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Abstract

Traffic-related ultrafine particles (UFP; <100 nameiers diameter) are ubiquitous in urban air. While
studies have shown that UFP are toxic, epidemio&gvidence of health effects, which is needed to
inform risk assessment at the population scalenited due to challenges of accurately estimatitd®
exposures. Epidemiologic studies often use empimoalels to estimate UFP exposures; however, the
monitoring strategies upon which the models aredh&sve varied between studies. Our study compares
particle number concentrations (PNC; a proxy foPYmmeasured by three different monitoring
approaches (central-site, short-term residential-and mobile on-road monitoring) in two studyaare
metropolitan Boston (MA, USA). Our objectives wépequantify ambient PNC differences between the
three monitoring platforms, compare the temportiepas and the spatial heterogeneity of PNC between
the monitoring platforms, and identify factors théfect correlations across the platforms. We ctdle
>12,000 hours of measurements at the central §if@80 hours of measurements at each of 20 regtlent
sites in the two study areas, and >120 hours ofilmaieasurements over the course of ~1 year in each
study area. Our results show differences betwesmitmitoring strategies: mean one-minute PNC on-
roads were higher (64,000 and 32,000 particlelioBoston and Chelsea, respectively) compared to
central-site measurements (23,000 and 19,000 fes/tia?) and both were higher than at residences
(14,000 and 15,000 particles/dmTemporal correlations and spatial heterogersity differed between
the platforms. Temporal correlations were genetaitijnest between central and residential sites, and
lowest between central-site and on-road measurem@afe observed the greatest spatial heterogeneity
across monitoring platforms during the morning rbehrs (06:00-09:00) and the lowest during the
overnight hours (18:00-06:00). Longer averagingesrdays and hours vs. minutes) increased temporal
correlations (Pearson correlations were 0.69 a#@ ¢s. 0.39 in Boston; 0.71 and 0.61 vs. 0.45 in
Chelsea) and reduced spatial heterogeneity (cafti of divergence were 0.24 and 0.29 vs. 0.33 in

Boston; 0.20 and 0.27 vs. 0.31 in Chelsea). Ouwrtsesuggest that combining stationary and mobile
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monitoring may lead to improved characterizatiotJ&P in urban areas and thereby lead to improved

exposure assignment for epidemiology studies.

Keywords: particle number concentration, ultrafiregticles, mobile monitoring, stationary monitoring

residential monitoring, exposure
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1. Introduction

Traffic-related air pollution (TRAP) is a complexxture of particles and gases. Although exposure to
TRAP is associated with increased morbidity andtality (HEI Panel of the Health Effects of Traffic-
Related Air Pollution, 2010; World Health Organipnat 2013) there remains a lack of causal evidémce
link health impacts to specific pollutants. Onelgiaint that may play a role in causing adversetheal
effects is ultrafine particles (UFP; <100 nanonmgeteraerodynamic diameter), which are ubiquitous in
the urban environment. UFP originate mainly froombastion sources with some of the highest
concentrations occurring near highways and majatways (Karner et al., 2010; Patton et al., 2014b).
UFP are of particular concern due to their smak sihich allows them to penetrate deeper into the
lungs, cross biological barriers, and be transkxt#&b other organs where they can cause adverkh hea
effects (Geiser et al., 2005; HEI Review Panel d#trafine Particulates, 2013; Oberdorster et alg30
Since the 2013 HEI report new studies have rep@sedciations between traffic-generated UFP and
markers of cardiovascular disease risk and moyt@lane et al., 2016; Ostro et al., 2015; Viehmahn

al., 2015).

UFP concentrations can vary significantly over skiore and distance scales (Karner et al., 2010y Le
et al., 2014; Riley et al., 2014). For exampletiRsdn et al. (2014) observed that UFP increasefbbel
at a near-roadway site within a three-hour wind@erahe start of the morning rush hour but conenir
concentrations were ~40% lower at a site 130 m aomahfrom the road. The considerable fine spatial-
scale and temporal variability of UFP poses a ehgk for exposure assessment; therefore, carebmust
taken in designing UFP monitoring networks in ordeadequately capture the variation and minimize

exposure error (HEI Review Panel on Ultrafine Rattites, 2013; Pekkanen and Kulmala, 2004).

In epidemiological studies of UFP, models basetboal meteorology and traffic conditions have been
developed to estimate UFP concentrations acrossateas (Aguilera et al., 2016; Lane et al., 2016)

Widely-differing monitoring networks have been usednodel UFP, and characterize UFP in general,
including long-term stationary monitoring (Aaltoadt, 2005; Cyrys et al., 2008; Moore et al., 2009)

4
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mobile monitoring (Aggarwal et al., 2012; Li et,&013; Padr6-Martinez et al., 2012; Patton eRéll5;
Steffens et al., 2017; Weichenthal et al., 2016a&ket al., 2011), monitoring at central sites and
multiple short-term stationary sites (Abernethwlet2013; Eeftens et al., 2015; Fuller et al.,201
Hofman et al., 2016; Klompmaker et al., 2015; Meieal., 2015; Puustinen et al., 2007; Rivera.et al
2012; Wolf et al., 2017), or a combination of meldind stationary monitoring (Hankey and Marshall,
2015; Kerckhoffs et al., 2016; Riley et al., 20%&baliauskas et al., 2015) (Table S1). While Keuffkh
et al. (2016) observed modest correlations betweemmad and nearby short-term stationary-site ANC,
remains unclear if these results can be generaiether study areas and other platform compasison
if use of a particular platform measures systeralfifidifferent concentrations. Knowledge of the
similarities and differences between monitoringfplans and the predominant factors that drive temalpo
and spatial heterogeneity could improve monitomegwork designs, and thereby reduce exposure error

in epidemiological studies of UFP.

In this study, we examined ambient particle nundmercentration (PNC; a proxy for UFP) from three
different monitoring platforms centrally-located sites, multiple short-term resitial sites, and a mobile
air-monitoring laboratory in two study areas within the Boston, MA (USA),tregolitan region. Our
objectives were to (1) quantify measurement difiees from one monitoring platform to another, (2)
estimate the consistency of temporal patterns laathéterogeneity of PNC across monitoring platforms
and (3) identify the factors that affect PNC caatieins in both study areas. This effort was unétertaas

a step toward assigning exposure to participarntsarBoston Puerto Rican Health Study (BPRHS)

cohort which is examining associations with cardgnular health outcomes (Tucker et al., 2010).
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2. Materials and M ethods
2.1 Sudy Areas

PNC monitoring was conducted in Boston and Chetbesgities in which the BPRHS cohort is primarily
located (Fig. 1). The Boston study area was 40dfwhich 40% is classified as residential (totaldy-
area population: 318,000), while 13% and 4% arsstfi@ad as commercial and industrial, respectively
(MassGlIS, 2005). The two largest roadways in Bgdtaerstate Highways 90 (I-90) and 93 (1-93),
transect the outer northern and eastern edgeg sty area, respectively; average weekday daitfyct
on these highways in 2010 was 110,000 and 195,86@les/day (vpd), respectively (Boston Region

Metropolitan Planning Organization, Central Tramsgton Planning Staff, 2011).

The Chelsea study area was 6k&pproximately 27% of the land in Chelsea is dfiess as residential
(total study-area population: 36,000), 12% as comiak and 11% as industrial (MassGIS, 2005). U.S.
Route 1 (US-1; 83,000 vpd) (Boston Region MetrdpaliPlanning Organization, Central Transportation
Planning Staff, 2011) transects the city northdiots; Massachusetts Route 16 (MA-16; 40,000 vpd)
(Boston Region Metropolitan Planning Organizati®oentral Transportation Planning Staff) runs west to
east along the northern outskirts of the study.dfeavy-duty diesel trucks and ocean-going ships ar
common in the southern parts of Chelsea wheregaanad distribution facilities are located on the
Mystic River and Chelsea Creek. Also, Boston Lolernational Airport, the busiest airport in New
England (~1,000 flight operations/day), is 4.5 loatheast of the geographic center of the Chelsmty st

area and 7.5 km northeast of the geographic cehtbe Boston study area.
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127  Figure 1: (a) Location of the Boston and Chelseaystareas. (b) Boston study area; central site, 11
128  residences, and mobile monitoring route are shd@rnChelsea study area; central site, 9 resideares,

129  mobile monitoring route are shown.
130 2.2 Monitoring Network

131  Ambient PNC measurements were collected in eacly sttea at centrally-located stationary sites,

132  residential stationary sites, and on roads withohila laboratory that was driven along fixed routas

133 the Boston study area, the central site was cabdcat the U.S. Environmental Protection Agency

134  Speciation Trends Network site (EPA-STN, E%-025-0042), which was 1 km from the geographic
135  center of the study area. Monitoring was perfortexde from December 2011 to November 2013.

136  Residential monitoring was conducted at 11 homdRRHS participants (0.28 sites/kof the study

137  area) for six weeks each between May 2012 and Nbge013. Residential sites were selected based on
138  their proximity to highways and major roads (thitdladefined as >20,000 vpd): three sites were <00
139  four between 100-200 m, and four >200 m from higysvar major roads (Table S2). Mobile monitoring
140  was conducted along a 40-km route in the study @iga 1b) between December 2011 and November
141 2013 on 42 days representing all four seasondagf of the week, and most times of day (Fig. B¢

142 11 residential sites were 15-1,100 m from the neshiibnitoring route.
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The central site in Chelsea was located on thd-siory roof of The Neighborhood Developers buigdin

(6 Garrish Road) near the geographic center ofitieMonitoring was conducted there from January
2014 to May 2015. Residential monitoring was cotedat 9 homes of BPRHS participants (1.5
sites/kni of the study area) for six weeks each betweenuaepand December 2014. One site was <100
m, six between 100-200 m, and three >200 m frorhvaiys or major roads (Table S2). Mobile
monitoring was conducted along a 20-km route instiely area (Fig. 1c) between December 2013 and
May 2015 on 46 days representing all four seasahdays of the week, and most times of day (FR). S

All 9 residential sites were 5-150 m from the mebitonitoring route.
2.3 Instruments

Water-based condensation particle counters (CPC M@&lel 3873; 7-3,000 nm) were used to measure
ambient PNC at the central and residential sites. dentral-site CPCs were housed in locked,
weatherproof, and temperature- and humidity-colgdboxes. Conductive silicon tubing (50 cm) was
used to draw air from outside the box to the CR€&LiMean PNC measurements were recorded every 30
s (except at the Boston central and residenties sitior to May 2013 when mean PNC was recorded
every minute). During weekly site visits, the CR@slerwent routine maintenance as needed (i.e., wick
changes, flow checks), data were downloaded, ath#trument time was reset as necessary (CPC time

drifted <1 min per week) to the National InstitafeStandards and Technology official time (time.yov

Residential monitoring was conducted at homes d®B® cohort participants continuously for six
consecutive weeks, with up to two homes in the sstomty area undergoing monitoring concurrently. We
monitored both outdoor and indoor air at the redidésites via two separate conductive inlet linés
equal length (100 cm; one outdoors and one ind@§;s were positioned indoors) that were connected
to a solenoid valve that switched between the tvaryel5 min (indoor results are not presented im th
manuscript). Residential sites were visited wegéilgonduct routine equipment maintenance, download

data, and reset instrument clocks.
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Mobile monitoring was performed with the Tufts Aollution Monitoring Laboratory (TAPL), which

has been described in detail elsewhere (Padro-hdarst al., 2012). Briefly, the TAPL is a gasoline-
powered Class-C recreational vehicle (2002) thatained a butanol-based CPC (TSI, Model 3775; 4-
3,000 nm). The CPC measured PNC at one-secondaigdo capture the rapid changes in on-road
concentrations. The CPC inlet was mounted on tbeaithe front of the vehicle, 9 m upwind from the
exhaust tailpipe. Each monitoring session lastéc8urs between 05:00 and 21:00. Due to the large s
of the Boston study area, monitoring was randoraigmed to commence at the beginning or middle of
the route at the start of each monitoring sesg\aingle loop along the Boston route took 1.5-3rspu
while a single loop along the Chelsea route togk@gmately one hour. A GPS receiver (Garmin eTrex)

recorded latitude and longitude every second.
2.4 Data Quality Assurance and Processing

Data were reviewed for very low concentrations @p@rticles/cr) and measurements automatically
flagged by the instrument (e.g., due to nozzle<kgd low pulse heights). Data marked with thesgsfl
and/or concentrations <500 particlesiamere removed (<1% of the data). We did not cori@cparticle
losses in the sampling lines; the sampling linesewelatively short and losses have been obseo/bd t
small for exhaust particles >20 nm diameter (espigdior short sampling lines) (Kumar et al., 2008)
Data from monitoring at the residential sites reggiiadditional processing to minimize the posgibiif
mixed indoor and outdoor air downstream of thersakt valve (7-13%), i.e., we removed at least the
first 60 s of data each time the solenoid switdbefiveen outdoor and indoor air and vice versawat t
residential sites (Home 3 in Boston and Home 16helsea), mixing of indoor and outdoor air could no
be ruled out completely; however, rather than rangthese residential sites from the analyses we
conducted a sensitivity analysis both with and auttthese sites. PNC measurements from the TAPL
were adjusted for a three-second lag (travel timtbé sample tubing between the inlet and the CPE).
minimize bias in the on-road data set due to setffding of TAPL exhaust, data were removed when

speeds were <5 km/h for >10 s (which typically ooed at intersections). Data were removed for an



192  additional 10 s after the TAPL's speed increasexvalb km/h to ensure that exhaust was flushed from
193  the sampling line (15-30% of data removed, modtiyray times when the TAPL was idling at traffic

194 lights). Additionally, we inspected the data setgotential outliers by checking if any data point

195 increased more than a factor of 10 from the pregedata point (no outliers were identified). Weoals

196  examined on-road data for impacts due to emisdions nearby vehicles that resulted in PNC spikes.

197  Spikes were identified as one-second on-road meammnts more than two standard deviations above the
198  daily mean on-road PNC (Patton et al., 2014a). @#irs definition, 3.4% of data in the Boston dsea

199 and 2.5% of data in the Chelsea data set wereifideinas spikes. Table 1 summarizes the different

200  monitoring-platform comparisons and the amountaihdised in the statistical analyses.

M edian Number of Data Points Used to Generate

Platform Comparison Averaging Period Statistics (range of n)
Boston Chelsea

Central-Site to Homés 1 minute 21,872 (5,291-29,388) 26,542 (19,76836)
Central-Site to Homes 1 hour 753 (221-1,074) 97198-1,006)
Central-Site to Homes 1 day 30 (8-44) 37 (3)1-42
Central-Site to On-Ro4d 1 minute 47 (30-98) 187 (72-610)
Homes to On-Rodd 1 minute 45 247

201 2 Central-site to home PNC comparisons were grobyeddividual home® Central-site to on-road PNC
202 comparisons were grouped by 200-m grid célisomes to on-road PNC comparisons were pooledsinigle data
203 sets, one for each study area.

204  Table 1: Summary of monitoring-platform comparisons

205

206  Water- and butanol-based CPCs were collocateckifatioratory for side-by-side analysis (i.e., using
207  one-second mean PNC over several hours with bagikdrand elevated PNC using a candle). Water-
208 based CPCs measured PNC to wittli®% of one another, consistent with manufacturstesdterror.

209 Comparisons between the butanol-based CPC and-baged CPCs showed good agreemént (.94),
210  but the butanol-based CPC consistently measuredhlgiér PNC across the entire concentration range
211  tested due to its lower cutpoint¢d 4 nm compared to 7 nm for the water-based CP@saccount for

212 this difference, PNC measurements from the buthased CPC were adjusted downward by 14%.

213  Temperature, humidity, wind speed and wind directiata were acquired at one-minute time resolution

10
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from the National Weather Service station at Bostogan International Airport (KBOS) (NOAA

National Centers for Environmental Information).

2.5 Satistical Analyses

Boxplots and heat maps were used to assess thera@patterns of PNC measured by the three
monitoring platforms. Temporal PNC trends were stigated by plotting data by month and year, hour
of the day, and wind speed and direction. Additilgnave examined the differences between weekdays
and weekends as well as between rush hours @.€0®9:00 and 15:00-18:00) and other hours (i.e.,
09:00-15:00 and 18:00-06:00). We also used mappinig to investigate spatial changes in PNC. To
visualize differences between two platforms, wediBland-Altman plots to determine whether mean
differences in PNC measurements between diffedatfiopms significantly deviated from zero across th
entire measurement spectrum (Martin Bland and AitmM&86). The calculated differences between the
three monitoring strategies were to quantify gelneegerogeneity and potential systematic shiftsvben
the platforms due to factors such as the locatfdhemonitors relative to sources or the compaositind

volume of traffic on nearby streets, as opposegtitors in the measurements themselves.

To compare PNC measurements from the differenfoptat (i.e., central to residential sites, centitds
to on-road, and residential sites to on-road), $alinear correlation coefficients (r) and coeéfids of
divergence (COD) were calculated (Moore et al.. 208Jongphatarakul et al., 1998). Pearson

correlations were used to explore the consistemtlya temporal patterns between the different glaté

while COD values were used to explore spatial Wéliig. COD is defined by Eq. (1):

2
1 Xij—Xik

wherex; is thei™ PNC observation at either sjterk, andn is the number of observations. COD values
range from 0 to 1, with O denoting identical measwents and 1 denoting completely heterogeneous

measurements; a value of 0.2 was used to distinduaisnogeneous (COD <0.2) from heterogeneous

11
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(COD >0.2) data sets consistent with previous sgiflloore et al., 2009; Wilson et al., 2005). To
examine the possible effect of outliers on the S&acorrelation coefficients (i.e., additive erdoiven

by local sources near the different monitors), \8e aalculated Pearson correlations on log-transéolr
PNC and Spearman correlations on non-transformedl f8Neach of the platform comparisons. Pearson
correlations, COD values, and Bland-Altman plotsemgsed to understand how the three monitoring
platforms compared to each other: Pearson comakatb measure the synchronicity in temporal trends
COD values to determine spatial heterogeneity,Bladd-Altman plots to visualize systematic
differences in measurements. Only concurrent date wsed for comparisons across platforms (i.e.,
paired one-minute, hourly, or daily PNC dependindte time-averaging comparison being made).
Comparisons were made to both on-road measuremedtan on-road data set from which spikes were

excluded.

For central-site-to-residential-site comparisonsamconcentrations over one minute, one hour, aad o
day were calculated for central and residentiaksiind paired by timestamp if data coverage per
averaging period exceeded 50%. For the compartsetwgeen central-site and on-road monitoring, one-
minute mean central-site data was compared to onetenmean as well as median on-road PNC within
200-m grid cells that were constructed acrosstidysareas. If at least 10 s of on-road data were
available per minute per grid cell, then one-mimatmans and medians were calculated for on-road data
and paired to the central site data by timestamghErmore, only grid cells with >30 paired datinps
were used in the analyses (i.e., the mobile laboyatas in the grid cell for >10 s on at least 8paate
loops of the mobile monitoring route). Lastly, faymparisons between residential and on-road PNC,
500-m buffers were constructed around the homekfaron-road data within each buffer one-minute
means and medians were calculated and paired teshdential-site data by timestamp. R (version,3.3
MATLAB (version 8.0), and ArcGIS Desktop (Relea$e4) were used for all analyses and the

generation of figures.
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3. Results & Discussion
3.1 Temporal and Spatial PNC Trends

In the Boston study area, PNC was highest durimjenviDecember-February) and lowest during
summer (June-August) with median winter concertratiup to a factor of two higher than median
summer concentrations (Fig. 2a). The seasonakeliftes were consistent across the three monitoring
platforms (Table 2). PNC was also higher duringkélag morning and evening rush hour periods (Fig.
2h), particularly during west-to-northwest and tiesser extent northeast winds (17% and 7% of the
study period, respectively; Fig. 2c and S3a), bist pattern was generally absent on weekends §3ig).
All three monitoring platforms observed the sameegal trendsPNC was substantially lower during
overnight hours on all days of the week and acatisgind directions compared to daytime hours (€abl
2). On-road PNC near 1-90 and I-93 were elevattadive to other road segments in all seasons 4y,
median PNC within 300 m was 29,000 particles/garsus 23,000 particles/értroughout the rest of
the study area. Similarly, PNC was also elevatedtbar highly-trafficked roads. Our findings of
seasonal and diurnal differences in PNC were ctamisvith other studies (Aalto et al., 2005; Cyeys
al., 2008; Meier et al., 2015; Sabaliauskas eRfll5; Wang et al., 2011), including those from

metropolitan Boston (Fuller et al., 2012; Padro-tifeaz et al., 2012; Patton et al., 2014b).
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M edian 1-min PNC in Boston (particles/cm?) Med'."’“l‘;/'m'g‘ PNC in Chelsea
Period (particles/cm®)

Central Ste On Road"® Residential Central Ste On Road® Residential
Winter? 28,000 33,000 21,000 20,000 26,000 16,000
Summer?® 14,000 18,000 8,500 11,000 14,000 9,100
Overni gh’[b 16,000 n/a 9,500 13,000 n/a 10,000
Day'[irneb 21,000 12,000 15,000 12,000
All Data 18,000 27,000 11,000 14,000 18,000 11,000,

2 Dec., Jan., and Feb. represent winter months; Juh, and Aug. represent summer monttis3:00-06:00
represent overnight hours; 06:00-18:00 represeyttrda hours® On-road data was largely from the daytime, thus
no comparison was made to overnight hours (n/at=applicable).

Table 2: Summary of median one-minute PNC by maoimigoplatform.

Temporal trends in the Chelsea study area werdasitni Boston. PNC was highest during winter and
lowest during summer (Table 2 and Fig. 3a) acrdsaanitoring platforms. Overnight PNC was
substantially lower compared to daytime concergnrati(Table 2). As in Boston, PNC was higher during
weekday mornings (Fig. 3b and Fig. S3c) irrespeatiftwind direction; an increase in PNC was
observed during the evening rush hour period, speaally during south-southeast (SSE) winds (6% of
the study period; Fig. S3c). Weekend trends weagelg absent in Chelsea except for elevated PNC
during SSE winds (Fig. S3d; average PNC was apprately twice the average for all other wind
directions). This is likely due to aviation-relatechissions from Logan Airport, which is ~4 km smaht
of the stationary monitor (Hudda et al., 2016).htigPNC was observed along the US-1 and MA-16
corridors, while concentrations were generally Ioimeresidential areas with less traffic (Fig. Sbables
S3-S5 in the Supporting Information summarize thie dbtained from all three monitoring platforms

from Boston and Chelsea.
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296  Figure 2: Boxplots of PNC by (a) month, (b) timedafy, and (c) wind direction measured at centtaksi
297  (black), homes (blue), and with a mobile laborateg) in Boston. Mobile monitoring occurred betwee

298  05:00 and 21:00.
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Figure 3: Boxplots of PNC by (a) month, (b) timedafy, and (c) wind direction measured at centtaksi
(black), homes (blue), and with a mobile laborat@rgd) in Chelsea. Mobile monitoring occurred

between 05:00 and 21:00.

3.2 Systematic Differences Between Monitoring Platforms

PNC measurements from the three different monigopiatforms were significantly (p<0.05) different.
One-minute-average PNC at the central sites indbasihd Chelsea were higher (6,200 particle$&ma

3,700 particles/cfh respectively) than concurrent measurements aesidential sites (Fig. 4a,b). These
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differences did not attenuate as a result of awegagyer longer periods (i.e., one hour or one ¢&ig.

S6). On-road PNC measurements were significangllgdri than central-site measurements; the systematic
measurement difference was >5-fold higher in Bositam in Chelsea (35,000 particlesfors. 6,700
particles/cm respectively) (Fig. 4c,d). Likewise, on-road PN@asurements near residential sites were
significantly higher than the residential-site measnents (19,000 particles/&on average in Boston

and 5,300 particles/chon average in Chelsea) (Fig. 4e,f). Spikes in P¥@ vehicles near the mobile
laboratory strongly influenced the on-road measer@s Removing these spikes from the data resulted
in significant (p<0.05) reductions (46-95%) in #hestematic differences in central-site-to-on-road
comparisons and non-significant reductions (26-3f%jesidential-site-to-on-road comparisons (5gd.

and S8).

The fanning effect observed in the Bland-Altmanpla Fig. 4 indicates the presence of additivererr
structure in the PNC measurements, i.e., as the RR& between any two platforms increased, the
difference in PNC measurements by the two platfaates increased. This can potentially lead to
overestimating the reported differences betweempldiforms and inflate Pearson correlations. We als
generated Bland-Altman plots based on log-transtarPNC (Fig. S9-S11); log-transformation mitigated
the impact of outliers. The fanning effect in thesass was dramatically reduced and mean difference
were closer to zero, nonetheless the differencegdea platforms were still statistically signifitaon-

road concentrations were higher than central-siteentrations and both were higher than conceotrsati
at residences. Systematically lower concentratimesidences has important implications for exposu
assessment in epidemiology studies because mdgtsto date use stationary, central sites and/or

mobile monitoring as the basis for exposure assaesswhich could lead to overestimated exposures.
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331  Figure 4: Bland-Altman plots of the mean PNC meaduy the two platforms being compared (x-axis)
332  versus the difference in measured PNC (y-axis)fetihices from zero indicate positive or negative
333  differences between the platform listed first ie tixis label relative to the second. Trending tanids

334 above zero indicate systematic positive differencBEse center dashed line represents the mean
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difference; the outer dashed lines represetwo standard deviations from the mean differefdee
distribution of data can be determined by the lgistms along the x2 and y2 axes. (a,b) Comparisons
between central-site and residential-site PNC;) (conparisons between central-site and on-road PNC;

(e,f) comparisons between residential and on-rdé@.P

3.3 Corrdations Between PNC Monitoring Platforms

Pearson correlation coefficients between the diffeplatforms were generally similar in both stadgas
(Table 3 and Fig. 5a,b). Median central-to-resiidéssite and central-site-to-on-road Pearson catiats
were not significantly different in either Boston®@helsea. Only when the entire data set was wsed t
calculate a single correlation coefficient for ea€lthe platform comparisons were correlations
significantly different (see call-out plots in Figa,b). COD values for each of the platform congmars
were significantly different in both study areast bnly when comparing on-road-to-residential C@D t
the median central-to-on-road COD (Table 3 and %dgd). Results did not change when we removed
Homes 3 and 15 in the sensitivity analysis (Tal@lg $he correlation of on-road and central-site
measurements with residential-site PNC suggest&xmsure assessment based on on-road or central-

site PNC should reflect temporal trends at homes.

Central-Site:Homes Central-Site:On-Road Homes; On-Road®®

Boston =11 Chelsearf=9)° Boston (=178f Chelsearf=90f Boston (=1)° Chelsearf=1)
r 0.39 (0.26-0.47) 0.45 (0.33-0.62) 0.45 (0.43-0.47) 0.43 (0.39-0.44) 0.18 0.62
COD 0.33(0.31-0.36) 0.31 (0.26-0.33) 0.37 (0.36-0.38) 0.30 (0.29-0.31) 0.41 0.26

@ Only six out of 11 homes were included in the Baosanalysis. Of the other five home sites, two westwithin
500 m of the TAPL route, three others were not mooad outdoors when the TAPL passed byThe 95%
confidence interval for the single Pearson con@tatoefficient for the homes-to-on-road comparigoBoston and
Chelsea was -0.12 to 0.45 and 0.53 to 0.69, resphet® n represents the number of Pearson correlationsOi C
values in each summary statistic and not the nurabdata points used to calculate a Pearson ctimelar COD
value, which are presented in Table 1.

Table 3: Median summary statistics with 95% confitieintervals for each monitoring platform

comparison based on one-minute PNC.
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Figure 5: (a,b) Distribution of Pearson correlatiorefficients and (c,d) coefficients of divergerne

comparison. A solid vertical line is shown for theme-to-on-road comparison since there was only a
single calculated correlation value (Pearson cati@ in the Boston home-to-on-road comparison was
not significant). Call-out plots in upper right shhd?earson correlations for the complete data set by
platform comparison (vertical lines represent 9584ficlence interval; dots are larger than confidence

intervals for some of the platform comparisons).

3.3.1 Central-Ste Versus Residential-Ste

Pearson correlations between central- and resalesité one-minute-mean PNC in Boston ranged from

0.25 to 0.48 while in Chelsea they ranged from ©033.66. Residential sites with the highest Paarso
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370 correlations in Boston were typically downwind adintraffic sources or in high-traffic areas (F&g).
371  In Chelsea, the highest Pearson correlations weesi@ential sites east of US-1 (including thetadn
372  site) with the two highest-correlation sites bofithila 500 m of the central site (Fig. 6b). COD \edu

373  based on one-minute-mean PNC were between 0.28.8rdn Boston and between 0.26 and 0.37 in
374  Chelsea, indicating a moderate degree of spatiat¢geneity in both study areas. Residential siigs
375 the lowest COD values were scattered throughousttity area with no apparent pattern (Fig. 6¢,dis T
376  suggests that the assumption that residential mitbio monitoring sites will better reflect PNGrids

377 may not be generally applicable.

378  Averaging PNC data over hours and days resultéigimer temporal correlations (as compared to one
379  minute) in both study areas (Table S7, Fig. S18athS13a,b); however, the results were not sigmific
380 likely because of the smaller sample sizes. Atéorayeraging periods, the effects of transient PNC

381  spikes from local sources (e.g., vehicles) weredhem out, and the results were more representative
382 longer trends (e.g., hourly and daily changesaffitractivity and meteorology) across the studsear

383  Pearson correlations based on daily-averaged PNBOston and Chelsea (0.69 and 0.71, median values,
384  respectively; Table S7) were consistent with Puaestiet al. (2007), who reported that Pearson

385 correlations between daily-averaged PNC at ceatrdiresidential sites in four European cities rdnge
386 from 0.67 to 0.76 (median values). Comparing céusita and residential-site PNC using Spearman

387  correlation coefficients and Pearson correlatiogffaients with log-transformed PNC did not charge
388  results: median correlations increased over loageraging times in both study areas, but the diffees
389  were not significantly different (Tables S7 and.SHjnilarly, COD changed by averaging data over

390 longer time periods: COD calculated from daily-aagad PNC were significantly lower than COD based

391 on one-minute-averaged PNC in both study areadd¢T®h Fig. S12c¢,d and S13c,d).
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Figure 6: (a,b) Maps of Pearson correlation coeffits and (c,d) coefficients of divergence between

central-site and residential-site PNC (one-minugamPNC) in Boston (a,c) and Chelsea (b,d).
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The generally lower Pearson correlation coefficgeamd higher COD values in Boston compared to
Chelsea (differences were not significant at p<pdabild be due to the location of the Boston céisita
monitor in a highly-trafficked area (i.e., at graated 75 m from the Dudley Square bus station) coetpa
to most of the Boston residential sites (Table/3g. used the EPA-STN site, a secure, centrally-gmtat
site >1,500 m from 1-93, but it was likely influeaat by bus emissions when winds were from the 225° t
315° wind sector (26% of measurements, which exedutburs when buses were not operating). In
contrast, the Chelsea central-site monitor wasagéel/10 m above grade and set back 45 m from the
nearest road as were many of the Chelsea resibgiteis, with the exception of a diesel rail lif@ s
north of the site (<1% of the measurements weraatgal by trains). PNC at the Boston central site
during the morning rush hour period were generallich higher than at the residential sites. In @sttr
in Chelsea we did not observe substantial diffezeriec PNC between the central and residential sites
during these hours. Overnight differences in bl areas were minimal and resulted in higher $eear

correlations and lower spatial heterogeneity asebqal (Fig. 7).
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Figure 7: (a,b) Pearson correlation coefficientd émd) coefficients of divergence between cergita-

and residential PNC by hour of day (mean hourly PM@®oston (a,c) and Chelsea (b,d).

3.3.2 Central-Ste Versus On-Road

Pearson correlations between PNC measurementdlioentral-site and on-road monitoring varied

widely within the study areas. In Boston correlatisanged from 0.05 to 0.75 and in Chelsea theyen

from 0.23 to 0.69. The wide range of correlationbath study areas likely reflects differencegaific

conditions (and possibly other PNC sources) betwleeentral sites and grid cells. For examplel gri

cells east of 1-93 in the Boston study area wereegaly more correlated with the central site ttian

most western portion of the mobile monitoring ro{fig. 8a). This was likely because these gridscell

were often downwind of 1-93, a significant PNC smyrwhile the Boston central site was at the same

time downwind of Dudley Station. In Chelsea, resit# areas east of US-1 were more highly corrdlate
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434

with the central site (Fig. 8b), again, likely besa of the similarities between the traffic coratis in

these particular grid cells and near the Chelsetaalesite. Using Spearman correlations and Pearson
correlations with log-transformed PNC increaseddbreelation values and showed correlations in
Boston and Chelsea were significantly differentt[€58). The COD values ranged from 0.27 to 0.51 in
Boston and from 0.23 to 0.45 in Chelsea. In Bodhagh COD values were observed throughout much of
the study area (Fig. 8c), especially for the galiscwhere the mobile laboratory was often in heavy
traffic. COD values were generally lower in Che|sgih the lowest values observed in the residéentia
areas with light traffic (Fig. 8d). Removing on-tbspikes from the analyses resulted in a non-sazmif
increase in the median Pearson correlation in tied® study area (coefficients increased from @45
0.48) and a significantly higher median Pearsonetation in the Chelsea study area (coefficients
increased from 0.43 to 0.50). Median COD valuesass®ed in both study areas (from 0.37 to 0.34 in
Boston and from 0.30 to 0.28 in Chelsea). Usingaad median PNC instead of the mean did not

significantly change Pearson correlations or CODe&in either study area (Table S9 and Fig. S14).
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Figure 8: (a,b) Maps of Pearson correlation coieffics and (c,d) coefficients of divergence for
concurrent one-minute mean PNC from central-sité an-road measurements in Boston (a,c) and

Chelsea (b,d).

3.3.3 Residential-Ste Versus On-Road

Due to the limited amount of on-road PNC data add when the mobile laboratory was <500 m from
residential sites (i.e., 2-8 one-minute-averaga gatnts per home in Boston and 7-82 one-minute-
average data points per home in Chelsea), thetstatieported here are based on pooled measurement
from all residential sites within each study aretnall on-road PNC data <500 m of the homes. The
Pearson correlation coefficient between residesttaland on-road PNC was 0.18 (not significant) in
Boston and 0.62 in Chelsea. The low correlatioBaston is likely because of higher-trafficked roads
near the residential sites and the low number t& daints (h=45) with a wide confidence interved¥®

Cl: -0.12-0.45) used in the calculation. Converstig higher correlation in Chelsea is likely bessau

both the residential sites and 500-m buffers arahade sites were mostly in residential areas namst

of the sections of the mobile monitoring route @menercial and industrial areas fell outside the-6500
buffers around each home. The Chelsea data sehadssubstantially more data (n=247). Our Pearson
correlation of 0.62 in Chelsea is similar to th@fen correlation between on-road and short-term
stationary sites in Amsterdam and Rotterdam wherestefficient was reported to be 0.67 for urban
background areas (Kerckhoffs et al., 2016). Ouilteslid not change by using Spearman correlations
and Pearson correlations with log-transformed P&lBpugh correlation values were higher. Spatial
differences were greater in Boston (COD = 0.41htinaChelsea (COD = 0.26) likely because the mobile
laboratory traveled on more high-PNC roads withs00 m of the residential sites in Boston as
compared to Chelsea. Removing short-term on-rokesjncreased Pearson correlations in both study
areas, but not significantly. The median Pearseoretaiion was 0.36 in the Boston study area anfl 6

the Chelsea study area. COD values decreased »ynObdth study areas.

3.4 Factors Affecting the Corré ations between Monitoring Platforms
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We found that the two factors that affected Peacsorelation and COD values the most (of those that
we tested) were hour of day and wind direction.e®theteorological factors (e.g., wind speed,
temperature, humidity, pressure, and atmospheriadry layer) influenced the correlations, but to a
lesser degree. Since adjustetivRlues were lower for other meteorological vagatduch as temperature
and boundary layetime of day may have served as a proxy for trdffables S10 and S11). Spatial
factors such as land use category of the siteshenproximity of monitors to each other did not
significantly impact the correlations. The low astpd-R values are an indication that either unaccounted
for factors influence the Pearson correlation a@iDGralues between the measurement platforms or that

localized effects (e.g., sources near the monitoesked the actual meteorological effects.

In general, overnight hours had higher hourly Reacorrelations and lower hourly COD values
compared to daytime hours (Fig. 7). This is likeécause nighttime vehicle traffic was light, busese

not running between 01:00 and 05:00, and flightrati@ns at Logan Airport were substantially reduced
(mean landings and take-offs were 5.0between 00:00 and 06:00 compared to 46.8uring all other
hours (Hudda et al., 2016)). After 05:00 traffici@ased throughout the two study areas; howeadfictr
volume was not uniformly distributed, and thus s@ress received much higher increases in PNC than
did others. During the daytime COD values in batlig areas remained relatively high and then
decreased after the evening rush hour period esicdeti9:00. Similar Pearson correlation and COD
trends were also observed when one-minute PNC s&x$ albeit less discernable, indicating the strong
influence of traffic. Since participants in epideigy studies will most often be at home during the

night, attention to nighttime exposures may bei@agrly important.

In the Boston study area, Pearson correlations higreest when winds were from the’46 90 (ENE)
wind sector (which occurred during 13% of the stpdyiod). The highest correlations in Chelsea were
observed when winds were from the 180° to 225° wsiector (19% of the study period), followed closely
by both the 135° to 180° (SSE) and 225° to 270%veiactors (6% and 12% of the study period,

respectively). Hudda et al. (2016) observed elevVBC in Boston during ENE winds and in Chelsea
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during SSE winds and attributed the increasesitdiam emissions. Both Fuller et al. (2012) anddat

et al. (2014b) also observed elevated PNC in Bas¢dghborhoods during winds from the airport. i ca
be hypothesized that under these wind conditidnwadt emissions at Logan Airport could have a
widespread impact on the entire monitoring domeauing to higher correlations between platforms.
Wind conditions also impacted COD values in botligtareas. In Boston, higher COD values between
central- and residential-site PNC were observethdwinds from the 225° to 315° wind sector (32% of
the study period), when the central-site monitos wawnwind from a major bus station 75 m to thetwes
and other local sources. In contrast, higher CODegbetween PNC at the central and resident&es git
Chelsea were observed when winds were from théod90° wind sector (10% of the study period)
possibly due to upwind sources (e.g., trains tingedlong the stretch of rail just northeast of ¢eatral

site and oil tankers on Chelsea Creek).
3.5 Limitations

Our study had several limitations. First, to mirienthe potential for self-sampling we excluded oaer
measurements from intersections when the TAPL slawe<5 km/h for >10 s. Nonetheless, we were
able to drive through >65% of intersections withsletving below 5 km/h for >10 s. Therefore, ouradat
set for on-road measurements does not significamitierrepresent the near-intersection environment.
Second, we had limited simultaneous deploymentssidences with which to calculate Pearson
correlations and COD values between different esdidl sites. This would have allowed us to develop
better understanding of the spatial PNC variabilitthin the study areas; however, we were able to
compare each home to the central site and mobitetaring, which was the main goal of the study.
Third, the density of residential monitoring sitess 5-fold higher in the Chelsea study area (1.5
sites/knf) compared to Boston (0.28 sitesAinThis may help to explain why we observed geheral
higher Pearson correlations and lower COD valuéshielsea compared to Boston (Table 3). In
comparison to other studies, the densities of egsidl sites in our two study areas were at thadrignd

of the range (range = 0.03 to 16.7 site$/kmedian = 0.15 sites/Kin(Abernethy et al., 2013; Fuller et
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al., 2012; Klompmaker et al., 2015; Meier et ab12; Moore et al., 2009; Puustinen et al., 200veRi

et al., 2012; Sabaliauskas et al., 2015; Wolf eR&l17). Fourth, in order to have enough datatopare
PNC measured at residential sites to on-road mewmunts we pooled all on-road data within 500-m
buffers around all homes rather than calculateetations for each home separately. While this resdov
seasonality effects from the data, we found sedispdad not significantly affect the platform
correlations (Tables S10 and S11). Fifth, the iocadf the central site near Dudley Station mayhaote
led to a representative characterization of urkeskground pollutant levels in the Boston study area
However, the impacts from bus emissions were tylgishort-lived and were most apparent in the one-
minute-averaged PNC data. In contrast, the relgtlegv impact of local emissions at the centrag $it
Chelsea likely contributed to the higher Pearsaretations and lower COD values in Chelsea compared
to Boston. Lastly, while the main objective of thtsidy was to investigate traffic-related UFP wsoal
unexpectedly, observed impacts from Logan Airpbinese impacts were limited to periods when winds
were from the direction of the airport (i.e., 13%ile time in the Boston study area and 6% of ithe in
the Chelsea study area). We conducted a sensisinélysis to determine whether Pearson correlations
and COD values differ when winds from the directbéi.ogan Airport were excluded from the
calculations for both study areas. When winds ftaman were excluded COD values were unchanged,
and Pearson correlations were not statisticallyitgantly different except in the Chelsea cental-
residential-site comparison where the correlatias W2% lower. Therefore, aviation impacts from Lroga

appear to only have had a limited effect on outlifigs.

In this study we used Pearson correlation coefftsiegCOD values, and Bland-Altman plots to describe
the similarities and differences in PNC measurethieythree platforms. These metrics have limitation
that should be discussed in the context of thidysthirst, Pearson correlations are not robustnegtirs

for severely skewed data. We addressed this irbyasélculating both Pearson correlations on In(lPNC
and Spearman rank correlations (a nonparametticde$?NC, and both sets of estimates showed simila

associations between measurement platforms. Wieilased a natural-log transformation to reduce the
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left skewness of our data set, we did not expldrether the selected transformation provides the bes
possible fit. Future studies should consider thmsisigity analysis in choosing the transformatiofwain.
Second, while COD values provide a measure ofaldaierogeneity between data sets, the values can
be influenced by certain data-set characteristigsh as the units of analysis. Calculating CODeslu
based on In(PNC), for example, would have geneflatgdr COD values than those we calculated using
non-transformed PNC since the concentrations ateorcompletely different scales. We chose to
present non-transformed results of COD to be coafparto literature, but due to the skewed nature of
the data we may have overestimated the heterogeretiveen platforms. Third, while Bland-Altman
plots are useful for visualizing absolute differeadetween measurements, the results are alserinéid

by extreme values. To mitigate against this weutated mean differences using both PNC and In(PNC),
both of which showed there were systematic diffeesrbetween the platform measurements. Although
the natural-log transformation worked well for tetsdy, a more rigorous selection and justificatibn

the transformations would be desirable. It sholgd Be noted that our results for systematic ptatfo
differences are based on our specific study desiglifferent study design — for example, one wiveze
measured on-road PNC only in residential areasy-hrage generated different measures of systematic

differences.

3.6 Implications for Urban Air Quality Monitoring

We designed our monitoring strategy to suppordaelopment of finely spatially- (<20 m) and
temporally-resolved (hourly) ambient PNC exposuoslats for BPRHS participants. Central sites were
selected to measure long-term temporal trendsmittd study areas, mobile monitoring was desigaed t
characterize spatial contrasts, and residenties siere meant to be representative of participant
exposures at homes. We found that while absolutedpidentrations differed significantly between
central-site, on-road, and residential-site moimitprtemporal patterns were similar across theethre
different monitoring platforms in both study are@tile each monitoring platform has benefits, the

decision to use short-term residential monitoringhany sites versus using a small number of longer-
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term central sites supplemented with mobile moimigpmay be better informed by considering the
characteristics of the study area. For examplelatier approach may be more effective in areagevhe
higher spatial contrasts are expected — i.e.,dasacontaining multiple busy roadways — and longtte
trends are of interest. New mobile monitoring sigés, such as measuring N@ith Google Street View
vehicles (Apte et al., 2017), could aid in thisa@ezh and may increase the ability to charactéhize

high spatial variability of UFP. In contrast, therher approach may be useful in more residentedsar
with fewer busy roadways. Simultaneous applicatiball three monitoring platforms may be useful for
developing models, where mobile monitoring and redssite monitoring can serve to characterize PNC
in the study area and residential monitoring cande for model validation and/or calibration. o o
knowledge, only two studies have conducted conntitomg-term/central-site stationary, (multiple)
short-term stationary, and mobile monitoring of BXGth of which were for PNC modeling applications.
(Kerckhoffs et al., 2016; Sabaliauskas et al., 20ltba study in Toronto, Ontario (Canada), Salakas

et al. (2015) conducted continuous central-siteitndng (3 months), short-term monitoring at sitesi

(1-3 weeks per site), and mobile monitoring betw&2190 and 15:00 on 15 weekdays in the summer. In
a study in Amsterdam and Rotterdam in The NethddaKerckhoffs et al. (2016) conducted short-term
monitoring at 80 sites per city (three 30-minutsitgi per site), mobile monitoring on 42 days betwee
09:00 and 16:00 in winter and spring per city, aadtinuous long-term monitoring (6 months) at a
reference site 30-50 km away. Consistent with daseovations, these studies reported generallyasimil
temporal trends between platforms, but signifigahither PNC on roads with the mobile monitor. Our
study adds to this body of literature by compathmese three monitoring strategies across longer

sampling windows and in all four seasons.
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Highlights:

» Ultrafine concentrations were monitored at central-sites, residences, and on-road.
» Timeof day and wind direction affected correlations between the three platforms.
* Hourly and daily trends were similar at central sites, residences, and on roads.

e Particle concentrations on roads were significantly higher than other platforms.



