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IMPLICATIONS

Uncertainties of health risk estimates associated with ex-
posures to PM are mostly due to weak correlations be-
tween personal exposures and ambient concentrations,
which vary for different fractions of PM. Among other fac-
tors, the variability of PM concentration within an urban
area is accountable, especially for coarse and ultrafine
particles. This study focused on the analysis of spatial
variation of fine and coarse PM and ultrafine particles in
urban areas. The outcomes of this investigation provide
insights on the impact of sampling, home outdoor, and
traffic characteristics on the variability of particle mass and
number concentrations, which are also critical in develop-
ing policies to control atmospheric PM and its sources.
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ABSTRACT

The associations between residential outdoor and ambi-
ent particle mass, fine particle absorbance, particle num-
ber (PN) concentrations, and residential and traffic deter-
minants were investigated in four European urban areas
(Helsinki, Athens, Amsterdam, and Birmingham). A total
of 152 nonsmoking participants with respiratory diseases,
not exposed to occupational pollution, were included in
the study, which comprised a 7-day intensive exposure
monitoring period of both indoor and home outdoor
particle mass and number concentrations. The same pol-
lutants were also continuously measured at ambient fixed
sites centrally located to the studied areas (fixed ambient
sites). Relationships between concentrations measured di-
rectly outside the homes (residential outdoor) and at the
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fixed ambient sites were pollutant-specific, with substan-
tial variations among the urban areas. Differences were
more pronounced for coarse particles due to resuspension
of road dust and PN, which is strongly related to traffic
emissions. Less significant outdoor-to-fixed variation for
particle mass was observed for Amsterdam and Birming-
ham, predominantly due to regional secondary aerosol.
On the contrary, a strong spatial variation was observed
for Athens and to a lesser extent for Helsinki. This was
attributed to the overwhelming and time-varied inputs
from traffic and other local sources. The location of the
residence and traffic volume and distance to street and
traffic light were important determinants of residential
outdoor particle concentrations. On average, particle
mass levels in suburban areas were less than 30% of those
measured for residences located in the city center. Resi-
dences located less than 10 m from a street experienced
133% higher PN concentrations than residences located
further away. Overall, the findings of this multi-city
study, indicated that (1) spatial variation was larger for PN
than for fine particulate matter (PM) mass and varied
between the cities, (2) vehicular emissions in the residen-
tial street and location in the center of the city were
significant predictors of spatial variation, and (3) the im-
pact of traffic and location in the city was much larger for
PN than for fine particle mass.

INTRODUCTION
The impact of urban air pollution on public health is
addressed in epidemiological studies in which the risks of
respiratory and cardiac diseases and mortality are associ-
ated with increased particulate matter (PM) concentra-
tions.!2 Many of these studies relied on integrated 24-hr
ambient PM concentrations obtained from one (or more)
fixed monitoring sites in urban areas. Although most of
the exposure studies calculated cross-sectional correla-
tions, instead of more relevant longitudinal analyses, they
have demonstrated that correlations between personal
and ambient PM,, and PM, s mass concentrations are
fairly weak.3-63 The disparity between personal exposure
and ambient measurements is partially attributable to the
impact of particles generated from indoor sources (e.g.,
cooking) as well as, ventilation processes® ¢ and individ-
ual activity patterns.”.8 1! The spatial variation of PM also
contributes to differences between ambient concentra-
tions and personal exposures. In few cases, the within-city
variation for PM less than 2.5 pm in size (PM, ), and to a
lesser extent for PM more than 10 pm in size (PM,,), is
small (on the basis of correlations), suggesting a rather
uniform temporal pattern of PM within urban areas'?13 as
compared with recent studies that have demonstrated
considerable within-city variations of both PM,, and
PM, . in Californian and Canadian urban areas.1415 Dif-
ferences in particle mass between sites were primarily due
to contributions from local sources including vehicle
emissions, topography, and meteorology.16-18

There are only scarce data concerning determinants
of exposures to particle number (PN) concentrations and
their possible associations with particle mass. Recent stud-
ies have shown that ultrafine particles (with aerodynamic
diameter <100 nm), which are the predominant contrib-
utors to PN concentrations, are important determinants
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of oxidative stress, inflammatory response, and effects on
epithelial cells.’2° In those studies, weak correlations
between particle mass and number concentrations have
been observed in urban areas.2.22 Furthermore, the spa-
tial distribution revealed significant differences between
heavily trafficked and background areas due to diesel ex-
haust from heavy-duty trucks,?324 even in cases when a
rather uniform pattern was determined.?s

A detailed analysis of home outdoor and ambient
PM,,, PM, s, coarse particle mass (PM,_, 5), soot carbon
(PM, 5 .ps.) along with PN concentrations in four Euro-
pean metropolitan areas, Helsinki (Finland), Athens
(Greece), Amsterdam (The Netherlands), and Birming-
ham (United Kingdom) is presented here. The aims of this
study are: (1) to determine the degree of spatial unifor-
mity in the particle mass and number concentrations, (2)
to identify and assess residential and traffic factors that
contribute to the heterogeneity of particle mass and num-
ber concentration, and (3) to evaluate their impact on
residential outdoor concentrations with respect to mea-
surements at the fixed central sites. The outcomes of this
analysis will also allow the determination of the extent to
which measurements of a set of particle fractions in a
fixed ambient site can be used to describe an urban area
and to what degree traffic and other microenvironmental
parameters can be used to evaluate the spatial variation
of PM.

METHODS AND MATERIALS
Study Design and Sampling

The study was carried out under the framework of the
RUPIOH panel study (Relationship between fine and Ul-
trafine Particulate matter in Indoor and Outdoor air and
respiratory Health). A total of 152 (Helsinki, 37; Athens,
35; Amsterdam, 50; Birmingham, 30) subjects with
asthma, chronic obstructive pulmonary disease (COPD),
or other chronic respiratory diseases were recruited. Sub-
jects were not exposed to occupational pollution and only
a few lived in homes with a smoker.2¢ The study was
divided into two components: (1) a 7-day intensive expo-
sure characterization study that included measurements
of PM,, PM, 5 and PN concentrations inside and directly
outside the home; a 30-min resolution time-activity diary
that provided information about indoor sources and ven-
tilation was voluntarily completed by the participants;
and measurements of lung function and urine collection
to document respiratory health; and (2) a six-month fol-
low-up study in which subjects completed a daily record
about respiratory symptoms and medication use. In addi-
tion, measurements of ambient particle mass and number
concentrations took place in a fixed station located in
urban background areas in all centers.2¢ The intensive
monitoring study was performed sequentially in the var-
ious homes (one home monitored per week). The study
period was from October 2002 until April 2004. The major
advantage of this study is the use of harmonized methods
allowing comparison across cities. Similar methods and
protocols were used to measure particle mass and number
concentration at residences and fixed central sites in all
centers,26:27 thus, differences between cities are unlikely
because of measurement-related imprecision.
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The details of sampling and measurements of particle
mass and number concentrations at fixed, home outdoor,
and indoor microenvironments are presented else-
where.?¢ Briefly, 24-hr PM,, and PM, 5 (from 12:00 p.m.
to 12:00 p.m.) were collected on 37-mm Teflon filters
(2-pm pore size) using Harvard Impactors operating at 10
L/min.28 Samplers were installed at least 0.5 m from a
vertical surface (e.g., walls). Particle mass was determined
by gravimetric analysis using an analytical microbalance
with a precision of 1 pg. One-minute PN concentration
was continuously measured using a TSI 3022A condensa-
tion particle counter equipped with single channel silica
gel diffusion dryer to control condensation of water va-
por.2¢ Absorption coefficients were determined by reflec-
tance measurements of Teflon filters using the ISO 9835
standard “ambient air-determination of a black smoke
index” (ISO 9835:1993(E), 1993). Coarse particle mass
concentration was estimated as the difference between
PM,, and PM, ; mass concentrations.

Data Analysis

We calculated the absolute (AC) 24-hr paired concentra-
tion differences between residential outdoor and fixed
central sites. Negative AC values indicated higher concen-
trations at the fixed site as compared with those deter-
mined for home outdoor locations. The relative difference
(%AC/Fixed) was computed as the percentage of the abso-
lute concentration difference to the fixed site concentra-
tion. The relative difference also was computed and ana-
lyzed for different subgroups of participants on a 24-hr
(for particle mass and soot) and hourly (for PN) basis.
Median absolute and relative differences provided an in-
dication of systematic differences between the fixed site
and outdoors, whereas site-to-site variation was traced by
the standard deviation and coefficient of divergence
(COD) ratio (see below).

The coefficient of divergence (COD) (eq 1) was used
to assess the spatial uniformity of measurements with
respect to the concentration levels because correlations
between sites only implied a uniform temporal profile
during the monitoring period (concentrations decrease or
increase simultaneously).1s

COD = \f g(ci,»—c,-ky
\p S\Gyi+ Ca

where p is the total number of paired measurements per
participant, and C;; and C;,, are the measured concentra-
tions in fixed and home outdoor sites on the i-th day,
respectively. COD values vary from O to 1, with COD
values close to unit being indicative of strong spatial
variation.

Linear regression analysis was applied to resolve and
examine the relationships between home outdoor con-
centrations, fixed ambient concentrations, and residen-
tial/traffic features as follows:

e Univariate regression analysis of the median rel-
ative difference as the dependent variable and a
subset of residential/traffic characteristics. The
following categorized predictive variables were
introduced into the models: residence location
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(center/suburbs), distance from the fixed site
(0-10 km, >10 km), residence type (homes/apart-
ments), sampling height (0-5 m, >5 m); traffic-
classified residence, and proximity to nearest
street (0-10 m, >10 m). The regression coeffi-
cients (%) provided a measure of the differences
in concentrations between the two categories for
each variable.

e Simple regression analysis of daily PM residen-
tial outdoor measurements against daily ambi-
ent levels (at the fixed site). Regression coeffi-
cients (slope and intercept) were obtained for
each subject, for each city, and for the entire
dataset. Only subjects with at least three suc-
cessful 24-hr measurements were considered.
Despite the within-subject variability, the sim-
ilarities (and/or differences) between slopes and
intercepts provide an indication of the spatial
uniformity of PM. The temporal correlation of
home outdoor and fixed ambient measure-
ments are presented elsewhere.2”

e Multivariate regression analysis of home outdoor
concentrations against categorized residential/
traffic features variables and fixed ambient mea-
surements.!%.18 The variables used in this regres-
sion were: residence location (center/suburbs);
distance from the fixed site (0-5 km, 5-10 km,
>10 km); residence age (before 1980, after 1980);
residence type (attached-detached homes/apart-
ments); sampling height (0-3 m, 3-6 m, >6 m);
building height (0-9 m, >9 m); traffic-classified
residence; proximity to nearest street (0-5 m,
5-10 m, >10 m); proximity to nearest major
street and traffic light (0-100 m, 100-500 m,
>500 m); and canyon effect and other activities
(yes/no). Residences located on streets having un-
interrupted buildings on both sides of the street
for at least 20 m and the ratio of the building
height divided by 2 times the distance between
street sides being higher than 1.5 were identified
as canyon-type microenvironments.

RESULTS AND DISCUSSION
Residential and Traffic Characteristics

Baseline residential outdoor and traffic characteristics for
all centers, collected using standardized forms and ques-
tionnaires completed by field operators, are presented in
Table 1. About one-third of residences were located in the
city center, up to 10 km from the fixed site (the most
distant residence at 34 km in Helsinki) (Table 1). Nearly
25% of participants lived in residences constructed after
1980. With the exception of Birmingham, approximately
95% of the residences were apartments in two to seven-
floor buildings with a mean building height of approxi-
mately 14 m. As a result, sampling was carried out at 5-7
m above the street level. In nearly 65% of studied resi-
dences, residential outdoor sampling was carried out just
outside of the living rooms with access on the street-side,
or both street and back-side of the residence.

Traffic-related data in the vicinity of residences, in-
cluding distance from the nearest street and major street

Journal of the Air & Waste Management Association 1509



Lianou et al.

Table 1. Residential outdoor and traffic features of residences at four European urban areas.

Helsinki (n = 37)

Athens (n = 35) Amsterdam (n = 50) Birmingham (n = 30)

Residence location
City Center (n) 6
Distance from the reference site (=10 km) (7; mean) 30; 9.3
Residence type
Residences built after 1980 (n)
Apartments (n; range of floors) 26; 0-7
Mean (SD) and building height (m) 6.0 (7.5); 14.0 (9.2)
Traffic characteristics

Traffic homes (n; traffic flow: min—max) 5; 100-8,974
Proximity to nearest street (=10 m) (n; traffic flow) 16; 1,308
Proximity to major streets (=100 m) (r; traffic flow) 7; 34,045
Proximity to traffic light (=100 m) (n) 6
Canyon effect (n) 3

9 31 1
31,53 50; 3.7 21, 8.7
15 9 3
33; 0-6 36; 0-7 3; 0-3

7.0 (5.3); 14.0 (5.5) 5.0 (4.1); 13.0 (7.0) 2.0 (0.9); 8.0 (0.8)

13; 100-44,000 22, 100-23,446 7,100-19,821
33; 5,311 40; 5,919 13; 100
17; 43,703 33; 10,489 2; 19,415

5 19 2
1 12 2

and traffic flow (vehicles/day) were collected and ana-
lyzed. On the basis of these data, residences were classified
as:

(1) “Background residence,” with low (flow <5000

vehicles/day on the nearest street and there was
no street with flow >10,000 vehicles/day within
50 m and 25,000 vehicles/day within 100 m) ve-
hicle load and;
“Traffic residence,” with moderate (flow on the
nearest street was negligible but there was a major
street carrying more than 10,000 vehicles/day
within 50 m or 25,000 vehicles/day within
100 m) or high vehicle load (flow on the nearest
street >5000 vehicles/day and distance to street
<10 m, or flow on the nearest street >10,000
vehicles/day and distance to street <50 m, or flow
on the nearest street was >25,000 vehicles/day
and distance to street <100 m) (Table 1).

”

@)

Because of the different construction policies in
the urban areas studied, the vast majority of residences
in Amsterdam and Athens were located quite close
(within 10 m) to streets, compared with less than half of
the residences being that close in Helsinki and Birming-
ham. Consequently, more than 10 residences were lo-
cated in canyon-type microenvironments in Athens
and Amsterdam.

Residential Outdoor-to-Fixed Differences
Table 2 shows the distribution (median and standard de-
viation) of the absolute (AC) and relative differences
(%AC/Fixed) between residential outdoor and central
fixed site measurements and the COD for each urban area.
Negative values of absolute and relative differences indi-
cated that fixed site concentrations were higher than
those measured at home outdoor locations at the same
time.

Table 2. Absolute (A C) and relative (%A C/Fixed) differences (median and SD) of daily concentration of PM,,, PM, 5, PMyy_5 5, PM, 5 os. and PN between
home outdoor and fixed site measurements, and COD (mean =+ SE) for all pollutants in each urban area.

City PM Metric Median AC o (AD) Median %A C/Fixed o (% AQ) Significance Level CcoD
PM, o 0.5 4.7 3.7 34.8 0.161 0.06 + 0.01
PM, 5 0.7 2.5 8.0 28.6 0.000 0.07 £+ 0.02
Helsinki PMo_o5 -02 37 —4.1 75.9 0.448 0.50 + 0.10
PMy.5 a0 0.1 0.6 76 456 0.030 0.10 = 0.02
PN —4,300 5,100 —44.5 52.8 0.000 0.53 = 0.04
PM,o -2.3 25.1 —4.0 43.7 0.182 0.10 = 0.01
PM, 5 0.2 10.9 0.8 43.6 0.753 0.09 + 0.01
Athens PM,os 5 23 20.2 74 65.0 0.107 0.60 = 0.40
PM, 5 0 -05 15 -127 38.1 0.000 0.12 + 0.02
PN -9,300 13,100 —34.3 48.3 0.000 0.36 + 0.06
PM,, 3.1 45 10.1 14.7 0.000 0.02 = 0.01
PM, 1.7 3.1 8.1 14.8 0.000 0.02 + 0.01
Amsterdam PMios 1.5 3.2 15.0 32.0 0.000 0.07 = 0.01
PMy.5 a0 0.6 0.9 29.0 435 0.000 0.09 = 0.01
PN 11,700 16,700 60.5 86.4 0.000 0.22 = 0.04
PM,o 1.3 3.7 6.4 18.2 0.000 0.02 + 0.01
PM, 5 0.8 3.3 6.6 27.2 0.008 0.04 = 0.01
Birmingham PMyg 05 0.7 33 8.9 42,0 0.013 0.20 + 0.10
PMy .5 a0 0.1 0.4 6.8 27.2 0.054 0.04 = 0.01
PN -1,200 8,200 —6.1 4.7 0.167 0.07 = 0.01

Notes: Units for metrics: wg/m® for particle mass, 10~5/m for absorbance and particles/cm® for PN.
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High 24-hr PM;, and PM;,_, s AC values were more
commonly associated with increased home outdoor PM,,
concentration levels (corresponded to %AC/Fixed values
from —7.4 up to 15%; Table 2), whereas no trend was
observed for fine particle mass (%AC/Fixed values from 0.8
to 8.1%; Table 2). This was in agreement with previous
studies carried out in areas with low-to-moderate PM lev-
els and high PM, /PM,, ratios that showed no depen-
dence of AC on ambient concentrations.10.18.29.30 The
standard deviation for both absolute and relative differ-
ences and the high COD values (from 0.07 to 0.60; Table
2) for PM,,_, 5 indicated strong site-to-site variations in
Athens. This was due to the resuspension of road dust in
urban areas, especially during dry periods and without
efficient controls.3! Mechanically generated dust from
construction activities for the 2004 Olympic Games may
have affected PM levels locally in Athens, although an-
nual PM,, concentrations in the region did not vary sig-
nificantly from 2002 to 2005.26.32 In Helsinki, road sand-
ing and studded tires during winter and spring may
account for the PM,,_, 5 variability in Helsinki (o(%AC):
75.9%), although no episodes with high PM,, and PM;,_, 5
concentrations were observed during the monitoring
period.

Some indication of the variability caused by the pri-
mary PM, s released from traffic can be obtained by ex-
amining the variability of chemically inert fine particle
absorbance (an index of elemental carbon [EC]; Table 2).
The variability of PM, 5 concentrations (o(%AC) = 43.6%)
in Athens exceeded somewhat that computed for
PM, 5 abs. (0(%AC) = 38.1%), providing evidence of the
inputs of traffic on fine particles. Other features such as
on-street parking and apartment buildings located close
to streets with moderate-to-heavy traffic (Table 1) may
also have affected fine particle spatial variation in Athens,
whereas residences in Helsinki and Birmingham were lo-
cated far away from heavily trafficked streets. On the
other hand, in Helsinki, Amsterdam, and Birmingham, a
certain degree of homogeneity due to the influence of
regional secondary aerosol on PM, 5 concentrations (and
differences) was indicated by the low %AC/Fixed values
for PM, 5 (a(%AC) < 28.6%; Table 2), in comparison with
those estimated for PM,, 5 ,p,. (0(%AC) > 27.2%; Table 2),
The variability in the four urban areas included in this
study was comparable to that observed throughout Eu-
rope, with the highest PM concentrations being measured
in eastern and southern Europe.33-35

Average home outdoor PN concentrations were lower
than those measured at the fixed sites in Helsinki (~44%),
Athens (~34%), and Birmingham (~6%) with compara-
ble site-to-site variation (o(%AC): 41.7-52.8%), whereas
mean PN concentration at the fixed site was approxi-
mately 60% lower than those measured in outdoor home
sites in Amsterdam (Table 2). This may be explained by
the importance of traffic counts and the distance to the
street?3.36 outside residences in suburban areas compared
with the fixed site for different centers. In addition, this
difference may be related to the difference in percentage
of traffic homes in the four cities. The inconsistent degree
of spatial homogeneity for PN among centers as indicated
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by COD values (from 0.07 to 0.53; Table 2), was in accor-
dance with previous studies in Los Angeles,3¢ southeast-
ern Texas,37 central Europe,3® and Helsinki.’® Possible
contributions of regional transport in Birmingham may
result in a rather uniform spatial distribution of PN con-
centrations levels in the area.3® On the other hand, ele-
vated traffic emissions in hot-spot locations (such as
mixed commercial/residential neighborhoods) may lead
to strong spatial variation of PN in Athens and Helsinki.

Effects of Residential and Traffic Characteristics
There are several factors that affect the concentration
levels outside the residences, resulting in spatial hetero-
geneity of concentrations in an urban area. Traffic is con-
sidered to be a significant source of primary particles with
strong temporal patterns. Meteorological factors also af-
fect the pattern in an urban area by promoting effective
convection and mixing. Differences in median relative
difference (%AC/Fixed) of particle mass, absorbance, and
PN for center versus suburban [(WAC/Fixed)..pier]
[(%AC/Fixed)s purpan] and traffic versus background
[(YAC/Fixed) ass) — [(WAC/Fixed)pacrgrounal T€SIdences in
each city are illustrated in Figure 1, respectively. Low-to-
moderate (<20%) differences between center and subur-
ban residences were estimated for particle mass in all four
cities. As expected, the suburban PM,,_, s %AC/Fixed was
higher than those computed for residences located in the
city center, whereas the opposite was observed for PM, g,
PM, 5 abs, and PN. The high relative difference of coarse
particle mass for traffic residences in Helsinki and Athens
provided further evidence of the significant input of me-
chanically generated coarse particles from road dust (Fig-
ure 1b). Fine particle absorbance and PN values in the city
center and traffic residences were higher than those mea-
sured in suburban (or nontraffic) sites (Figure 1, a and b).
Median hourly relative differences (%AC/Fixed) of PN
in Helsinki, Athens, Amsterdam, and Birmingham are
depicted in Figure 2. In addition, Figure 2 shows the effect
of residence location (center/suburban) and traffic on PN
median hourly %AC/Fixed in each city. Traffic appeared to
be the sole source of these differences in Athens and
Amsterdam, with highest differences computed for center
and traffic homes during rush hours in the early morning
and afternoon. The diurnal pattern for all four urban areas
was characteristic of traffic-influenced sites (Figure 2,
e-h). A strong bimodal pattern was observed during the
morning (6:00 a.m. to 8:00 a.m.) and afternoon (5:00 p.m.
to 8:00 p.m.) rush hours in Amsterdam and Birmingham
(Figure 2, c and d); whereas in Helsinki and Athens the
peak of the diurnal variation was observed around 7:00
a.m. and 12:00 p.m. (Figure 2, a and b). A bimodal distri-
bution was observed in Athens. Traffic appeared to have a
larger effect on 1-hr PN %AC/Fixed values between traffic
and nontraffic residences in the morning as compared
with afternoon.38 With respect to traffic load on nearby
streets, our results suggest that the location of the resi-
dence was accountable for observed home outdoor-to-
central fixed site concentration differences for PN. How-
ever, the impact of traffic can vary substantially for
different urban areas due to local and regional factors
such as traffic conditions (speed, fleet), the location of

Journal of the Air & Waste Management Association 1511



Lianou et al.

80
1] PM, (a) Center (vs. suburban) residences

604 C—IPM,,
g 1 PNIm.s
£ W mmr,
&) 1 I Particle number
3 20-
X ]

220 -
1 (b) Traffic (vs. non-traffic) residences

60
- |
=
£ 40-
G —
< -
X

204

0 1
Helsinki Athens Ansterdam Birmingham
Urban area

Figure 1. Median difference of daily relative difference of PM,,, PM, 5, PMyy_5 5, PM, 5 4. @nd PN for different subgroups (a) center vs.
suburban and (b) traffic vs. background residences in Helsinki, Athens, Amsterdam, and Birmingham.

residences with respect to roads (e.g., distance from a
road, on-road traffic), and climatology.

To further investigate the degree of influence of resi-
dential and outdoor characteristics, univariate regression
models were applied to explain the concentration differ-
ence on a specific day by recorded residential and traffic
parameters. Table 3 presents the regression coefficients *
standard error (%) from models with the home-specific
median relative difference between residential outdoor
and central site ambient concentrations as the dependent
variable and the listed variables as independent. Homes
located in the city center had between 8 + 4 and 94 +
14% higher concentrations than homes in the suburbs
(Table 3). A similar profile was also observed for homes
located near roads with high traffic load (Table 3). The
largest urban/suburban and traffic/nontraffic contrasts
were found for PN and PM, s ..,s (>37 * 7%; Table 3).
Traffic load in the vicinity of the residence (within 10 m
of the edge of the road) appeared to have a high impact on
%AC/Fixed values for particle absorbance and PN concen-
trations (69 * 9% and 133 = 21%, respectively; Table 3).
It should be noted that the latter was only calculated for
Athens and Amsterdam because there were no homes
within 10 m of a major street in Helsinki and Birmingham
(Table 1). Other variables not shown in Table 3, such as
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season of sampling, age, and type of residence did not
have an effect on %AC/Fixed values (Table 3).

Fixed-to-Outdoor Relationships
Although regression coefficients between residential out-
door sites and the fixed sites for each subject provide an
index of the temporal correlation between the sites (con-
centrations decrease or increase simultaneously), changes
of regression coefficients from subject- to city-specific and
single (all subjects/all cities) models were related to the
different degree of spatial homogeneity in concentration
units (similar concentrations in both sites) for particle
mass and absorbance. The median (*standard deviation)
of the individual regression coefficients (slopes and inter-
cepts) between central fixed site and home outdoor con-
centrations are presented in Figure 3 (open squares).
Slopes of individual models for particle mass varied from
0.39 to 1.03 (Figure 3, a—c) and median intercepts were
lower than 10 pg/m? (Figure 3, f-h). Home outdoor fine
particle absorbance (PM, s .p,s) measurements were mod-
erately related to corresponding measurements at the
fixed site with median slopes from 0.58 to 1.04 and inter-
cepts lower than 0.70 X 10~° m~! (Figure 3, d and i). On
the contrary, rather poor associations between residential

Volume 57 December 2007



Lianou et al.

Helsinki
20 30
(@)
0 - 15 R
=3 =
o~ ~ 0
Q
2 3
° =15 —&— Center
—&— Traffic
'30’\\\\\\\\\\\\\\\\\\\\\\\\
> @ ! e
Athens
10
(b) 90 -
70
b5 ER
= R |
i3 = 50 7
9 g 30 o
S = 10 ] —— Center
1 —8— Traffic
-10 T T T T T T T T T T T T T T T T T T T T T T T
e o o g
Amsterdam
140
1® R _sa_.
110 |
3 E g0
£ W
= O 1
&) 3 50 48
o<\°] X ] —— Center
20 —&- Traffic
-10 T T T T T T T T T T T T T T T T T T T T T T T -10 T T T T T T T T T T T T T T T T T T T T T T T
S - SO = -
Birmingham
170
1 (h) —&— Center
= = 130 —&- Traffic
(0] O ]
R 290
= = ]
3 g 50
X =X ]
10 1
Sy 230
S e a2
Hour Hour

Figure 2. Diurnal variation of the median (*+standard deviation) relative difference of PN for all residences, and for center and traffic residences
in (a and e) Helsinki, (b and f) Athens, (c and g) Amsterdam, and (d and h) Birmingham.

outdoor and central site number concentrations were ob-
served with subject-specific slopes from 0.36 to 1.22 and
intercepts as high as 7000 particles/cm? (Figure 3, e and j).
For most of the cases, city-specific slopes (black circles in
Figure 1) were comparable (within 30%) with subject-
specific slopes. A larger variation (from 40% in Athens
and Helsinki up to almost 300% in Amsterdam; Figure 3e)
was estimated for PN concentrations. With respect to
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differences among the urban areas, regression parameters
obtained from a single model for each parameter (contin-
uous line in Figure 3) for particle mass did not vary sig-
nificantly (less than 20%) as compared with those com-
puted for each city. As for PM, 5 ,,,,. and PN, estimated
coefficients may lead to significant underestimations in
Amsterdam (up to 85%; Figure 3, e, i, and j). For all PM
fractions, the temporal variation of residential outdoor
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Tahle 3. Effect of home outdoor characteristics on the relative difference between residential outdoor and fixed site concentrations estimated as the
median (=a, %) of the regression coefficients of regression models with relative differences (%A C/Fixed) of PM,,, PM, 5, PMy_5 5, PMy 5 4. and PN as
dependent variables and the residential/traffic feature as determinants.

Parameter %PM,q %PM, 5 %PM,g_5.5 Y%PM, 5 abs. %PN
City center (with suburban residencies) 4+4 8+4 23+7 43+ 6 94 + 14
Traffic (with urban background) 11+4 9+3 217 377 7515
Proximity to nearest major street (<10 m) 20+ 6 185 30 =10 69 +9 133 = 21
Distance to reference site (<5 km) 6+3 4+3 146 29+7 74 =14
Residence type (apartment vs. single homes) -5=+4 6+4 —4+8 -14+7 —-19+16
Sampling height (<5 m) —4+4 1+4 -1=x7 —4+8 —-10*+15
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Figure 3. Comparison of regression coefficients (median = o) of home outdoor versus fixed site concentrations for (a and f) PM,,, (b and g)
PM, 5, (cand h) PM,,_, 5, (d and i) PM, 5 ., , and (e and j) PN for subject-specific model (open squares), for city-specific model (black triangles),
and a single (all subjects/all cities with city indicators; solid line). Hel = Helsinki; Ath = Athens; Ams = Amsterdam; Bir = Birmingham. Units
for metrics: wg/m? for particle mass, 10~5/m for absorbance, and particles/cm?® for PN.
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concentrations was represented quite well by the variabil-
ity of fixed site concentrations with the highest being
measured in Amsterdam as compared with the other ur-
ban areas.?” Correlations for PM,,_, s mass and PN con-
centrations (0.67-0.76) were slightly lower than for PM,
and PM,, (0.79-0.98).

Determinants of Residential Outdoor
Concentrations

Multivariate linear models were used to estimate the im-
pact of fixed site concentrations, and residential and traf-
fic determinants on home outdoor concentrations (Figure
4). In this analysis, applied models accounted for approx-
imately 4-93% of the variation in all cities. All recorded
parameters (included in Table 1) were taken into account.
For particle mass and fine particle absorbance, fixed am-
bient site concentrations accounted for a large fraction of
home outdoor levels, especially reflecting similar tempo-
ral variation within the city. The precision varied across
pollutants.

The traffic flow on the nearest street (including the
distance to the nearest street) and distance to the nearest
traffic light (2.4 pg/m?), age (1.1 ug/m?3), and type (1.5

Lianou et al.

ng/m?) of the home also were important predictors for
PM,, and PM, 5. Seasonal variation, age, and floor (if
apartment) of the residence as well as distance from the
nearest major street and intersection were insignificant
determinants of home outdoor PM, s mass. For coarse
particles, traffic counts and the distance to nearest traffic
light explained 1.1 and 1.5 ug/m3, respectively. The type
of the residence appeared to be a good predictor (1.1
ng/m?). Apartment buildings are usually located closer to
roads, whereas single-family residences are further away.
In addition, the presence of sources of coarse particles in
suburban areas (e.g., “dusty” roads) as compared with
high traffic in downtown areas could explain the ob-
served different effect of the location of the residence on
outdoor measurements. Fine particle absorbance predic-
tors were related to traffic counts and characteristics (dis-
tance to nearest street, traffic light) as well as the location
of the residence, representing approximately 25% of
home outdoor levels. The higher emissions of PM from
vehicles at traffic lights (during red-light waiting period
and start-up) may also be an important contributor of PM
outside of residences.
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Figure 4. Multiple regression analysis of residential outdoor concentrations for all urban areas. Unit for metrics: ug/m?® for particle mass, m~

for absorbance, and particles/cm?® for PN.
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PN concentrations measured at the fixed site ac-
counted for 53% of home outdoor levels. The location of
the residence, the distance to the nearest traffic light, and
traffic counts were responsible for, on average, 8500 par-
ticles/cm?. Lower particle counts were determined as the
distance from the nearest streets and intersections in-
creased and for apartments (as compared with single fam-
ily residences). A large fraction (40%) of PN was not rep-
resented by the fixed ambient measurements and the
residential/traffic characteristics recorded in this study.
Overall, differences in concentrations between a central
fixed site and home outdoor sites spread over the city
were larger for PN than for fine particle mass.

CONCLUSIONS

The effects of residential and traffic characteristics on PM
concentrations measured outside homes and apartments
in relation to central fixed site measurements were inves-
tigated in four European urban areas: Helsinki, Athens,
Amsterdam, and Birmingham. Differences between the
residential outdoor and fixed ambient site concentrations
varied substantially for different urban areas and pollut-
ants and correlated with ambient concentration levels.
Spatial variability for PM,,, PM, s, PM o 55, PM, 5 ..
and PN in all centers was due to differences in the con-
tribution of local sources of primary PM and transported
flux of secondary PM. In addition, meteorological regimes
and local topography may also have played an important
role by affecting mixing and uniform dispersion.

Spatial variation of PM in an urban area may cause
misrepresentation of concentration levels outside of resi-
dences (and thus, personal exposures) for epidemiological
studies using a single fixed site. This uncertainty varies for
different metrics of PM (e.g., particle mass fractions) and
depends of the characteristics of the residence. More spe-
cifically, concentration differences were related to the
residence location (center/suburb) and traffic load near
the residence. The diurnal profile of PN concentration
differences suggested the significant input of traffic emis-
sion in the morning and late afternoon (during rush
hours). On the other hand, specific residential character-
istics such as the age of residence and sampling/building
height did not contribute to the differences between res-
idential outdoor and ambient measurements of particle
mass.
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