. Finally, car measurensfiitwed the smoothest behavior,
with peaks that were broader and with several fpe@eds yielding concentrations
lower than the central site. Concentrations belentral site were usually observed for
subway commutes as well.

Summary statistics and box-plots of a commute’smueacentrations and time
by pollutant and transport mode are shown in Talded Figure 4a. Central site PM
concentrations showed high average concentratitthsawather large SD (54.5+24.1
ngm3). For personal measurements separated by modesmasged from 46.5 pg3
(for cars) to 62.4 g3 (for subway), with SDs similar to central site (@nd 20 pegm
3). Larger SD was observed for bus commutes (24:@F)gn agreement with larger
peaks observed for this mode. Central site UFPeam@nations were also high on
average with a large dispersion (46,100 + 38,50 tszm ). Personal measurements,
however, were in general significantly higher oerage than central site ranging from
42,500 countsm® (for subway) to 70,900 countst® (for bus), but showed rather
similar SD except for bus measurements. All comstgsted about the same amount
of time (45 minutes).

Summary statistics for meteorological variablessdr@wn in Table 1 and Table
2. Most days were mildly cold (between 0 °C and @} with moderate relative
humidity (around 60-80%) and very low wind speedg$trdays < 1m/s), with incoming
winds generally from the south, never from the Imofthese are typical morning
conditions for a city located in a semi-arid valld&e Santiago. Meteorological
variables showed some variability that could potdiytaffect personal exposures.

The impact of central site on personal exposure explored. Figure 4b shows
boxplots of concentration differences between peabkand central site measurements

by mode, while Figure 4c shows scatter plots ofpeal vs. central sites measurements.
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The boxplot shows that personal concentration of £dve similar or above central site
(by about 10 pgn3) for all modes except cars, while for UFP pers@aaicentrations
are clearly above central site for all except sugwath difference in the range of about
20,000 countsm3. Similarly, scatter plots show a strong relatibcentral site

measurements with personal measurements both feg BMl UFP (Figure 4c).

PM25 models

Model 1 (Table 3) explained a large fraction of tlagiance (R=0.77,
p<0.0001). On average 79% of the background lesarisribute to the observed
personal concentrations, while a significant pari{p2.4 pgn) remained unexplained
and are attributed to traffic emissions. Model al{lé 3) explained a larger fraction of
the variability (R=0.86, p<0.0001). Overall, the transport factor sigsificant, and all
intercepts were significantly different from zenacept for cars. The significant
intercepts had a similar or a slightly larger magghe than the intercept observed in
Model 1, and ranged from 13.0-pg® for bicycle commutes to 17.5 pg? for bus
commutes. Contrast tests showed significant diffegs between bicycle, bus and
subway commutes vs. car ones, but no differencemgrtihem.

In Model 3 (Table 3), temperature as a continu@usble was the only
significant variable, and no significant effectsrevéound for wind speed or direction,
relative humidity, month, day of the week, or vetha restriction. Temperature
increased personal Pigin 0.66 pgm for each °C increment. The model including
temperature further increased the variability eixad (R=0.89, p<0.0001), and
increased the fraction of background PNhat impacts personal measurements (88%).

Differences between modes remained similar to M@delsults.
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UFP models

As with PMb s, personal UFP measurements showed a strong darneleth
central site measurements (Figure 4c). Model 1I€T4pexplained 69% of the
variability, with 86% of background levels contrting to the observed personal
concentrations. Traffic emissions had a signifiaanitribution increasing personal
levels by 18,200 countsni®. Model 2 (Table 4) explained a larger fractiortrof
variability (80%), but central site contributioresgersonal are slightly reduced (82%)
compared to model 1. The overall transport factas significant, but unlike P4, in
UFP exposure, all intercepts were significantlyvabpnero, and more scattered, ranging
from 8,400 countm for subway commutes to 30,100 couens? for bus commutes.
Contrast tests showed that during bus and bicyaienautes, UFP exposures were
significantly higher than during subway commutetgiaonally, bus commute exposure
levels were higher than during car commutes.

Results from Model 3 (Table 4) showed that onlygemature as a continuous
variable and wind direction were significant. Inailog these variables further increased
the variability explained by the model%®.85, p<0.0001), but background
contributions to personal exposures were decreasg@. Temperature showed a
significant effect, increasing personal exposuredaler days: 23,800 countar® more
for days below 0 °C, 7,700 courtust® more for days between 0 °C and 5 °C, and 5,200
countscm® more for days between 5 °C and 10 °C compareddesis above 10 °C.
Wind direction was also significant (p<0.01) wit® concentrations increasing by
about 11,000 countsn® for commutes with eastern incoming winds as opgpdse
southern or western winds. Differences in intersdggtween modes remained similar to

Model 2 when adding the other variables as with PModels.



Page 15 of 31

Environmental Science: Processes & Impacts

Discussion

This study compared personal exposure to traffitifants (PM.s and UFP) in
commuters performing assigned commutes with diffier@ansport modes. We found
that central site measurements, representing bagkdrambient levels, were strong
predictors of personal exposures. Additionallgréhwas an important contribution of
traffic emissions which varied depending on tramspwde. Some other covariates,
such as temperature and wind direction, were inapogredictors of exposure levels,
but did not change the main observation regardeifjd¢ contributions and transport

mode.

Impact of background and traffic.

Central site observations for BMdid not differ from previous studies in
Santiago, Chil&" 2’ while there is a lack of background monitoring =P in
Santiago. Personal traffic observations concurrigh those observed in a previous
study during morning rush hodfshowever these were observed from a “curb-side”
site and in a relatively shorter time frame. T@ffnpacts after controlling from central
site were in the order of 10 to 20-mg for PMzs and 10,000 to 30,000 courasr® for
UFP. These observations were sinfilat *or below® *°those observed before for
PM..s, and similat® *®or below to the rather few studies measuring UFR®Pcentral
site. This might be explainable because the podfolameda Avenue under study was
not a “street canyon”, with rather low buildingstive surroundings (about 5-10 flights)
and a relatively broad central avenue. Also, vdarcechnologies used in Santiago are

not considered highly polluting.
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When considering central site as a predictor ofqaal exposures in studies
including several transport modes, only develomiogntry studies found strong
association$ **for PM..s, while developed countries did &df For UFP, the two
studies from developed countries that includedregsites did not find an impaét=°
It was suggested previously that studies in dewetppountries might have higher
background levels of pollutants, which increasesitipact of them on personal
exposures. Also, as it is known that pollutantpeeslly UFP, might have a spatial
variation, the location of the central site mightimportant to assess personal exposures
to background levels. Sites located too far fromu@omeasurement locations may not

adequately represent background-level impacts sopal exposures.

Impact of Transport modes

For PMus, we found a large contribution of traffic (abou figm™) for bus,
bicycle and subway, while cars had lower contrirutinot significantly different from
zero). It seems that under similar circumstancasmésroute) these three modes are
equally exposed to PM, while cars are somehow protected. The high impadtus and
subway commuters might be due to the commute itgelfy being highly exposed by
walking during part of the commute. Previouslywas suggested that modes closer to
traffic should be more exposedVhile many studies have found that bus commuatess
the most exposed to Pt? 12 1418 gthers have found that car commuters are amang th
most exposed 32 and place bicycle and subway commutes generallpveer, or
intermediate exposure levels. Some recent studis &lso found that car commuters are
less exposedl® suggesting that newer car designs and ventilatimems make for

cleaner in-cabin environments.
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For UFP, we found larger traffic contributions fars (30,100 courtm3) and
bicycle (25,600 courtm®) commutes, while car (16,200 couwmr®) and subway
(8,400 countm®) commutes had relatively lower impacts. Heregéras that
proximity to traffic is important, as bus and bitgybave large impacts, while subway
exposure is generally lower. Car commuters seee farotected, but not as much as
for PM2s5. The few studies that have analyzed the impattosport modes on UFP
have found a high impact on car commuteféand bus commutés 2 while bicycle
and subway usually had lower to intermediate img&8imilarly to PM.s, some studies
show that newer cars and buses might reduce expterels, as results of their newer
fabrication and ventilation systems. This can algply to subway systems that include

air conditioning.

Impact of other variables

The impact of other variables were explored in nedaready adjusted for
background concentrations and transport modes.d{d&me estimates reflect their impact
in the local microenvironment, and not at the gahé&ackground level. We found
significant impacts of meteorological variables P> sand UFP personal exposures.
For PMbs, concentrations increased with higher temperatussch might be due to
dryer conditions leading to dust re-suspension tand increasing personal exposures.
For UFP, on the other hand, lower temperaturegastérly wind sources were associated
with higher exposure concentrations. This mightlbe to higher particle condensation
and/or lower ultrafine particle evaporation in aldveathet® as expected for a semi-
volatile aerosol; while wind direction might be &y important, as downtown is located

east from the route so higher emissions are exgp¢iceze.
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Few studies have systematically explored the impéaneteorology on personal
exposures and transport motlés > 4 As they are not adjusted for central site, the
variables impact both background levels and pets@osure; it could be the case that
the variable might affect both and maybe in oppositections. Most studies found
impacts for wind speed and temperature, observiegredsing concentrations with
increasing wind speed and temperature. Howevesetivapacts should be driven by
impacts on background concentrations, which is ebgageand is somehow trivial. We
consider that modeling the impact of variables erspnal exposures should separate the
impact of them on background levels and on persexgabsures.

Finally, apparent but insignificant exposure recit were found for days with
vehicular restriction. This may be due to the maagimpact of restricting only cars
without catalytic converter and not including caith the converters, and also trucks and
buses. Another factor could be that people own rtitae one car, so they might switch
cars on the days of restriction. Lastly, it is pokesthat pollutants accumulate on the route
due to the traffic jams. Previous studies have domnild impacts of vehicular restriction
on overall background levels in Santiago, Chileglehan 10%) for PME4, which is in
agreement with our results. To our knowledge thibe first study that includes vehicular

restriction impacts on personal exposures.

Strengths and limitations

The biggest strength of this study is that we resteal personal exposure data
for PM2s and ultrafine particles, which is seldom availditen developing countries.
We also included central-site measurements. Artiaddi strength is that, with our
modeling approach we found clear impacts of cesital transport modes and

meteorology that have clear physical interpretatiod can be easily used to compare
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transport impacts between cities, and for healtheich assessment studie$revious
studies explored associations using log transfannmatios, with results that are more
difficult to interpret. For instance, central sepacts might be in a percent increase in
personal exposures, while ratios cannot be easéy in risk assessment.

One limitation to our study is that we did not @@ other traffic pollutants
such as N@and CO, which may be better tracers of gasolinecassions. Also, we
measured only one route at only one time of the dagl we measured an assigned
route, as is common in the majority of studies.wHbese measurements compare to

real-life routes is an important question and stidnd explored.

Conclusions

In this study we analyzed personal exposures tesR¥d ultrafine particles in
commuters using different transport modes in Sgati€hile. We found impacts of
background levels and traffic on personal expostivasvaried with transport modes
and meteorological factors. Bus commuting hadsthenger traffic impacts on both
pollutants, while car commuting had the lower intpdor PMb s, and subway
commuting for UFP. Our study shows that althougftreg site measurements are
important predictors of personal exposures, thieseeawill likely underestimate actual
concentrations, and transport microenvironment aggpleeavily affected by local
emissions. Efforts should be made to improve corensitonditions as follows:
decreasing nearby traffic whenever possible; imipigpemission technologies;
improving in-cabin conditions; and separating hepoluting vehicles from
commuters.

Although we found traffic impacts in almost allnsport modes it is of concern that

cyclists experience relatively large exposure Igwas compared to the relatively low
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exposure levels experienced by car commuters. \gHdight this inequity of the
situation where the most sustainable commuterdigtyevith almost no emissions)
experience a similar, or larger, burden of trafimissions as compared to those
commuters contributing to larger pollution emissi¢oars). Route selection might be
important to decrease cyclist exposures as have $iemvn in previous studies.
Comparing the impact of transport modes using “liéal routes, especially for cyclist,

should be explored in future work.
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Figure Legends

Figure 1. Maps of the study setting.

Figure 2. Examples of temporal plots for Por different transport modes.

Figure 3. Examples of temporal plots for UFP fdfedtent transport modes.

Figure 4. Plots for personal exposure against aksitie exposures. a) Boxplots for
central site and personal observations by transpodes. b) Boxplots for differences
between personal and central site observationsabgport mode. ¢) Scatter plots for
personal and central site observations.

Tables L egend.

Table 1. Summary statistics for variables assodisiehe commutes.

Table 2. Summary statistics for pollutants and wretegical variables by commute.
Table 3. Results for personal P¥models.

Table 4. Results for personal UFP models.
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Figure 1. Maps of the study setting.
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Figure 2. Examples of temporal plotsfor PM2s for different transport modes.
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Figure 3. Examples of temporal plotsfor UFP for different transport modes.
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Figure 4. Plotsfor personal exposure against central site exposures. a) Boxplotsfor
central siteand personal observations by transport modes. b) Boxplots for
differences between per sonal and central site observations by transport mode. ¢)
Scatter plotsfor personal and central site observations.



Table 1. Summary statistics for variables associated to the commutes.
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Commutes

Variable PM;s UFP
Tansport Mode

Bicycle 14 16

Bus 18 17

Car 18 17

Subway 18 17

Total 68 67
Dates

Jun-Oct 2011 43 42

Mar-May 2012 25 25
Temperature (2C)

<0 4 3

0-5 20 20

5-10 19 19

>10 25 25
Relative Humidity (%)

<40 2 2

40-60 11 11

60-80 32 31

>80 23 23
Wind Speed (m/s)

0.0-0.5 21 21

0.5-1.0 31 30

>1.0 16 16
Wind Direction

East 19 18

South 29 30

West 20 19

North 0 0
Exception Days

No restriction 19 19

4 plate restriction* 49 48

*For cars with no catalytic converter
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Table 2. Summary statistics for pollutants and meteorological variables by

commute.

Variable N Mean Median SD Min Max
PM; 5 (pg m?)

Bicycle 14 50.9 50.2 18.8 14.3 90.1
Bus 18 60.4 57.1 249 221 108.2
Car 18 46.5 50.9 20.5 4.6 80.5
Subway 18 62.4 59.7 18.7 26.0 95.1
Central Site 68 54.5 51.4 24.1 7.7 100.6

UFP (counts cm™)

Bicycle 16 63,900 62,000 22,600 20,000 107,200
Bus 17 70,900 60,000 27,300 27,500 110,100
Car 17 54,500 49,800 25,600 14,500 109,400
Subway 17 42,500 37,200 17,500 20,000 84,500
Central Site 67 46,100 38,500 24,600 9,800 104,400
Time (min)

Bicycle 30 404 40.4 6.6 17.0 51.3
Bus 35 447 44.7 9.4 30.3 76.2
Car 35 426 43.7 7.0 25.7 57.0
Subway 35 453 43.2 8.9 34.5 76.3

Meteorology

Temperature (°C) 69 8.1 8.6 6.3 -2.0 21.9
Relative humidity (%) 67 74.7 75.2 124 458 94.1
Wind speed (m s?) 69 0.7 0.6 0.4 0.1 1.6




Environmental Science: Processes & Impacts

Table 3. Resultsfor personal PM2s models.

p-value p-value

Parameter Coeff. s.e. 95% ClI t-test F-test
Model 1: Personal vs. Central Site (R>=0.77)

Intercept 12.3 3.1 6.2-18.4  0.0002

Central Site 0.79 0.05 0.69-0.89 <.0001 <.0001

Model 2: Personal vs. Central Site + Transport Mode (R?=0.86)

Central Site 0.79 0.04 0.71-0.87 <.0001 <.0001
Transport Mode <.0001
-Bicycle 13.0 3.0 7.1-18.9 <.0001
-Bus 175 3.0 11.6-23.4 <.0001
-Car 2.0 3.1 -4.1-8.1 0.5215
-Subway 16.1 3.2 9.8-22.4  <.0001

Model 3: Personal vs. Central Site + Transport Mode + Temp. (R?=0.89)

Central Site 0.88 0.04 0.80-0.96 <.0001 <.0001
Transport Mode <.0001
Temperature 0.66 0.17 0.33-0.99 0.0002 0.0002
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Table 4. Resultsfor personal UFP models.

p-value t- p-value F-

Parameter Coeff. s.e. 95% CI test test
Model 1: Personal vs. Central Site (R>=0.69)

Intercept 18200 3700 10900-25500 <.0001

Central Site 0.86 0.07 0.72-1.00 <.0001 <.0001

Model 2: Personal vs. Central Site + Transport Mode (R?=0.80)

Central Site 0.82 0.06 0.70-0.94 <.0001 <.0001
Transport Mode <.0001
-Bicycle 25600 4000 17800-33400  <.0001
-Bus 30100 4100 22100-38100  <.0001
-Car 16200 3900 8600-23800 0.0001
-Subway 8400 3700 1100-15700 0.027

Model 3: Central Site + Transport Mode + Temp.+Wind Direction (R?=0.85)

Central Site 0.59 0.10 0.39-0.79 <.0001 <.0001
Transport Mode <.0001
Temperature 0.0229
<0 23800 7600 8900-38700 0.0027
-0-5 7700 4400 -900-16300 0.0849
-5-10 5200 3500 -1700-12100 0.1466
->10 0 ref. ref.
Wind Direction 0.0113
-East 11600 4800 2200-21000 0.0192
-South -700 3400 -7400-6000 0.8329

-West 0 ref. ref.




