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Abstract: To evaluate the impact of traffic on urban air quality, the chemical composition and sources of submicron aerosols
(PM1) were simultaneously investigated at a kerbside site in Dublin city centre and a residential site in sub-urban Dublin (~5
km apart) from 4 September to 9 November in 2018. Through the detailed comparison of one-week non-heating period in early
September and heating period in late October, black carbon (BC) was found to be the most dominant component (38-55% or
5.6-7.1 ug m®) of PM; at the kerbside while organic aerosol (OA) was the most important (46-63% of PM; or 1.0-8.7 ug m)
at the residential site. The daily and weekly cycle of BC at the kerbside during non-heating period pointed to the major source
of vehicular emissions, consistent with that for nitrogen oxides (NOy). However, traffic emissions were found to have a minor
impact on air quality at the residential site due to its distance from traffic sources, as well as the effects of wind speed and
wind direction. As a result of vehicular emissions and the street canyon effect, the kerbside increment (from urban background)
ratio of up to 25:1 was found for BC during the non-heating period, but reduced to 10:1 during the heating period due to the
additional sources of solid fuel burning impacting the air quality at both sites simultaneously. OA source analysis shows only
18-27% (0.9-1.2 ug m3) of OA at the kerbside associated with vehicular emissions, with higher contributions from cooking
(18-36% or ~1.2 ug m), solid fuel burning (~33% or ~2.1 ug m), and oxygenated OA (31-37% or 1.2-2.0 ug m=3). At the
residential site, solid fuel burning contributed to approximately 50% (2.7 ug m3) of OA during the heating period, while
oxygenated OA accounted for almost 65% (0.5 ug m™) of OA during the non-heating period. Based on simultaneous
investigation of PM; at different urban settings (i.e. residential vs kerbside), this study highlights temporal and spatial
variability of sources within Dublin city centre and the need for additional aerosol characterisation studies to improve targeted
mitigation solutions for greater impact on urban air quality. Moreover, traffic and residential heating may hold different
implications for health and climate as indicated by the significant increment of BC at the kerbside and the large geographic

impact of OA from residential heating at both the kerbside and residential sites.
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1 Introduction

Aerosol particles adversely affect human health, causing morbidity and premature mortality (Pope 111 et al., 2002; Cohen et
al., 2017; Burnett et al., 2018). In particular, urban areas are usually more polluted than rural areas due to the proximity to
pollution sources including traffic, cooking, and various other activities such as residential heating. To make things worse, the
street canyon effects in urban areas result in poor dispersion conditions, trapping the pollutants in downtown areas where the
streets are flanked by buildings on both sides creating a canyon-like environment (Fuzzi et al., 2015). The term ‘urban
increment’ is defined as the increase in air pollution parameters in the urban background above the rural surroundings while
‘kerbside increment’ is defined as the increase in concentrations at a kerbside or street site relative to the urban background
(Lenschow et al., 2001; Mues et al., 2013; Fuzzi et al., 2015). Models often underestimate the urban increment let alone
kerbside increment, due to the poor grid resolution and not taking into account the urban micron-environment such as the urban
canyon and urban heat-island effects (Mues et al., 2013). Therefore, field campaigns, especially those simultaneously
measuring at different settings (e.g., residential site vs. kerbside) in urban area, are required to study the spatial variation of
aerosols and their sources as well as to provide constraints for the models.

Aerosol can be broadly categorized into two classes: primary and secondary (Fuzzi et al., 2015). Primary aerosols are
directly emitted from their emissions sources such as traffic, cooking, and biomass burning while secondary aerosols are
formed from their corresponding precursor gases (An et al., 2019). Primary aerosols often show enhanced concentrations when
close to their sources (e.g., at the kerbside), while secondary aerosols are more homogeneously distributed (Hallquist et al.,
2009; Zhang et al., 2015; Gentner et al., 2017). Mohr et al. (2011) showed a kerbside increment of up to 11 pug m™ for black
carbon (BC) and 2.5 pg m for hydrocarbon-like organic aerosol (HOA) at a road side in Zurich with the mobile measurements
using an Aerosol Mass Spectrometer (AMS). While mobile or on-road measurements can provide a detailed characterization
of the spatial variation of the chemical components and sources (e.g., traffic) of aerosols, mobile measurements can also be
strongly influenced by the emission from a specific source e.g., from an old type truck (or high emitters), not representing the
average fleet (Fuzzi et al., 2015). Moreover, mobile measurements are usually conducted at a specific time of the day, failing
to capture the temporal variation of aerosols over longer periods (e.g., days to months) (Mohr et al., 2011; Fuzzi et al., 2015).
A fixed installation of instruments at multiple sites simultaneously can, therefore, provide more detailed information about
both the temporal and spatial variation of aerosols. Crippa et al. (2013) investigated the temporal evolution of the submicron
aerosol at three sites (one urban centre and two urban background sites) in Paris during wintertime. In contrast to the finding
by Mohr et al. (2011), Crippa et al. (2013) concluded that the submicron aerosol in Paris was dominated by regional transport
and that the emissions from Paris itself had an insignificant impact on the urban backgrounds. The discrepancies between the
individual studies may be related to the specific geographic environment and the periods of the measurement (Fuzzi et al.,
2015).

Dublin, the capital city of Republic of Ireland in Western Europe, is home to ~1 million people. Previous study conducted

at a suburban site in the residential area in Dublin has shown that air quality was strongly influenced by residential heating
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sources in winter (Lin et al., 2018). However, the impact of traffic emissions on this residential site was shown to be minor
probably due to the distance (~500 m) from the nearest roads, as well as the strict emission standard (Lin et al., 2018). The
minor influence of traffic at the residential site was also shown in a west coast city of Galway in Ireland during both summer
(Lin et al., 2019a) and winter conditions (Lin et al., 2017). In particular, the diurnal pattern of HOA shows largely enhanced
concentration in the evening when compared to that during the morning rush hours, suggesting residential heating is the major
source of HOA in suburban Dublin (Lin et al., 2019b). Heating source of HOA is also reported at the urban background site
in Paris in addition to traffic (Petit et al., 2014; Zhang et al., 2019). However, the relative importance of traffic and heating to
HOA in different urban settings (e.g., kerbside and residential) and different seasons (e.g., heating and non-heating) remain
poorly understood.

In this study, the chemical composition of submicron aerosol (PMi) at both kerbside and residential sites was
simultaneously measured from 4 September to 9 November 2018 using an Aerodyne Aerosol Chemical Speciation (ACSM)
and an Aethalometer. The chemical composition of PM; and sources of OA at these two sites were explicitly characterized
and compared during both the non-heating period and the heating period. Finally, the spatial variation and kerbside increment

of PMy, as well as the implications for pollution mitigation strategies in Ireland were discussed.

2 Experimental
2.1 Sampling sites

Measurements were simultaneously conducted at a kerbside site in Dublin city centre and a residential site in sub-urban Dublin,
at a distance of ~5 km from the kerbside site. The kerbside site is adjacent to a heavily trafficked street (i.e., Pearse Street)
with a traffic flow of ~46,000 vehicles per day, 76% of which consist of private cars, 13% of light goods vehicles, 7% of heavy
goods vehicles, 2% of buses, and 2% of motorcycles (Fu et al., 2017). Pearse Street is characterised as an almost symmetrical
street canyon i.e. rows of buildings on both sides of the road that are of equal height to the width of the street, and this affects
local dispersion of air pollutants (Gallagher et al., 2013; Gallagher, 2016). It is worth noting that a bus stop was positioned
~20 m south from the sampling inlet. Measurements of submicron aerosol at the kerbside took place at ~ 3 m from the busy
street. The residential site is located on the campus of University College Dublin (UCD) in south Dublin. The nearest road is
~500 m away from the sampling site. Measurements at the site were conducted on the roof of the Science building (~30 m
above the ground) at UCD from 4 September to 9 November 2018.

2.2 Instrumentation

A gquadrupole Aerosol Chemical Speciation Monitor (g-ACSM, Aerodyne Research Inc.) and an aethalometer (AE-33, from
Magee Scientific) were deployed at the kerbside site to measure the non-refractory PM; (NR-PMy) component (i.e. OA, sulfate,

nitrate, ammonium, and chloride) and BC, respectively. At the residential site, another ACSM and aethalometer (AE-16) were
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deployed to measure the PM; (NR-PM; and BC) composition simultaneously. At each site, ACSM and AE-33/16 were
sampling from the same PMz s inlet line with isokinetic flow splitting. A detailed description of the ACSM and its operation is
given by Ng et al. (2011) and in our previous study (Lin et al., 2018). Briefly, an ACSM consists of a particle sampling inlet,
three vacuum chambers and a quadrupole mass spectrometer. During sampling, the ambient air was drawn into the cyclone
with a size cut-off of 2.5 um at a flow rate of 3 L min! to remove coarse particles. A Nafion dryer was used to dry the ambient
air before reaching the ACSM inlet. In the ACSM particle sampling inlet, the dried aerosol particles were focused into a narrow
aerosol beam through the aerodynamic lens system. The beam was directed onto a hot tungsten oven (~600 °C) where the
particles were vaporized. The vaporized molecules were ionized by electron impact (70 ev) and the resulting ions were
analyzed by a quadrupole mass spectrometer. The time resolution of ACSM at the kerbside was set at 5 minutes to capture the
faster changing variation of PM composition adjacent to the busy road while a 1-hour interval was used at the residential site
to reduce uncertainty in measurement due to the relatively low concentrations. The ACSM standard data analysis software (v
1.6.1.0) in Igor 6.37 (WaveMetrics Inc.) was used to process the mass concentrations of NR-PM; components. To account for
the aerosol losses during sampling (Middlebrook et al., 2012), an composition dependent collection efficiency (CDCE) was
applied. The CDCE corrected NR-PM; shows a good agreement with the PM; s measurement at another sub-urban site (Fig.
S1).

The AE-33 was deployed to measure black carbon (BC) at the kerbside with a time resolution of 1 minute while AE-16 at
the residential site had a time resolution of 5 minutes. AE-33 measures light absorption at seven wavelengths (370, 470, 520,
590, 660, 880, and 950 nm) (Drinovec et al., 2015) while AE-16 measures light absorption solely at 880 nm. BC mass
concentration was calculated from the change in optical attenuation at 880 nm in the selected time interval using the mass
absorption cross-section 7.77 m2 g~! (Drinovec et al., 2015).

Carbon monoxide analyzer (Thermo Scientific Model 48i) was employed to measure the CO mixing ratios with a time
resolution of 1 minute at the kerbside. NO-NO»-NOy analyzer (Thermo Scientific Model 42i) was employed to sample NOx
with a time resolution of 1 minute at the kerbside and residential site simultaneously. Meteorological variables (temperature,
relative humidity, wind speed, and wind direction) with a time resolution of 1 hour were recorded at the meteorological stations
(Irish meteorological service) of Dublin airport (Fig. S2).

2.3 OA Source apportionment

Positive matrix factorization (PMF) with the multilinear engine (ME-2) was utilized for OA source apportionment by
constraining the reference profiles of certain factors. Because unconstrained PMF or free PMF often suffers from solution
ambiguity when some factors have similar temporal variation and/or factor profiles (Canonaco et al., 2013; Crippa et al., 2014;
Canonaco et al., 2015), the free PMF solution could potentially lead to solutions with mixed factors or inaccurate factor
attributions (Lanz et al., 2007; Canonaco et al., 2013). Thus, ME-2 was applied to get more environmentally meaningful

solutions by constraining the reference profiles with a value approach (Canonaco et al., 2013; Lin et al., 2017).
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In this study, ME-2 was conducted on the interface of SoFi 6.8 (Canonaco et al., 2013). The reference profiles of peat, coal,
and wood were taken from previous study by Lin et al. (2017) while the HOA and COA were obtained from a study in Paris
by (Crippa et al., 2013). A sensitivity analysis was undertaken by varying the a values (0-0.5 or 0-50% variation) to evaluate
the OA factor contribution at different levels of constraint on the reference factor (See the supplementary section of OA source

apportionment for the systematic selection of factors and evaluation of PMF solution ambiguity).

3 Results and discussion

Figure S1 shows the overview of the measurement at both the kerbside and the residential site from 4 September to 9 November
2018. The air quality during the early stage of the sampling period (before 30 September) showed limited influence from
residential heating as observed by few pollution spikes in the evening when compared to a later period (From 1 October to 09
November; Fig. S1). Two periods, P1 from 10 to 17 September which represented the non-heating period and P2 from 27
October to 4 November represented the heating period, were selected as the focus of this study. The meteorological parameters
including wind speed, wind direction, relative humidity (RH), and temperature during P1 and P2 are shown in Fig. S2.
Specifically, during P1, south-westerly winds were prevailing, with an average wind speed of 4.5 m s, ranging from 1.5 to
9.0 m s while, during P2, the wind speeds were slightly lower with an average of 3.7 m s (range 0.5-8.5 m s%). The low
wind speeds were accompanied by the northerly and easterly winds during P2. The temperature during P1 averaged 13.1 °C,
ranging from 8.6 °C to 18.2 °C while it was lower during P2 with an average of 4.5°C (range -3.9-11.6 °C). However, the RH
during the P1 and P2 were similar, with an average RH of 78.7% (range 57-96%) for P1 and 78.9% (range 44-98%) for P2.

3.1 Mass concentration and chemical composition of PM: during the P1 period
3.1.1 PM: at the kerbside during P1

Figure 1 and Figure 2 show the time series and relative fractions of PM1 component (i.e., OA, sulfate, nitrate, ammonium,
and chloride, and BC), respectively. At the kerbside, BC was the most dominant PM; component, on average accounting for
over half (55% or 5.6 pug m3) of PM;, followed by OA (32% or 3.3 pg m™), sulfate (5% or 0.5 pg m™3), ammonium (4% or 0.4
ug m®), nitrate (3% or 0.3 ug m?), and chloride (1% or 0.1 ug m). In particular, frequent BC spikes (> 15 pg m™) affected
the local air quality substantially during the daytime (6:00 — 21:00, local time) and showed higher intensity during rush hours
on weekdays. Similar patterns were also observed for NOx (Fig. S3) and CO (Fig. S4) at the kerbside, confirming common
traffic sources.

BC spikes were on the time scale of minutes, indicating certain types of vehicles were the major cause of such pollution
plumes. The diesel-powered public buses were firstly suspected as the major emitters of BC because a bus stop was nearby,
about ~20 m away from the sampling site. Note the bus services usually start at ~5:30 and end at ~23:00 in downtown Dublin.

However, BC spikes were also observed during other times e.g., from 23:00 to 5:30 when public bus services were not available.
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Moreover, higher intensity and frequency of BC spikes were observed during the morning and evening rush hour peaks. Thus,
in addition to the buses, other types of vehicles (e.g., private cars) were also potential contributors to the air pollution.
Specifically, ~50 vehicles (manual count) were jammed along the nearby street during rush hours and higher emissions might
be associated with the cold starts and idling speeds during such traffic jam. Additionally, the street canyon effect, making the
pollutants hard to disperse, were also important factors in driving the high BC concentrations at the kerbside. In particular, the
street canyon effect was evidenced by the high background BC concentration (3.0 ug m) during the night (from 23:00 to 5:00)
when traffic flow was at the lowest (Fig. 3a). As a comparison, the average BC was only 0.4 ug m at the residential site during
non-heating period (Table 1).

Similar to BC at the kerbside, OA also shows frequent spikes with concentrations of >5 ug mfrom 6:00 to 21:00 (Fig.
1a). However, in addition to traffic, cooking and secondary formation were also contributing to the OA mass at the kerbside
(discussed in Sect. 3.3). In contrast to BC and OA, the time series of the measured inorganic aerosols were relatively smooth
(Fig. 1), and did not exhibit any obvious influence from traffic. This is not surprising because vehicles are not direct emitters
of these inorganic species, and the introduction of the threshold of 10 ppm (by mass) sulfur for gas/diesel oil led to very low
sulphur emissions in Dublin (Regulations, 2008). On average, the sum of inorganic aerosol accounted for a relatively small
fraction (13%) of the total PM; (Fig. 2).

3.1.2 PM; at the residential site during P1

The time series of OA, sulfate, nitrate, ammonium, and chloride at the residential site during P1 are shown in Fig. 1b. Over
the entire P1 period, the average concentration of PM; was 2.3 pg m™ at the residential site, around five times lower than that
at the kerbside. OA was the most dominant species at the residential site, accounting for 46% (1.0 ug m) of PM; (Fig. 2b),
followed by BC (17% or 0.4 pg m3), sulfate (17% or 0.4 ug m%), ammonium (14% or 0.3 pg m?), nitrate (5% or 0.1 ug m3),
and chloride (1% or <0.1 ug m®). Despite the fact that the measurements at the residential and kerbside were conducted
simultaneously, all of the PM; components showed no obvious trend that could be associated with vehicular emissions at the
residential site (Fig. 3b), indicating the impact of traffic emissions from the kerbside had a minor impact on the residential site.
Consistently, NOx concentrations were very low with an average mixing ratio of NOx of 2.6 ppb (median was 2.0 ppb; Table
1). The low impact of vehicular emissions on air quality at the residential site might be associated with the distance from the
emission sources, as well as the effects of wind speed and wind direction. Specifically, the distance between the residential
site and the nearest road is ~500 m and ~5 km away from the city centre. South-westerly wind was dominant during P1with

an average wind speed of 4.5 m s, ranging from 1.5 to 9.0 m s (Fig. S2).
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3.2 Mass concentration and chemical composition of PM: during the P2 period
3.2.1 PM; at the kerbside during P2

During the heating period of P2, large pollution spikes were observed in the evening (20:00-23:00) with a simultaneous
increase in all NR-PM: components and BC (Fig. 1c). Specifically, in the evening on 31 October, the peak PM; concentration
was 197.3 pg m (Fig. 1c) which was more than four times higher than the rush hour peak on the same day. Moreover, the
evening pollution expanded over the entire evening and went into the night, demonstrating the extensive impact from
residential heating activities. On the same day, BC concentration increased up to 50 pg m in the evening, more than ten times
higher than the average. The simultaneous increase in all NR-PM; components along with BC suggest common heating sources
in the evening.

Over the entire period of P2, the average PM; concentration was 18.4 ug m, around two times higher than that during P1
(Fig. 2c). While the average BC concentration increased from 5.6 ng m during P1 to 7.1 pg m during P2, the corresponding
BC fraction decreased from 55% to 38%. This is due to the relatively high emissions of other PM1 components (e.g., OA)
which were associated with heating sources. Specifically, the average OA concentration was doubled during P2 (6.5 pg m)
than during P1 (3.3 pg m) with the corresponding fraction increasing from 32% to 35%. Moreover, the average concentration
and fraction of sulfate, nitrate, ammonium, and chloride also increased. On average, the fraction of inorganic components
increased from 13% (1.3 pg m™) during P1 to 27% (6.1 ug m'®) during P2. Among these inorganics, nitrate saw the largest
increase from 3% (0.28 ug m™) during P1 to 9% (1.6 pg m®) during P2, partly due to the cold temperature (Fig. S2) which

favoured the gas-to-particle partitioning of semi-volatile NHsNOs.

3.2.2 PMn at the residential site during P2

The time series of the measured PM; components at the residential during P2 is shown in Fig. 1d. During this period, the
pollution spikes with a simultaneous increase in the concentrations of NR-PM; and BC were observed almost every evening.
This was in great contrast to that during P1 when no clear pattern in NR-PM; species was observed. Moreover, the pollution
spikes of NR-PM; at the residential site showed a simultaneous increase with that at the kerbside (Fig. 1¢) and the PM. at the
Rathmines station (Fig. S1), indicating the three sites were affected by similar residential burning sources and air masses. Over
the entire P2, the average PM; concentration was 12.7 ug m, which was six times higher than during P1. On average, OA
accounted for 63% (8.1 ug m®) of PM;, making it the most dominant component (Fig. 2d), followed by BC (9% or 2.4 pg m"
%), nitrate (8% or 1.1 ug m'®), ammonium (8% or 1.0 pg m™®), sulfate (7% or 0.9 ug m®), and chloride (4% or 0.6 pg m™3).
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3.3 Sources of OA
3.3.1 OA factors at the kerbside

Figure 4 and Figure 5 show the fractional contributions and diurnal cycles of the resolved OA factors, respectively. Three OA
factors were resolved during P1 at the kerbside, including traffic-related HOA, cooking OA (COA), and oxygenated OA
(OOA). Despite being adjacent to the busy road in Dublin city centre, HOA accounted for only 27% (0.9 ug m) of the total
OA (Fig. 4a) with rest attributing to COA (36% or 1.2 ug m™) and OOA (37% or 1.2 pg m3). The diurnal cycle of HOA
featured two rush hour peaks which were consistent with that of BC, confirming its traffic source (Fig. 5a). Specifically, the
HOA concentration was very low (0.1 ug m®) from 00:00 to 5:00, indicating a low background HOA concentration. From
6:00, the HOA concentration increased to a peak value of 1.5 ug m™ at 8:00. After the morning rush hour peak, the HOA
concentration was constantly high (1 pg m=) and reached to 1.3 pg m™ at the evening rush hour peak (17:00). The HOA
returned to the background level at 23:00, corresponding to reduced traffic emissions during the night (Fu et al., 2017).

The high contribution (36%) of COA was associated with location the sampling site in Dublin city centre with some
restaurants around. The diurnal pattern of COA showed a lunch time peak at 13:00 and dinner time peak at 20:00,
corresponding to the meal times. Higher dinner time COA peak (2.7 pg m®) was observed than lunch time peak (1.6 pg m?)
likely due to higher emissions during the evening coupled with relatively low evening temperatures (Fig. S2).

The OOA profile (Fig. S7) resembled the less volatile OOA (LV-OOA) which usually represents well-aged SOA
(Canonaco et al., 2013; Crippa et al., 2014). However, the diurnal pattern of OOA in Dublin showed a clear pattern that was
strongly influenced by local sources and was most likely from fresh SOA instead of well-aged SOA. Moreover, the morning
peak of OOA came about 1 hour later than that for HOA, probably indicating fast SOA formation processes by atmospheric
oxidation of SOA precursor gases and/or condensation of semi-volatile VOCs emitted by the nearby traffic. In addition, the
contribution from cooking sources to OOA was also important as evidenced by the concurrent peaks of OOA with COA. The
OOA had a background concentration of 0.5 ug m which was higher than HOA (0.1 ug m) and COA (0.1 ug m®), indicating
part of OOA was also associated with regional transport.

During P2, solid fuel burning related OA factors, including wood, peat, and coal, were resolved in addition to HOA, COA,
and OOA (Fig. 4c and 5c). Consistent with that for P1, the HOA factor also showed rush hour peaks in the morning (~8:00)
and afternoon (~17:00) with similar concentrations (~1.5 ug m®) during P2 to that during P1. However, a third HOA peak was
also seen at ~22:00 (Fig. 5¢), indicating additional sources from residential heating likely from oil burning (CSO, 2016; Lin et
al., 2017; Lin et al., 2018). Over the entire P2, HOA accounted for 18% (1.2 ug m) of OA (Fig. 4c). The relatively small
fraction of HOA, again, indicates traffic was not the dominant OA sources despite being adjacent to the busy road in downtown
Dublin. Note that HOA during P2 could only be taken as upper limit of the primary OA emissions from traffic because the
additional contribution from the oil burning.

COA showed a similar diurnal pattern to that during P1 but with slightly higher concentrations during P2, which could be

associated with colder temperature and shallower boundary layer. On average, COA accounted for 18% (1.2 ug m®) of OA
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(Fig. 4c). Solid fuel burning accounted for 33% (2.1 pg m) of the total OA. Moreover, higher OOA concentrations were
observed in the evening and night, indicating an important contribution from the condensation of SVOCs emitted from solid
fuel burning.

3.3.2 OA factors at the residential site

During P1, OOA, HOA, and peat factors were resolved at the residential site (Fig. 4b and 5b). OOA accounted for the majority
(65% or 0.6 ng m?) of OA. HOA accounted for a low fraction (15% or 0.1 ug m®) of OA while peat accounted for 20% (0.2
ug m) of OA. The absolute concentration of HOA at the residential site was approximately ten times lower (0.1 vs 1.0 pg m’
%) than that at the kerbside. The low contribution of HOA at the residential site was expected because HOA, on average,
contributed to only 27% of OA even adjacent to the busy road in Dublin city centre (Fig. 4a). The low contribution of HOA is
also consistent with the low mixing ratio of NOy at the residential site (median: 2.0 ppb) which was ~20 times lower than that
at the kerbside (Table 1).

During P2, the OA factors, including OOA, wood, peat, coal and HOA, all showed peak concentrations during the night
(Fig. 5b). In contrast, during the day, all factors showed very low concentrations (<0.5 ug m=) despite the high spikes in the
evening. HOA at the residential site was attributed to the oil burning because no rush hour peaks of traffic-related HOA were
observed at this site. HOA, on average, accounted for 18% (1.6 pg m) of OA. Solid fuel burning OA factors showed the
largest enhancement with the sum of peat, coal, and wood factors accounting for 50% (4.3 pg m3) of OA. OOA, on average,
accounted for 32% (2.8 ug m®) of OA and the higher OOA concentration during the evening again suggested its major source

was from the condensation of SVOCs emitted from solid fuel burning.

3.4 Kerbside increment of PM1

Figure 6 shows the comparison of the measured PM; components and NOy between the kerbside and residential site during P1
and P2. Among the measured PM; species, BC showed the largest kerbside increment, with an increment ratio of 16 (median
value) during the P1 period (Fig. 6). During the P2 period, BC increment ratio was slightly lower (10) primarily due to the
additional emission sources of solid fuel burning affecting both sites simultaneously. BC showed peak concentration during
rush hour peaks, corresponding to heavier traffic during these times (Fig. 3). As expected, the kerbside increment of BC was
more enhanced during rush hour peaks (Fig. S16), reaching up to 25 for BC. When traffic emissions were at their lowest at
night, a small but significant BC increment of 5 was observed, partially due to the street canyon effects, creating a poor
dispersion condition in the downtown areas. The kerbside increment of BC was primarily due to vehicular emissions and this
was corroborated by the gas pollutant of NOy which showed an increment ratio of 7-23 (Fig. 6). Note that our measurement

represents the average fleet in Dublin and thus the high kerbside increment for BC in Dublin have significant implications for
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the potentially higher exposure risk at the kerbside. For example, Ljungman et al. (2019) associated higher risk of stroke for
exposure to ambient BC from traffic exhaust.

Compared to BC, the kerbside increment of OA was less significant because traffic was not a major source of OA. However,
higher OA increment ratio (3; median value) was also seen during P1 than during P2 (1.5) due to the combined contributions
from sources like traffic, cooking, solid fuel burning and secondary formation (see Sect. 3.3). As a comparison, the
concentrations of sulfate, nitrate, and ammonium did not show large variations between the two sites again because vehicles
are not direct emitters of these secondary aerosols. Instead, the good correlation (R?=0.53-0.85 and slopes=0.70-0.83; Fig. S17)

for the time series of these inorganic aerosols between the two sites, suggesting common sources from e.g., regional transport.

3.5 Implications for emission control

The HOA/BC ratio was ~0.16 as achieved from the slope of the linear regression between HOA and BC with a R? of 0.6 (Fig.
S18), indicating the average traffic in Dublin emitted approximately six times more BC than HOA. Compared to other studies,
the HOA/BC ratio in Dublin was lower than the HOA/BC ratios reported for gasoline vehicles-dominated environment but
was similar to the diesel environment (0.26) adjacent to the highway in Grenoble (DeWitt et al., 2015), indicating most of the
traffic emissions were from diesel vehicles. Actually, diesel fuel accounted for 73% of the on-road transport energy in Ireland
in 2017 (Fig. 7a). Figure 7 also shows an increasing trend of diesel fuel usage, indicating worse air quality in the predictable
future at the kerbside if diesel vehicular emissions were not controlled.

This study also shows that vehicular emissions appear to impact the air quality adjacent to the roads. In contrast, solid fuel
burning has a large geographic impact, affecting overall air quality at the kerbside and residential sites examined in this
investigation. Such large geographic impact suggests significant climate effects from residential emissions (Butt et al., 2016)
which contain a higher fraction of OA than that for traffic. However, surprisingly, the governmental census data shows only a
few households (<5%) consumed these solid fuels with the majority households (~95%) used natural gas and electricity as the
primary heating sources in 2016 (Fig. 7b). Therefore, if the emissions from this small fraction of households were controlled,

good overall air quality and less climate forcing can be expected.

4 Conclusion

The chemical composition and sources of submicron aerosol (PM3) were simultaneously investigated at a kerbside location in
downtown Dublin and at a residential site in south Dublin (~5 km apart) using an ACSM and AE33/16 at both sites during
both non-heating (i.e., early September) and heating periods (i.e., late October) of 2018. Traffic emissions were found to have
a minor impact on air quality at the residential site due to the distance from nearby roadways and other affecting parameters
such as wind speed and wind direction. In contrast, the kerbside was found to be highly affected by the diesel vehicular

emissions. BC was the most dominant component (44-59%) of PM; at the kerbside location while OA was the most important

10
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species (43-61% of PM,) at the residential site. During non-heating period, an increment ratio of up to 25 was found for the
BC at the kerbside when compared to the level of BC at the residential site primarily due to vehicular emissions. During the
heating period, the BC increment ratio was lower (~10) due to the additional sources of solid fuel burning which contributed
to the BC concentrations at both sites. Moreover, solid fuel burning was shown to increase PM; concentrations substantially
with episodic concentrations of >100 pg m™ being recorded at both sites simultaneously. Source apportionment of OA using
ME-2 showed that only 18-27% of OA could be directly associated with vehicular emissions (i.e., HOA) at the kerbside, with
the larger contribution of OA being attributed to cooking, solid fuel burning, and OOA. HOA contributed to 15-18% of OA at
the residential site which was attributed to oil burning instead of traffic because HOA did not show rush hour peaks as found
at the residential site. During the heating period, solid fuel burning contributed to approximately 50%of OA at the residential
site, while oxygenated OA accounted for almost 65% of OA during the non-heating period. This study highlights the significant
increment of BC due to the traffic emissions at the kerbside and the large geographic impact of OA from residential heating at
both the kerbside and residential sites. Therefore, traffic and residential heating might have different health and climate

implications as suggested by the temporal and spatial variability of sources within Dublin city centre.

5 Data Availability
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Table 1: Mean, standard deviation (SD), first quartile (Q1), median, third quartile (Q3), and maximum (Max) concentration of
organic aerosol (OA), sulfate (SOa4), nitrate (NOz), ammonium (NHa), chloride (Chl), and black carbon (BC) at the kerbside and

residential site during period P1 (see Fig. S1 for definition of P1). All are in pg m"

3

Kerbside Residential

mean SD Ql median Q3 Max mean SD Ql median Q3 Max
OA 333 2.09 1.79 3.01 4.30 22.73 1.04 0.75 048 093 143 393
SOs  0.52 0.38 0.24 0.44 0.68 2.7 0.38 021 023 0.33 047 1.23
NO;  0.28 0.16 0.16 0.24 0.34 1.38 0.11 0.06 0.06 0.09 0.14 0.35
NHs 042 0.46 0 0.3 0.66 3.86 0.32 0.38 0.00 0.23 0.50 1.64
Chl 0.1 0.26 0.02 0.06 0.12 4.98 0.02 0.03 0.00 0.00 0.03 0.15
BC*  5.63 4.58 2.64 4.58 7.34 67.00 0.39 0.39 0.18 0.28 043 299
NOx 54.14 42.68 17.40 45.10 79.85 272.10 2.63 228 0.80 2.00 395 12.90

8BC at the residential site was not available during P1 and the week after (from 24 September to 30 September) was shown as a reference of the BC

concentration during non-heating period.

Table 2. Mean, standard deviation (SD), first quartile (Q1), median, third quartile (Q3), and maximum (Max) concentration of
organic aerosol (OA), sulfate (SOs), nitrate (NO3), ammonium (NHa), chloride (Chl), and black carbon (BC) at the kerbside and

residential site during period P2 (see Fig. S1 for definition of P2). All are in pg m-

3

Kerbside Residential
mean SD Q1 median Q3 Max mean SD Q1 median Q3 Max

OA 647 791 142 371 8.30 53.2 8.07 1553 090 233 6.95 91.79
SOs  0.92 1.38 0.2 0.46 1.06 15.9 0.87 1.26 021 041 1.01 8.54
NO; 1.64 1.92 0.2 0.72 2.62 9.68 1.08 1.43 0.12 0.42 1.53 7.95
NH; 132 25 0.1 0.66 1.52 26.1 0.99 1.65 0.17 0.53 1.25 11.88
Chl 1.02 386 004 0.14 0.38 47.7 056 212 0.02 0.06 0.23 18.66
BC  7.05 8.27 1.41 3.76 9.64 534 1.16 238 0.17 0.38 098 2331
NOx 89.71 8554 2850 60.30 123.45 478.10 1649 2255 3.60 8.20 18.00 162.80
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Figure 1. Time series of submicron organic aerosol (OA), sulfate (SO4), nitrate (NOs), ammonium (NHa4), chloride (Chl), and black
carbon (BC) during P1 (left panel) and P2 (right panel) at the kerbside (a, c) and residential (b, d) (see Fig. S1 for the selection of P1
and P2). Note that the time resolution for the ACSM at the kerbside was 5 min while it was 1 h at the residential site, and BC data
were averaged to match the time step of ACSM. Also shown are the day of the week, including Monday (Mon), Tuesday (Tue),

Wednesday (Wed), Thursday (Thu), Friday (Fri), Saturday (Sat), and Sunday (Sun).
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Figure 2. Relative contribution of submicron organic aerosol (OA), sulfate (SOa), nitrate (NOz), ammonium (NHa), chloride (Chl)
and black carbon (BC) during P1 and P2 at the kerbside (a, ¢) and residential (b, d). The values above the pie charts are the mean
concentration of PM: for each site during P1 or P2 and the area of the pie was proportional to the mean concentration.
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Figure 3. The diurnal cycle of submicron organic aerosol (OA), sulfate (SOa), nitrate (NOz), ammonium (NHa), chloride (Chl), and
black carbon (BC) during P1 (left panel) and P2 (right panel) at the kerbside (a, c) and residential site (b, d).
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Figure 4. Relative contribution of organic aerosol (OA) factors, including Hydrocarbon-like OA (HOA), cooking (COA), peat, coal,
wood, and oxygenated OA (OOA) during P1 and P2 at the kerbside (a, ¢) and residential site (b, d). The values above the pie charts
are the mean concentration of OA for the site during P1 or P2 and the area of the pie was proportional to the mean concentration.
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Figure 5. The diurnal cycle of organic aerosol (OA) factors, including Hydrocarbon-like OA (HOA), cooking (COA), peat, coal,

wood, and oxygenated OA (OOA) during P1 and P2 at the kerbside (a, ¢) and residential site (b, d).
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Figure 6. Box plots of the of submicron organic aerosol (OA), sulfate (SO4), nitrate (NO3), ammonium (NH.), black carbon (BC),
and NOx during P1 and P2 at the kerbside and residential site. The median, the 25th and 75th percentiles are represented by the
middle, lower and upper vertical bars, respectively. The min and the max percentiles are the bottom and top whiskers, respectively.
Note that the time resolution for the ACSM at the kerbside was 5 min while it was 1 h at the residential site, and the time resolution

was 1 min for the BC measurement at the kerbside while it was 5 min for the residential site.
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Figure 7. Contribution of diesel, gasoline, liquid biofuels and other fuels (a) to the total on-road transport energy in Ireland from
2005 and 2017 (SEAI, 2018) and the fraction of the households (b) that claimed to use natural gas, electricity, oil, solid fuels, others,

and not stated in Dublin in 2016 (CSO, 2016). Solid fuel, Others and Not stated are highlighted to show the small fraction of
households that are likely to use solid fuels for heating.
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