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Abstract

Due to their detrimental effects on human healtle, gcientific interest in ultrafine
particles (UFP) has been increasing, but availaiiermation is far from
comprehensive. Compared to the remaining populatioe elderly are potentially
highly susceptible to the effects of outdoor ailtygen. Thus, this work aims to assess
the levels of outdoor pollution at an urban areghwemphasis on UFP number
concentrations and to estimate the respective dss for elderly populations. UFP
were continuously measured during three weeksraetkites in north Portugal: two
urban (U1l and U2) and one rural used as referéRtg Meteorological parameters
and outdoor pollutants (Pl Oz, NO and NQ) were also registered. The dose rates of
inhalation exposure to UFP were estimated for thdd#ferent age categories of
elderlies: 64-70 years; 71-80 years; and >81 ye&mex. the sampling period the levels
of PM1o, Oz and NQ were in compliance with the European legislatigiean UFP
were 1.7x16and 1.2x16particles crm® at U1 and U2, respectively, whereas at rural
site the levels were 20-70% lower (mean of 1.0%dticles cr’). Vehicular traffic
and local emissions were the main identified scuof@JFP at urban sites. In addition,
the results of correlation analysis showed that WeRe meteorologically dependent.
The exposure dose rates were 1.2—1.4 times higlwban sites than at reference one,
with the highest doses observed for adults withBDlyears, mainly due to their higher

inhalation rates.
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INTRODUCTION

Particulate matter (PM) is recognized as one of mi@st important air
pollutants. Up to this date, epidemiological stsdmrave shown association between
increase morbidity and mortality rates due to negpry and cardiovascular diseases
and increased levels of ambient PM (Brunekreefl.et2809; Krewski et al., 2003,
2009; Krewski and Rainham 2007; Samet and Krew@r2Turner et al; 2011). The
evidence has been so overwhelming that in Octob&B 2nternational Agency for
Research on Cancer (IARC) classified PM from outdmmlution as carcinogenic to
humans (i.e. Group 1; IARC 2013). In addition tossy@nd number concentrations,
limited number of studies has shown that atmosplpaiticles of different sizes may
be responsible for different levels of adverse @ffgSu et al., 2006). The smallest
fraction of PM are ultrafine particles (UFP), itbose with particle size less than 100
nm (Wang et al., 2011). Unlike larger particles,RUgan cause adverse health effects
even at low mass concentrations because of thgir mimber concentrations, high
specific surface area, and ability to penetrate the interstitial spaces of the lungs
(Bakand et al.; 2012; Oberddrster et al., 2005@&mat al., 2005). Studies have shown
that exposure to UFP are associated with impaived) lfunction and pulmonary
defense mechanisms, inflammatory responses, woig@firespiratory diseases and
allergic conditions, cardiovascular problems, angene with carcinogenic and
genotoxic consequences (Ferreira et al., 2013; dobster et al., 2001; Stanek et al.,
2011). Nevertheless, the mechanisms of UFP hedldtie are yet to be fully
understood. Although epidemiological studies on UBR needed, exposure
assessment issues for UFP are complex (high spad@bility, high seasonal
variability in UFP number concentration and compos) and need to be considered

before undertaking investigation of UFP health @fd€Sioutas et al., 2005).



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

UFP originate from both natural and anthropogeaigcses, being emitted (i.e.
primarily origin) as well secondarily formed fronagprecursors (Wang et al., 2010).
UFP are ubiquitously formed through nucleation (Meska et al., 2008) and by gas—
to—particle reactions and growth processes (innaiondensation, coagulation and
volatilization) (Solomon 2012). However, in urbareas the combustion sources,
namely emissions from vehicular traffic are the msources of UFP (Kumar at al.,
2010; Morawska et al; 2008). In addition to thealogources, studies have shown that
UFP number concentrations and size distributionaége governed by meteorology,
thus creating various patterns (Pirjola et al.,@08ussein et al., 2006). In order to
fully comprehend these complexities, further stadiee needed.

The number of elderly population (i.e. > 65 yeahs)s been increasing
throughout the world. Between 1996 and 2008 therbigpopulation increased from
380 to 500 million (i.e. from 7 to 16% of the togapulation) (Bentayeb et al., 2012).
According to United Nations, in 2050 4% of the vdgplopulation will be aged over 80
years and 21% will be older than 60 years (Unitedidss, 2001). For Europe these
projections are even higher, with 11% and 29% efEhbropean population being older
than 80 and 60 years, respectively (Eurostat 20l%se demographic perspectives
bring major consequences for all aspects and aehsman life. Consequently, a
better understanding of the health consequencespaisure to various risk factors,
notably to environmental ones, including air patinf are needed, particularly for
elderly people. Compared to the rest remaining [ajon, the elderly are potentially
highly susceptible to the effects of outdoor aillygmdn. Nevertheless, the majority of
existent studies focuses on other age—populatimy beexistent the assessment of the

exposure to outdoor UFP for elderly.
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The present work aims to assess the levels of oufmtalution at an urban area
with emphasis on UFP. The specific objectives o thork was to assess the UFP
number concentrations at two urban and one rutal (sised as reference) and to
estimate the respective dose rates of inhalatippsxe to UFP for elderly populations
when compared to active adults. The outdoor paitstdPMy, i.e. particles with
aerodynamic diameter below {0, ozone (@) and nitrogen oxides (NO and NP
and meteorological parameters (temperature (Tativel humidity (RH), wind speed
(WS), precipitation (P), and solar radiation (SRYgre registered in order to
characterize the outdoor pollution and weather tmms, as well as, their influence in

UFP levels.

MATERIALSAND METHODS

Study area description

Oporto is the second largest city of Portugal, tedan the North of Portugal. Its
climate is characterized by annual average temyreraf 15 °C approximately and the
difference between the highest and lowest montlagrages being less than 10 °C.
Annual air humidity is between 75% and 80%, andtth@ annual mean precipitation
varies between 1000 mm and 1200 mm, with about 49%he winter season.
Prevailing winds are from West and North Wgatreira et al., 2007). The important
air pollution sources in the respective area ahecletraffic, an international shipping
port, an oil refinery and a petrochemical compkxyower plant, and an incineration

unit (Slezakova et al., 2013).

UFP Collection
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UFP were consecutively measured during three weeday-June 2013 at three
different sites in Portugal. The three sites wededed in order to represent different
environments. Sites U1 and U2 were characterized asban ones. They were situated
in Paranhos district of Oporto city; previouslywiis demonstrated that vehicular traffic
emissions are the main pollution source of thim gf&ezakova et al., 2011, 2013).
Specifically, both sites were situated within a lpulgarden where senior citizens
gathered for social activities (i.e. board-gamewyiplg, reading, socializing in outdoor
areas of coffee houses, and etc.). The third sitev&s situated in Ermesinde district
also in the north of Portugal. This site was coasad as a rural background one and
was used for comparison. Specifically, R1 was &tian a countryside surrounded by
farm plantations and natural forests.

UFP number concentrations in size range 0.02-1 gre wsontinuously measured
daily between 8:30 and 17:30 by condensation partisunters — TSI P-Trak™ (UPC
8525; TSI Inc., MN, USA). Intake flow was 0.7 L mirand UFP logging interval was
60 s. The samplers were positioned in open areaiagoany obstacles and barriers
(trees, bushes walls, and fences) that could emerfwith data collection. The
equipment were mounted on support (sampling ifleight 1.2 m above the ground)

and protected from rain.

Traffic, meteorological and outdoor auxiliary data

The traffic intensity of roads surrounding eacle sitas estimated during two
consecutive weekdays. The number of road vehicles mvanually counted during
every hours between 5:00 and 24:00 h.

Information on outdoor meteorological conditionamely T, RH, WS, P, and

SR were retrieved from the local meteorologicatistathat was located 300700 m
6
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from the sites; all parameters were continuouslgsuesd with data registered every 5
minutes. The levels of outdoor pollutants, nameM:1& Os, NO and NQ were
provided by Portuguese Environmental Agency. Taldeimmarizes the weather and

pollution conditions during the sampling campaigns.

Doserate exposure analysis

UFP dose rates from inhalation exposure of eldeniere calculated using
Equation 1 (Kalaiarasan et al., 2009; Castro e2all1):
Dose rate (D) = (BR/BW) x C x OF (1)
where D is the age-specific dose rate (particle memkg?); BR is the age-specific
breathing rate (L mit); BW is age-specific body weight (kg); C is thencentration
of UFP (number of particles); OF is the occupancy factor (i.e. percentagdylike
be in the public garden at a given interval of fiméFP dose rates were estimated for
elderlies, i.e. adults > 65 years old. The infoioraton age-specific factors was
retrieved from USEPA Exposure Factors Handbook (R&SE2011) using BW of 72
kg. BR rates corresponding to sedentary activitiest were the mostly observed) were
used as the following: (USEPA, 2011): 4.9 L mifor seniors 65—70 years old, 5.0 L
min~! for seniors 71-80 years old, and 4.9 L thifor seniors >81 years. OF was
considered 2.5 h per day (0.105). For comparisose dates of inhalation exposure to
UFP were estimated also for active adults (age@2f%years) considering the same
exposure time (i.e. 2.5 h per day) as for elderde® specific parameters of 4.6 L min

! for BR and BW of 76 kg were used for this grous&PA, 2011).

Statistical analysis



163 For the data treatment, the Student’s t-test wakeapto determine the statistical
164 significance §<0.05, two tailed) of the differences between tletedmined means.
165 Spearman’s rank correlation coefficiep(.05) was calculated to assess the influence
166 of meteorological parameters on UFP number conatois. All statistical analyses

167 were performed using IBM® SPSS® Statistics software

168

169 RESULTS

170 Ultrafine particle number concentrations, traffic and meteorological data
171 The medians and other statistical parameters of aifdfe two urban traffic sites

172 and the rural background site are summarized iarEid. The concentrations of UFP
173 ranged between 4.9x3@nd 4.3x16 (mean of 1.7x10+ 0.5x1d) at U1 and from
174 2.4x1C and 3.0x1Hat U2 (mean of 1.2 x#@:0.6x1d). At the rural site, the lower
175 levels of UFP were observed with concentrationgirambetween 1.5x£@&nd 3.4x16
176  (mean of 1.0x19D+ 0.7x1d). The statistical analysis of these results ingidahat: i)
177 UFP concentrations were significantly highpx@.05) at the urban sites than at the
178 rural one; and ii) the differences observed betwd#eR means at sites U1 and U2 were
179 statistically significant§<0.05).

180 The daily profiles of UFP number concentrationghatthree sites are shown in
181 Figures 2A-C which also demonstrate the profiletheftraffic density. The average
182 traffic density of the roads around Ul was 16 vesienirt® and traffic peak hours
183 were detected at 08:30 (24 vehicles Himnd 17:30 h (25 vehicles mi All roads
184 around U1l were characterized by the type of vebjctostly constituted by cars (95%).
185 Traffic density around site U2 was comparable With(daily average of 13 vehicles
186 min?; traffic peak hours at 08:30 and 18:30 with 21 atfl vehicles min,

187 respectively); however, the type of vehicle traffias different. U2 was situated near
8



188 aroad with a not—negligible proportion of heavyydeehicles (15%, typically buses).
189 As expected, traffic density at R1 was lower thiaiha other sites. Small traffic density
190 (< 1 vehicle minY) was measured at R1 because of the rural locafitiis site; the
191 road vehicles consisted entirely of passenger (#8%). The comparisons of UFP
192 number concentration profiles clearly showed that similarities were observed
193 between rural and urban sites. In addition, théy/ gofiles of UFP at both urban sites
194 also differed in some extent which suggests diffeseurces and/or influences of UFP
195 at the two characterized urban sites.

196 The concentrations of UFP at the three sites wisteamalysed together with the
197 meteorological parameters. Table 2 shows Spearmarnreation coefficients between
198 UFP number concentrations at sites Ul, U2 and Rilnaeteorological parameters
199 (temperature, relative humidity, wind speed, andrs@diation). Inverse correlations
200 between the number of UFP, relative humidity anchdvspeed were observed.
201 Temperature and solar radiation were positivelyredated with UFP number

202 concentrations.

203
204 UFP doserates
205 Dose rates associated with inhalation exposureRB that were estimated for

206 three different age categories of elderlies atlhinee studied sites are shown in Table
207 3. The results clearly show that: (i) for all aggegories the highest dose rates of UFP
208 were found at Ul; and ii) for all sites the highgatues of UFP dose rates were

209 observed for seniors 71-81 years old.

210

211 DISCUSSION
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As humans can be adversely affected by exposwaie pmllutants in ambient air,
European Union has established health—based stEnfitara number of pollutants in
air under the Directive 2008/50/EC. These standarelspplied over differing periods
of time because the observed health impacts assdaiath the various pollutants can
occur over different exposure times. At this momtéete are no air quality guidelines
for UFP (Kumar et al., 2011). Still three air padlats that were monitored in this study
are considered in the respective EU legislatiormeig particulate matter Pl
nitrogen dioxide and ozone. For ozone, EU setéefislation standard as a maximum
daily 8 h mean with limit value of 120 pugtnFor nitrogen dioxide the standard is
expressed as 1 h mean of 200 ud, rallowing 18 exceedances per calendar year.
Finally, for PMiothe limit value of 24—h average is 50 pgitmot being allowed more
than 35 exceedances per year) and 40 ffganthe annual average. As indicated in
Table 1, 24-h concentrations of Rvere lower than 50 pgThat all three sites (14
and—30 pg i and 10-25 pg Mat U1 and U2, respectively, and 4—6 ug at R1).
Similarly, 1-h measured levels of nitrogen dioxidere lower than EU limits, as well
as were the concentrations of ozone. Therefore,tbeesampling campaign the levels
of the air pollutants were in compliance with thd Egislation.

The concentrations of UFP were significantly highetwo urban sites than at
rural ones. Specifically, the UFP levels were, eesipely, 70 and 20% higher at Ul
and U2 than at R1. Number concentrations of UR&Mmbient air can vary by up to five
or more orders of magnitude (from 1@ 10 particles cm®) depending on
environmental conditions and source strengths (Kushal., 2010; Solomon 2012).
Morawska et al. (2008) reviewed UFP from 71 studied compared the number
concentrations across a wide range of environméots, clean background places to

tunnels with levels ranging from 333 2x16 particles crm’. Specifically for urban
10
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sites the authors estimated means between 7220 Fx18 particles ¢ (based on
24 studies). Additionally, UFP number concentragiahdifferent locations throughout
the world were summarized by Wang et al. (2011) véiported concentrations in range
of 6x1C to 6x10 particles cr®, i.e. in a similar range to those of Morawska let a
(2011). For the European urban sites the lattatystaported mean values between
1.2x1@ (Helsinki, Finland) to 1.9xX(articles cm®(Birmingham, U.K.). It is possible
to conclude that the levels of UFP obtained attthe characterized urban sites in
Portugal were in the same range as in other Europigas. The slight differences (in
comparison to those estimated by Morawska et @8Pcould be caused by the level
of urbanization and overall development of arearehibe sites were located. In
addition, seasonal influences, meteorological dwovh, different study design
(sampling period, duration), and the close proxmoitthe sampling site to the traffic
road at Ul (about 8 m) could account for some es¢hdifferences (Seigneur, 2009;
Sioutas et al. 2005; Solomon 2012). For rural sttesinformation is available only in
the study of Morawska et al. (2008) that estimatedean of 0.48xT(articles crm
(based on 8 studies) which is approximately twmaedr than in the present work.
Atmospheric formations of UFP, and natural emissifstom vegetation (plantations,
forests) that were located in the direct vicinifytlee site R1 might cause the increased
levels (Morawska et al., 2008). In addition, theulées in Figure 2C show that no trend
between traffic density and UFP number concentnatwas observed at site R1 (which
was anticipated considering the rural locationto$ site). However throughout the
sampling campaign, soil farming activities (sucls@isploughing) were observed daily
during the afternoon hours (approximately from 03:8t plantations that surrounded
the site R1. As demonstrated in Figure 2C, thegeitges were directly linked with an

increase of UFP and may account for some of theseased UFP levels at R1.
11
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Comparing the two urban sites, the daily profilésPLalso differed. At site Ul
the daily profile of UFP number concentrations veamilar to other urban areas
(Solomon et al. 2008; Wang 2011). The peaks of WEmber concentrations and
traffic density were observed in the same peridtigufe 2A) indicating that vehicle
emissions were the main source of UFP at thiséghicle emissions are also a major
source of N@. At site U1 the typical daily N®trend exhibited concentration peaks
during the same hours as UFP (results not shownexefore, it is possible to conclude
that UFP number concentrations originated mairdynftraffic emissions at this site,
owing the high levels to the morning and the afterntraffic rush hours. At U2 (Figure
2B) the trend between UFP and traffic profile was similar. The first peak of UFP
number concentration was observed in in the mordumgng the rush hour and was
associated with motor vehicle emissions. Howeves,second peak was observed at
mid-day—early afternoon (between 12:00-13:00). Tihisease was associated with
emissions of the local soup kitchen that was stiatosely to this site U2. Therefore,
overall levels UFP at site U2 resulted from conitin of both these sources.

The results of Spearman correlations showed thefficents between the
concentrations of UFP and meteorological parametemely temperature, relative
humidity, wind speed, and solar radiation wereisially significant p<0.05) for all
variables. The wind speed had a negative correlatith UFP number concentrations
due to the greater horizontal dispersion of théupats at higher wind speed (Shi et
al., 2007). An inverse correlation between UFP ratative humidity can be attributed
to the fact that particles can be removed from aphere by their dissolution in water
droplets (Agudelo-Castafieda et al., 2013) or bycibegulation of droplets on the
particles and, thus, be easily removed by belowelar in-cloud processes (Wiegand

et al., 2011). The positive correlation between WERmber concentration, temperature
12
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and solar radiation might be due to photochemicality, leading to an increase in
the concentration of UFP (Park et al., 2008). Sjwedly, increases in temperature
cause an increase of the tropospheric ozone (EI2015). The presence of sunlight
then increases photolysis of the troposphere oamdecreates OH radicals that can
oxidize precursors. These processes result indimattion of low-volatility species
that are able to nucleate under atmospheric camgit{(Su et al., 2006; Wang et al.,
2010). Overall the obtained findings of the cortiela analysis between UFP and
meteorological parameters were in agreement witkvipus studies (Agudelo-
Castafeda et al., 2013; Kanawade et al., 2012;\Wka et al., 2008) confirming that
formation and levels of UFP in ambient air are rogigically dependent.

The inhalation exposure dose rates of UFP due tdoou activities were
estimated for three different age categories cdntiles (64—70 years; 71-80 years; and
>81 years). At urban sites the exposure dose vates 1.2—-1.4 times higher than at
reference one. The highest exposure doses of UR@fauiend for all age categories at
site U1 mostly due to the highest levels of UFPalkating the different age groups,
the highest doses of UFP were observed for aditltisA4—80 years mainly due to their
higher inhalation rate. At this moment there areti®r published studies that assessed
UFP dose rates of elderlies. In order to betterewstdnd the magnitude of UFP
exposures, the dose rates of elderlies were comparthose of active adults (25-64
years). The results in Table 3 show that UFP exjgoduoses rates of elderlies were
approximately 15% times higher than those of addltseese results are important
because they indicate that elderly might receighdr doses of UFP and thus be at
greater risks from air pollution than other ageugr® In addition, the elderlies are also
more likely to be affected by air pollution, duegenerally weaker lungs, heart and

defence systems (Bentayeb et al., 2012; Maynaatl,2003).
13
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The dose rates of UFP estimated in this work were td outdoor exposure
only. However, people spend most of their time @5 %) indoors where they are
exposed to UFP from additional sources. The camioh of UFP from outdoors
represents approximately only 1-4% (in winter amaher, respectively) of the total
UFP daily dose (Buonnano et al. (2014). Therefoheyacterization of the respective
exposures to UFP for elderly populations in othervi®nments is of upmost
importance. The complexity of ultrafine particlé®igh suggests that considerable
efforts will be needed in order to properly undanst the linkage between the UFP

exposures and various types of health outcomes.
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456 Figure Captions:

457 FIGURE 1. UFP number concentrations at two urban (U1, U2) ramal (R1) sites:
458 minimum and maximum values, median"2ihd 7% percentile.

459 FIGURE 2. UFP number concentrations profiles: (A) urban ite (B) urban site U2;
460 and (C) rural site R1. The traffic density profileetween 08:00 and 18:00) at each site

461 is also shown.
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TABLE 1. Summary of weather conditions (temperature, regatiumidity, wind
speed, and solar radiatidand outdoor pollution (PM, Oz, NO and NQ) during the
sampling campaigns at the two urb@il, U2) and rural (R1) sites. The means are
averaged over the 24-h, whereas ranges (in passithhepresent ranges of 5—min for

meteorological parameters and 1-h means for dutpals.

Ul u2 R1
16.6 13.6 16.8
Temperature (° C)
(15.1-18.7) (12.3-16.3) (16.1-17.5)
_ o 63 75 89
Relative humidity (%)
(56-81) (59-90) (84-94)
. 6.3 6.9 3.1
Wind speed (km 1)
(4.7-8.5) (5.1-10.1) (2.3-3.9)
254 312 233

Solar radiation (W rrf)
(221-269) (278-386) (223-244)

25 17 5

PMio (ug nT) (14-30§ (10-25§ (4-6
60 59 53

Os (ug ) (4-111) (12-100) (32-86)
34 15 1.6

NO (ug nT3) (2—-224) (2-129) (1.3-2.1)
50 29 1.6

NOz (ug nTd) (10-134) (8-83) (0.5-5.4)

#The sampling campaign were conducted in springodesithout any rains; therefore
the precipitation was 0 mm.
PFigures in parenthesis represent concentrationesamj 24-h means during the

sampling campaign as settled in EU air qualitydigion (Directive 2008/50EC).



12 TABLE 2.
13 Spearman correlation coefficients between UFP numbencentration and

14 meteorological parameters at the two urfiah, U2) and rural (R1) sites.

Ul U2 R1
Temperature (° C) 0.119 0.598 0.473
Relative humidity (%) —-0.430 —-0.478 —-0.630
Wind speed (km 1) -0.136 -0.171 -0.301
Precipitation (mnt) - - -8
Solar radiation (W rf) 0.108 0.178 0.581

15 Note: values in bold are statistically significaiot p<0.01; values in bold italics
16 indicate statistically significance fpx0.05.

17 aCannot be computed because precipitation was aar{s& 0.0 mm) during all period
18 of sampling campaign.
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TABLE 3. Estimated dose rates of UFP (particleskipr four different age categories at the two urfidl, U2) and rural (R1) sites.

Dose rate (particles kg')

Ul U2 R1
Elderlies 12.2 x10 8.59 x10 7.25 x10
65-70 years
(3.45x10 — 3.09x16) (1.74x10 — 2.15x16) (1.07x10 — 2.40x16)
1180 12.4 x10d 8.77 x10 7.40 x10
— ears
Y (3.52x10 — 3.15x16) 1.78x10 — 2.19x10) (1.09x10 — 2.45x16)
12.2 x10 8.59 x10 7.25 x10
>81 years
3.45x10¢ — 3.09x10) (1.74x10 — 2.15x16) (1.07x10 — 2.40x16)
10.8 x1d 7.64 x10 6.45 x10

Active adults  25-64 years

3.07x10 - 2.75 x16)

(1.55x10 — 1.91x16)

0.95x10 — 2.13x16)
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