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We are grateful to the referees for their insightful comments which helped to improve the manuscript. We provided point-by-

point responses to the referee’s comments below where our responses are in blue.

Referee #1

In this study, Lin et al. evaluated the chemical composition and organic aerosol (OA) sources of PM1 monitored simultaneously
at a kerbside site and a residential site in Dublin during both non-heating and heating periods. The authors found that vehicle
emissions were associated with the significant kerbside increment of black carbon during the non-heating period, but they had
a minor impact on air quality at the residential site. Significant contributions of solid fuel burning to OA were observed at both
sites during the heating period. The findings in this study provided valuable information for aerosol scientists to better
understand the temporal and spatial variations of the concentration, chemical composition, and OA origins of PM1 in Ireland,
which could help the formulation of air quality policies and PM1 mitigation strategies in Ireland. Moreover, the paper is well
written, and the results are visualized in an appropriate way. Therefore, | recommend it for publication after minor revisions.

Response: We thank the referee for the positive feedback.

Specific comments: 1. Line 14, “: : :sources of submicron aerosols (PM1): : :” Actually, the authors performed the source
analysis of OA instead of PML1 in this study. Please revise.

Response: Corrected.

2. | think it is more straightforward to use “the non-heating period” and “the heating period” instead of “P1” and “P2” in the
manuscript, especially in the figures and tables.

Response: As suggested by the referee, changes have been made to the manuscript, as well as in the figures and tables.

3. Line 149 and 170, the spikes of BC and OA were defined as those with measured concentrations higher than 15 g/m3 and
5 g/m3, respectively. What are the criteria to set these two threshold values?

Response: 15 g m=3and 5 pg m2 are roughly the top 5 percentiles of BC and OA, respectively, during the non-heating period.
We have clarified this in the revised manuscript.

4. Line 186. As mentioned by the authors, the dominant wind direction during the non-heating period was southwest while the
city center was located to the north of the residential site. Was there any connecting flow between these two sites? If so, how
did the BC concentration vary at the two sites under the connecting flows?

Response: Figure R1 shows the wind speed and wind direction frequencies during the entire sampling period. Southwesterly
wind dominated over the entire period with over 50% of occurring frequency while north-northwesterly winds had a frequency
of ~20% (Figure R1). The sampling site the kerbside is to the north of the residential site. When north-northwesterly wind
prevailed, the median BC concentration at the residential site was 1 g m in the morning while it was 5 pg m= at the kerbside

(Figure R2). Thus, the morning rush hour peak of BC was 80% reduced at the residential site when compared with kerbside.



35 Similarly reduced mixing ratios of NOx were also observed at the residential site (Figure R3). However, for the evening BC
peaks occurring at 20:00 — 22:00 (local time), the median BC (3-4 g m®) and 75" percentile (6-10 g m™) were comparable
between the two sites (Figure R2), primarily due to the emissions from residential solid fuel burning. These comments have
been added to the revised manuscript/supplementary.
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40 Figure R1. Wind speed and wind direction frequencies during the entire sampling period.
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Figure R2. Diurnal patterns of BC measured at the kerbside site (BC_Kerb) and BC at the residential site (BC_Res) under the

same wind directions. Solid lines represented median value while shade areas represent 75 and 95" percentiles.
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Figure R3. Diurnal patterns of NOx measured at the kerbside site (NOx_Kerb) and NOy at the residential site (NOx_Res) under

different wind directions. Solid lines represented median value while shade areas represent 75" and 95" percentiles.

5. Line 194, Fig. 1c and 1d, another peak concentration was shown in the evening on 29 October, 2018. The authors suggested
that these should be due to the residential heating activities. Their impacts on PM1 at residential site are comparable on both
dates. However, the burning activity on 31 October showed a greater impact on PM1 than that on the other date at kerbside
site. Do the authors have any idea what these burning activities are? Do these kinds of burning activities usually happen during
the heating period in Ireland or just special for this sampling period? Are they open-field biomass burning? The reason for me
to ask about this is obviously these two burning activities have pulled up the mean values of PM1, OA, BC, NOx etc. at the
two sites during the heating period. More information about these burning activities will be helpful for the data interpretation
and discussion in line 243-250.
Response: Original data in Fig. 1c was with 5-min resolution while Fig. 1d was 1 h data. As also pointed out by the second
referee, we now present hourly averaged data for better comparison. As shown in Fig. R4, at the kerbside, the hourly averaged
PM; peak on 31 October (134.0 g m3) was substantially greater than on 28 October (85.0 g m™) while the PM1 peaks were
comparable at both dates (126.0 vs. 113.1 g m™®) for the residential site (Figure R4). This is because the pollution level at the
kerbside was already elevated due to traffic emissions on 31 October (Figure R4) while the traffic pollution level on 28 October
was less significant due to the meteorological conditions (e.g., higher wind speeds as shown in Figure S4). Therefore, heating
emissions were added on top of the traffic emissions at the kerbside on 31 October, resulting in higher PM1 concentrations at
the kerbside.

These kinds of burning activities from residential heating happen frequently in winter Ireland. In addition to the events
reported in this study (winter 2018), our previous studies conducted in winter 2016 at the same residential site have also
reported substantial contribution from heating sources (Lin et al., 2018; Lin et al., 2019b). In this study, we extended our

measurement to the kerbside and the comparison of simultaneous measurement between the kerbside and residential site
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improved our understanding of the spatial variation of aerosols and impacts of traffic/heating emissions. These discussions

and relevant references have been added to Sect 3.4 in the revised manuscript.
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Figure R4. Time series of the species measured by ACSM and AE-33/16 at the kerbside and residential site during the heating
period in October 2018. The red line shows the trend of traffic emissions without the influence of heating while the blue cycle
highlights the periods with aerosol increment due to heating emissions.

6. Line 234, in addition to the low temperatures in the evening, the PBL during the evening was usually lower than that during
the day, and thus PBL could also partly contribute to the higher concentration of COA.

Response: Corrected. It now reads, “...likely due to higher emissions during the evening coupled with relatively low evening
temperatures (Fig. S4) and shallower boundary layer.”

7. Line 241, could the authors estimate the fraction of OOA that were regionally transported to the kerbside site?

Response: The diurnal trend of OOA (Fig. 4 in the revised manuscript) suggests the background OOA concentration was 0.5
g m-3 while the average OA concentration over the same period was 1.3 g m™. Therefore, approximately 38% of the resolved
OOA was regionally transported. In the revised text, it now reads, “The diurnal trend of OOA suggests the OOA had a
background concentration of 0.5 pg m= which was higher than HOA (0.1 pg m) and COA (0.1 ug m3), indicating part of
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OOA was also associated with regional transport. It is estimated that approximately 38% of the total OOA was regionally

transported, i.e., the value of background OOA concentration of 0.5 g m= if compared to the total OOA concentration of 1.3

g m3.”

8. Line 296, it is not clear what are the typical values of HOA/BC for the gasoline vehicles-dominated environment. Please
add relevant values and references.

Response: HOA/BC ratios in the range of 0.9-1.7 have been reported in the gasoline vehicles-dominated environment (DeWitt
et al., 2015). We have added such values and references in the revised manuscript. It now reads, “Compared to other studies,
the HOA/BC ratio in Dublin was lower than the HOA/BC ratios reported for gasoline vehicles-dominated environment (0.9-
1.7) but was within the range for the diesel environment (0.03-0.61) (DeWitt et al., 2015), indicating most of the traffic

emissions were from diesel vehicles.”

9. Was the second ACSM also equipped with a quadrupole mass spectrometer? How were the Q-ACSMs calibrated?
Response: The second ACSM was also a quadrupole ACSM (i.e., Q-ACSM), we have clarified this in the revised Methods
Section.

Both ACSMs were calibrated with ammonium nitrate and ammonium sulfate following the procedure described by Ng et
al. (2011b). Briefly, monodispersed 300 nm ammonium nitrate/ammonium sulfate particles were generated by an atomizer
(Model 9302, TSI) and size-selected by a differential mobility analyzer (DMA; TSI model 3080), and subsequently introduced
into the Q-ACSMs to determine the response factor (RF), as well as the relative ionization efficiencies (RIES) of ammonium

and sulfate. We have added the above information in Sect. 2.2 in the revised manuscript.

10. Tables 1 & 2 can be combined into one. Please add PM1 data in the table. Moreover, numbers in the Table should have
the same significant figures as those in the main text of the manuscript and figures.
Response: As suggested by the referee we have combined Tables 1 & 2 into one, have added PM1 data, and adjusted the

significant figures in the revised table.

11. Several typos: 11. Fig. 4d, the OA concentration should be 8.1 instead of 8.7 pg/m3.
Response: The original Fig. 4d (i.e., pie charts) has now been combined to Fig. 2 in the revised manuscript. We provide the

value of OA concentration in Table 1.

12. Line 43, “micron-environment” should be “micro-environment”.
Response: corrected.
13. Line 133, should be Crippa et al. (2013).

Response: corrected.
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Referee #2

Lin et al. (2020) in this study measured the chemical composition of submicron aerosol (PM1) in two locations in Dublin
(kerbside and residential sites) from 4 September to 9 November 2018. Measurements were performed by using an Aerodyne
Aerosol Chemical Speciation Monitor (ACSM) and an Aethalometer (AE-16 and AE-33). PMF analysis was also implemented
on the data. In general, the manuscript is well written though the results presented in the main manuscript do not correspond
to the entire period of 4 September to 9 November 2018, but to only two weeks of measurements. The authors chose two
periods of the available data, with the first one corresponding to a rather clean period (P1) with low mass concentration of
PM1 and another one rather polluted (P2) by local sources (heating purposes). The study presented is very rich in data and
analysis. However, these information are not very clear in the main manuscript or not even included (they are left on the
supplementary) making the manuscript weak and less readable, especially in the results section. Additionally, the reading
might be challenging as OA sources and changes in concentrations are vaguely discussed and not really explained. Moreover,
figures need reshaping as labels are not well positioned or data are not clear due to high values of the axis.

Response: We have included more information about the data and their analysis, and have reshaped figures substantially in the

main manuscript. In particular, we have added more discussion on OA sources in the result section.

Specific comments: Line 26: “solid fuel burning...” it should be explained for which period is referred to. Solid fuel burning
was not present in both periods.
Response: Clarified. Now it reads, «...solid fuel burning (38% or 2.4 ug m=, resolved only during the heating period)...”

Line 77: the word “monitor” is missing.

Response: Corrected.

Line 107: The 1 hour interval that was set for ACSM in the residential site is really high. This might lead to the lack of data
originating from local sources and may affect the corresponding diurnal profiles of OA sources. Authors chose this in order to
reduce uncertainty though in Fig. S1b the measured PM1 mass concentration is quite high reaching values greater than the
Kerbside site.

Response: We do not expect high variability in local sources at the residential site. In particular, our previous studies (30 min
resolution) at the same residential site (Lin et al., 2018) shows the measured PM; was in good agreement with the collocated
SMPS measurement with 15 min, as well as PM2s (1 h) at another residential site (i.e., Rathmines station). Moreover, the
source apportionment of OA at the residential site suggested the major local sources were domestic solid fuel burning which

was consistent with our previous study at the same site (Lin et al., 2018; Lin et al., 2019b). Therefore, we believe the hourly
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resolution had captured the major local source at the residential site. Future studies using HR-ToF-AMS are to be conducted
to study other local emissions at the residential site with higher time resolution (e.g., 5 min).

As the reviewer said, we had high concentrations during the heating period at the residential site. But for most of the time,
especially at the beginning of the campaign, the PM; concentrations were relatively low (<2 pg m). In the revised manuscript,
it now reads, “a 1-hour interval was used at the residential site to reduce uncertainty in measurement due to the relatively low

concentrations for most of the time”

Line 110: How much the collection efficiency was on average?

Response: The average collection efficiency was 0.5 on average. We have added this information to the revised Method Section.

Line 111: The Rathmines site is mentioned. It was not described before in the manuscript and is referred also afterwards
without any information. Please provide some info.

Response: We have provided relevant information regarding the Rathmines site. It now reads, “Chemical compositions of PM;
were simultaneously measured at a kerbside site in Dublin city centre and a residential site in suburban Dublin, at a distance
of ~5 km from the kerbside site (see the map in Fig. S1) while PM.s was sampled at Rathmines

(https://www.epa.ie/air/quality/data/rm/), another residential site at a distance of ~3 from the kerbside and residential sites.”

Also, reads ... (i.e., Rathmines, Fig. S1) where a tapered element oscillating microbalance (ThermoFisher Scientific) was

deployed with 1 h resolution”.

Line 118: CO measurements are available for kerbside but they are not presented anywhere in the main manuscript.

Response: We have added a discussion on CO as well as NOx in the main manuscript. It now reads, “Specifically, both NOx
and CO showed rush hour peaks during weekdays while such rush hour peaks during weekends were not as prominent as
during weekends, consistent with the traffic pattern in Dublin (Fu et al., 2017). The average mixing ratios for NOx and CO

were 54.1 ppb (in the range of 5.4-200.0 ppb) and 0.2 ppm (in the range of 0.05-0.8 ppm), respectively.”

Line 137: Figure S1 deserves to be in the main manuscript. The overall (2 months period) chemical composition of submicron
aerosol (PM1) should also be included for both sites and discussed.

Response: Figure S1 (or Figure R5) has now been moved to the main manuscript with a discussion of the overall chemical
compositions of PM for the entire campaign. It now reads, “Figure 1 shows the time series of submicron organic aerosol (OA),
sulfate, nitrate, ammonium, chloride, and black carbon (BC) at both the kerbside and the residential site, as well as the time
series of PM2 s at Rathmines 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 emissions as observed by few pollution spikes
in the evening when compared to a later period with prominent evening spikes observed at all three sites (From 1 October to

09 November; Fig. 1). The three sampling sites (i.e., kerbside, residential, and Rathmines) are within a 5 km radius in Dublin
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city and the time series of PM; and PM,s were well correlated with linear correlation coefficients determination (R?) in the
range of 0.56-0.83 and slopes of 0.72-0.88 (Fig. S1). The good time series correlation between the three sites was mainly
driven by the pollution events during the heating period while the slopes of 0.72-0.88 suggested PM; explained, on average,
72-88% of PM2s mass. The poorer correlation (R? of 0.56; Fig. S1) between the kerbside PM; and Rathmines PM;s than
between the residential PM; and Rathmines PM_s (R? of 0.83) was due to traffic emissions which had a greater impact on the
kerbside than at both the residential site and Rathmines.

Over the entire period, the mean mass concentration of PM; was 11.7 & 9.7 (one standard deviation) pg m at the kerbside
with black carbon accounting for 50% of the total PM1 mass (Fig. 1a), followed by OA (31%), nitrate (6%), sulfate (5%),
ammonium (5%), and chloride (2%). At the residential site, the mean PM; concentration (6.6 3.1 ug m®) was roughly half
of that at the Kerbside (Fig. 1b). However, the chemical compositions of PM; at the residential site was dominated by OA (59%
of PM,), followed by BC (13%). The total inorganic aerosols (sum of sulfate, nitrate, ammonium, and chloride) accounted for
28% of PM; at the residential site, slightly higher than at the kerbside (18%), though the concentrations were comparable (1.8
vs. 2.1 pg m®) between the two sites, suggesting regional sources/formations rather than traffic emissions. In contrast, the
greater abundance of BC at the kerbside suggests traffic emissions comprised a high fraction of BC which, however, had a
limited impact on the residential site. In particular, BC at the kerbside showed two rush hour peaks, confirming traffic was its
major source (Fig. S2). However, the BC was up to 25 times lower at the residential site during the rush hours (Fig. S2),
suggesting a minor impact of traffic on the air quality at the residential site due to the effects of the wind direction and the
distance from the road. In addition to the rush hour peaks of BC, an additional BC peak in the evening was also observed at

both sites due to the emissions from domestic heating activities (discussed later).
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Figure R5 (or Figure 1 in the revised manuscript). Time series of hourly averaged submicron organic aerosol (OA), sulfate
(S04%), nitrate (NO3’), ammonium (NH,*), chloride (Chl"), and black carbon (BC) at the kerbside (a), residential site (b), and
EPA Rathmines station (c) from 4 September to 9 November 2018. Inset pie charts are the chemical composition of PM;
averaged over the entire period while the numbers (2one SD) above are the average PM; concentration. The non-heating period,

from 10 September to 17 September, and heating period, from 27 October to 4 November 2018 are marked for further analysis.

The data gaps at the kerbside were due to ACSM malfunction.
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Figure R6 (or Figure S1). (a) Sampling sites for PM1 measurements in Dublin marked by the red cycles at the kerbside (i.e.,
Trinity College Dublin) and residential site (i.e., University College Dublin), as well as for PM2 s measurement at Rathmines;
(b) time series of PM; and PMs; (c) scatter plot between residential PM; and Rathmines PM;s; and (d) scatter plot between
Kerbside PM; and Rathmines PM2s. Also shown in (c) and (d) are the slopes and correlation coefficients (R?) from the linear

relationship. Note that removing the outlier in (c) resulted in a slope of 0.93 instead of 0.88. The map was adapted from Google

Maps.

Line 151: Please specify Fig.1 and Fig.2 with Fig.1a, Fig.2a.

Response: Corrected.

Line 168: Fig.3a is mentioned before Fig. 1b, ¢,d and Fig. 2b, c, d. Please fix this.
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Response: We have now combined the original Fig. 1 and Fig. 2 into one figure (now Fig. 2) in the revised manuscript. For
better comparison and visualization of the data, we tend to put the same contents (e.g, time series, diurnal) sampled at the two
sites in one Figure (i.e., Fig. 2 and Fig. 3). But in Sect. Results and Discussion, we tend to discuss e.g., time series and diurnal

of PM; together for the same site.

Line 173: “(Fig. 1)” Please define to which letter of Fig. 1 the text is referring to.

Response: Corrected.

Line 195: “197.3 g m-3” This value is not consistent for Fig.1 ¢ and Fig. S1a. Please provide the correct figure/ value.
Response: Original Fig. 1c was based on 5-min resolution data while Fig. S1a was based on hourly averaged data. To be

consistent and for better comparison, all data are now hourly averaged in the revised manuscript.

Line 207: Nitrate can be also present in higher values due to organonitrates (ON). Have the authors checked the fraction of
ON to nitrate?

Response: Organo-nitrates can be well estimated by HR-ToF-AMS based on m/z 30 and 46 (Kiendler-Scharr et al., 2016).
However, for UMR Q-ACSM, ambiguity remains due to the insufficient mass resolution to distinguish the interference of

CH,0* from NO;* at m/z 30. For such reasons, we have not investigated the fraction of ON to nitrate.

Line 215: “(Fig. S1)” should change to Fig. Slc

Response: Corrected.

Line 226: Fig. 5a is referred before Fig. 4b, c, d.
Response: Corrected.

Line 234: Higher COA mass concentrations could be related to the decrease of boundary layer.
Response: Corrected. Now it reads, “Higher dinner time COA peak (2.7 pg m) was observed than lunch time peak (1.6 ug
m) likely due to higher emissions during the evening coupled with relatively low evening temperatures (Fig. S2) and

shallower boundary layer.”

Line 235: Fig. S7 does not correspond to the OOA profile spectrum.
Response: Corrected.

Fig. S6a, b deserves to be in the main manuscript instead of Fig. 5a.

Response: The updated Fig. S6 has been added to the main manuscript.

10
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Figure R7 (or Figure 4 in the text) (a) Mass spectral profiles of hydrocarbon-like OA (HOA), cooking OA (COA) and
oxygenated OA (OOA) during non-heating at the kerbside; (b) Diurnal cycle of the OA factors; and (c) relative contribution
of OA factors over the entire non-heating period; (d) over the morning rush hours (7:00-10:00, local time); and (e) over the

evening hours from 19:00-22:00. Error bars in (a) and (b) represent one standard deviation.

Line 235: The authors state that OOA resembles of the less volatile OOA (LV-OOA). What criteria lead to this statement?
Response: This was based on the fact that the correlation coefficient (R?) between the resolved OOA profile and the reference
profile of LV-OOA from Ng et al. (2011a) was 0.94 compared to 0.4 between OOA and SV-OOA (Ng et al., 2011a). We have

added this point to the revised manuscript.

Line 243: The authors have constrained with ME-2 tool, 4 out of 5 factors with a relative strict a-value. This leads to two
factors (wood and coal) contributing fairly low to OA (4% and 8%, respectively), making the results less robust. How confident
are the authors about this constraint? It seems that solution was forced to an erroneous solution, comparing the data to the
unconstrained ones, where biomass burning factor contributed for approx..20% of OA.

Response: The reason we constrained 4 factors (i.e., HOA (or referred as oil), peat, coal, and wood OA factors) was to evaluate
their contribution to ambient OA during the heating period. This was based on priori information that oil, peat, coal, and wood
burning were used for heating according to the Central Statistics Office (CSO, 2016) and Sustainable Energy Authority of
Ireland (SEAI, 2018). Previous offline (i.e., filter-based) and online (i.e., ACSM/AMS) studies in Ireland winter have identified

11
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ambient OA being associated with the residential burning of oil, peat, coal, and wood burning (Kourtchev et al., 2011; Dall'Osto
et al., 2013; Lin et al., 2018). In particular, our previous study has characterized the mass spectral profiles of peat, coal, and
wood burning OA factors by simulating their burning in a typical Irish stove with an ACSM (Lin et al., 2017). Peat and wood
burning both show biomass features with a prominent contribution at m/z 60 (i.e., f60), a marker fragment for biomass burning
(Linetal., 2017). Therefore, both peat and wood burning have contributed to the BBOA factor as resolved from the free PMF
analysis. On the other hand, the increase in the concentration of chloride in the evening suggested coal use for heating,
consistent with our previous study (Lin et al., 2017).

However, as pointed out by the referee, large uncertainties might exist with a tight constraint (i.e., a value of 0.1) when
constraining 4 out of 5 factors. Therefore, we have conducted a sensitivity test by varying the a values of 0-0.5 (or 0-50%
variation) for the reference profiles. In addition, a bootstrap-based resampling strategy with a total of 500 runs was applied to

examine the statistical uncertainty using SoFi (Version 6.A1; https://datalystica.com/sofi). The following criteria are used for

the selection from these ME-2 runs to get the most optimized solution:

1, Correlation between the time series of HOA and NOx/BC in the morning (7:00-10:00) during weekdays. HOA and NO,/BC
have a common source from traffic emissions in these morning hours.

2, Diurnal cycle of COA. The COA concentrations during mealtime should be higher. In this study, the ratio of COA at

13:00 to the average of COA of 10 and 11 am was monitored.

3, Multi-linear regression between BC and heating-related factors (i.e., HOA (or oil burning), peat, wood, and coal burning)
in the evening (19:00-23:00), assuming only the heating-related factors contributed to BC in the evening.

4, Fraction of m/z 60 (i.e., f60) for peat and wood burning OA factors should be higher than 0.006 (Cubison et al., 2011; Lin
etal., 2017).

5, Fraction of m/z 44 (i.e., f44) for the unconstrained factor (i.e., OOA). OOA should have higher f44 than primary factors.

Final time series and mass spectra were the averages of the ME-2 runs meeting these criteria. In the revised manuscript, we
have clarified these new ME-2 strategies, and have provided the new results.

Line 244: Fig. 4c and Fig. 5a are referred before Fig. 4b and Fig. 5b

Response: Corrected.

Line 245: There is no such high peak in HOA around 23:00, according to Fig. S11b. It seems that on Fig. 5 the 3rd quartile of
the data has been used instead of the average values. This is consistent to the average values given in the manuscript. Again,
Fig. S11 deserves to be in the main text instead of Fig. 5c.

Response: The original Fig. S11b shows the median and 25" and 75™ quartiles while the original Fig. 5¢c shows the average
values of the OA factors stacked on top of each other. To be consistent, we have used the average values in both the main text
and supplementary.

As suggested by the referee, we have moved the updated Fig. S11 in the revised manuscript (see the figure below).
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Figure R8 (or Figure 6 in the text). (a) Mass spectral profiles of hydrocarbon-like OA (HOA), cooking OA (COA), peat, wood,
coal and oxygenated OA (OOA) factors during heating at the kerbside; (b) Diurnal cycle of the OA factors; and (c) relative
contribution of OA factors over the entire heating period; and (d) over evening spikes on 28 and 31 October. Error bars in (a)

and (b) represent one standard deviation.

Line 253: peat, coal and wood factors contribute one third to the total OA during P2 in kerbside. However, only a line is
describing their existence.

Response: We have now added more discussion in the revised manuscript. It now reads, “Peat is an accumulation of partially
decayed plant material which is an important domestic fuel source in Ireland (Tuohy et al., 2009). The incomplete decay of
vegetation resulted in an increase of f60 when burned (Lin et al., 2017). However, f60 in peat profile (0.014) was lower than
wood (0.053) probably because wood contained a higher fraction of m/z 60-related material e.g., levoglucosan (Fig. 6a). Over
the entire heating period, peat burning accounted for 17.7% (1.2 ug m3) of OA (Fig. 6¢). However, during the pollution spikes
as seen on 28 and 31 October (Fig. 6d), peat burning increased its fraction to 26.5% (9.2 ug m), suggesting peat burning was

an important OA emission source. Similarly, wood burning increased its contribution to 9.8% (3.3 pg m) during pollution
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spikes from an average of 7.3% (0.5 ug m™®). The important role of peat and wood burning in driving the pollution events is
consistent with our previous study in suburban Dublin (Lin et al., 2018).

The profile of coal burning OA featured very low f60 (<0.003), consistent with its non-biomass signature as coal is formed
from the complete vegetation decay. On average, the coal factor accounted for 12.6% (0.8 ug m) of OA. Though the fraction
of coal burning decreased during pollution events (11.9%; Fig. 6d), its absolute concentration increased (4.3 ug m3). Note that
chloride also showed a significant increase during the pollution events (Fig. 2¢c) which was associated with coal burning as our
previous coal-combustion experiment showed that chloride emission comprised a high fraction (2-52.8%) of the submicron
aerosol from coal burning emissions (Lin et al., 2017). ”

Line 254-255: Could this higher OOA levels be transported by another area and not due to SVOCs?

Response: Compared to the non-heating period, OOA was significantly elevated, coincided with the increase of primary OA
factors, in the evening during the heating period. Thus, it is likely that higher OOA levels in the evening during heating were
due to the secondary formation/aging of pollution plumes from heating sources. In the revised manuscript, it now reads, “The
OOA profile had an f44 of 0.24 during heating which was similar to that (0.22) during non-heating, indicating similar oxidation
levels between the two periods. However, compared to the daytime OOA peak concentrations (1.8 pg m3), higher OOA
concentrations (3.9 pg m) were observed in the evening, indicating a more important contribution from the condensation of

SVOCs emitted from heating sources and/or their dark aging processes (Tiitta et al., 2016).”

Section 3.3.2: Lacks of discussion.
Response: We have now added more discussion on the OA sources at the residential site during non-heating (Sect. 3.4.2) and
heating (Sect. 3.4.3) period.

In Sect. 3.4.2., it now reads, “Free PMF suggested a two-factor solution with one mixed primary OA factor and one OOA
(Fig. S8) as a further increase in the number of factors led to the splitting of factors. The diurnal pattern of the primary factor
showed a slight increase in the morning but with a larger increase in the evening and night, suggesting potential mixing between
HOA and the heating-related factor. Note that the temperature was below 15 °C in the evening during this period (Fig. S4) and
thus sporadic domestic solid fuel burning activities were likely to occur. Our previous study has shown that peat burning
occurred in cold summer nights in the west coast city of Galway in Ireland (Lin et al., 2019a). Moreover, the elevated levels
of m/z 60 in the evening (at 22:00) suggested emissions from biomass burning (Fig. S8). The correlation between the profile
of the unconstrained primary OA factor and the reference profile of peat burning OA (R?= 0.58) from our previous study (Lin
et al., 2017) is better than the profile of biomass burning OA (BBOA; R?=0.44) from the Ng et al. (2011a). Note that COA
was not considered to be a potential OA factor at this location since the sampling site was representative of the residential area
with few restaurants around. Moreover, no clear increase in the concentration of POA during lunchtime was observed during
this non-heating period and the heating period as discussed later. Therefore, only the reference profile of HOA and peat burning

OA factors were constrained during non-heating at the residential site.
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The mass spectra and diurnal patterns, as well as the relative contribution of the HOA, peat, and OOA at the residential
site during non-heating are shown in Fig. 5. While the profile of HOA is similar between the residential site and the kerbside,
its concentration levels at the residential site were significantly lower than at the kerbside. Specifically, in the morning rush
hours, the HOA peak concentration was 0.1 pg m at the residential site while it was 1.5 ug mat the kerbside, with a 15 times
difference between the two sites. On average, HOA accounted for 11.8% of OA at the residential site. During the morning
rush hours, its fraction increased to 16.0% which was still a minor factor when compared to OOA (58-68% of OA). The low
contribution of HOA is 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).

The peat profile featured peaks at m/z of 27, 29, 41, 43, 55, and 57, which was similar to HOA. However, the differences in

f60 between the peat factor and HOA suggested different sources. f60 in the peat profile was 0.014 which was higher than that
for HOA (<0.003), confirming its biomass nature (Cubison et al., 2011). The diurnal pattern of peat showed increased
concentrations at 20:00-22:00, corresponding to their emission time. On average, peat accounted for 23.6% of OA and its
fraction increased to 28.1% in the evening. The OOA mass spectral at the residential site featured high contribution at m/z 44
(i.e., f44) which was similar to the OOA at the kerbside. However, the diurnal cycle of OOA at the residential site showed no
clear pattern, which was different from that at the kerbside. Therefore, most of the OOA at the residential site was likely due
to regional transport.”

Also, in Sect. 3.4.4, it now reads, “Heating-related OA factors were identified since they all showed elevated concentrations
in the evening as indicated by the free PMF solutions (Fig. S10). However, similar to the case at the kerbside, the OA factors
were mixed because of the co-emissions from all domestic heating activities. To better evaluate the contribution of potential
sources, the reference profiles of HOA (Crippa et al., 2013), peat, wood, and coal were constrained (Lin et al., 2017) using
ME-2. Note that COA was not constrained since no lunch meal peaks were identified during this period as discussed above.

In the morning rush hours, HOA showed a peak concentration of 0.4 pg m due to traffic emissions, which was, again, largely
reduced when compared to the HOA morning peaks (1.8 ug m) at the kerbside. However, higher concentrations of HOA (2.0
ug m) were observed in the evening due to the emissions of oil burning. Therefore, the majority (estimated at over 80%) of
HOA at the residential site was due to oil burning instead of traffic emissions. On average, HOA accounted for 11.8% of the
total OA over the entire heating period and its fraction increased slightly to 12.9% during pollution events.

Similar to the kerbside, solid fuel burning, especially peat burning was a very important OA factor, contributing up to 45.5%

(34.9% on average) of the OA during the pollution events (Fig. 7c and 7d). Coal (17.8-19.2%) and wood (7.1-7.5%) burning
were also contributing substantially over the entire period as well as during pollution events. The importance of solid fuel
burning at the residential site echoed our previous studies at the same sites (Lin et al., 2018; Lin et al., 2019b). OOA, on
average, accounted for 27.9% (1.4 pg m™) of OA and the higher OOA concentration during the evening, concurrent to an
increase in primary factor concentrations, again suggested its major source was from the condensation of SVOCs emitted from

solid fuel burning and/or their dark aging processes (Tiitta et al., 2016).”
Line 258: A peat and a HOA factor were constrained with ME-2. Why the authors chose a peat factor instead of a BBOA one

from literature? Does this change the results significantly? Also, a COA factor is not present. Have the authors tried to constrain

it? In this case how much was its contribution to the OA? Again Fig. S14a,b should be included in the main text.
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Response: The reason we chose to constrain peat factor, instead of BBOA from literature, is that the correlation between the
profile of the unconstrained factor and reference peat OA profile (R?=0.58) is better than BBOA (R?=0.44). Moreover, the
diurnal pattern of the primary factor from the fee PMF solution showed a slight increase in the morning but with a larger
increase in the evening and night, suggesting potential mixing between HOA and the heating-related factor. Note that the
temperature was below 15 °C in the evening during this period and thus sporadic domestic solid fuel burning activities were
likely to occur. Our previous study has shown that peat burning was likely to occur in cold summer nights in the west coast
city of Galway in Ireland (Lin et al., 2019a). Moreover, the elevated levels of m/z 60 in the evening (at 22:00) suggested
emissions from biomass burning (Fig. S8). The correlation between the profile of the unconstrained primary OA factor and
the reference profile of peat burning OA (R?= 0.58) from our previous study (Lin et al., 2017) is better than the profile of
biomass burning OA (BBOA; R?=0.44) from the Ng et al. (2011a). Note that COA was not considered to be a potential OA
factor at this site since the sampling site was representative of the residential area with few restaurants around. Moreover, no
clear increase in the concentration of POA during lunchtime was observed during this non-heating period and the heating
period. Therefore, only the reference profile of HOA and peat burning OA factors were constrained during non-heating at the
residential site. We have added the above comments in the revised manuscript.
The updated Fig. S14a, b has now been moved to the main text (see the figure below).
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Figure R9 (or Figure 5 in the text). (a) Mass spectral profiles of hydrocarbon-like OA (HOA), peat and oxygenated OA (OOA)

415 during non-heating at the residential site; (b) Diurnal cycle of the OA factors; and (c) relative contribution of OA factors over
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the entire non-heating period; (d) over the morning rush hours (7:00-10:00); and (e) over the evening hours from 19:00-22:00.

Error bars in (a) and (b) represent one standard deviation.

Line 265: Again 4 out of 5 factors have been constrained with ME-2 tool. The unconstrained solution of this period (P2) for
the residential site is not given in the supplementary so no direct comparisons can be made. How confident are the authors
about this solution? Does peat contribute that high (30%of OA) in previous studies? Usually, BBOA accounts for that high
percentages.

Response: See the response to the previous comment regarding the constraining strategy.

We have now provided the unconstrained PMF solution for the residential site in the supplementary. In the free PMF solution,
heating-related OA factors were identified since they all showed elevated concentrations in the evening. However, similar to
the case at the kerbside, the OA factors were mixed because of the co-emissions from all domestic heating activities. To better
evaluate the contribution of potential sources, the reference profiles of HOA (Crippa et al., 2013b), peat, wood, and coal were
constrained (Lin et al., 2017b) using ME-2.

We have explored the solution space with a large range of a-values (0-0.5) and used the bootstrap resampling strategy to
evaluate the statistical uncertainties. We are confident about this solution as the results from this study were consistent with
previous studies (Kourtchev et al., 2011; Dall'Osto et al., 2013; Lin et al., 2017).

Peat is a type of biomass since it is an accumulation of partially decayed plant material which is an important domestic fuel
source in Ireland (Tuohy et al., 2009). The incomplete decay of vegetation resulted in an increase of f60 when burned (Lin et
al., 2017). However, f60 in peat profile (0.014) was lower than wood (0.053) probably because wood contained a higher
fraction of m/z 60-related material e.g., levoglucosan (Fig. 6a). Our previous study has shown that peat burning was
contributing substantially in suburban Dublin (Lin et al., 2018; Lin et al., 2019b).

Line 290: Please define R2.

Response: Now defined as linear correlation coefficients determination (R?)

Line 315: The percentage of OA to PML1 is not consistent to the rest of the text.

Response: Now changed to 46-64%, consistent with the rest of the text.

Section 4. The authors repeat the results as in the abstract and main results with no clear conclusion and “take home message”
made by this work.

Response: The content in this Section has been incorporated into Section 3.1 when we discussed the overview of the
measurement.

Tables 1 and 2. NOx should be mentioned in ppb.
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Response: corrected.

Figure 1. Figure should be replaced by Fig. S1 (without Rathimnes station).
Response: It is now replaced but we tend to keep the PM, s data from Rathmines station since it provides a good comparison

with our measurement. See Figure R5 in the previous reply.

Fig. 1c seems to be wrong in comparison to Fig. S1 that includes all the measured data. Labels of elements seem wrong placed,
making them hard to be read.
Response: Corrected. And labels have been re-arranged.
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Figure R10 (or Figure 2 in the text). Time series of hourly averaged submicron organic aerosol (OA), sulfate (SOa), nitrate
(NOs), ammonium (NHoa), chloride (Chl), and black carbon (BC) during non-heating (left panel) and heating (right panel) at
the kerbside (a, ¢) and residential (b, d). Inset pie charts are the relative fraction of the measured PM; components. Also shown
is the day of the week, including Monday (Mon), Tuesday (Tue), Wednesday (Wed), Thursday (Thu), Friday (Fri), Saturday
(Sat), and Sunday (Sun).

Figure 2. All chart pies should have the same size, the (a), (b), (c), (d) labels should be re-arranged accordingly to the main

text. SO4 should be written as SO%. The same applies for NH4, and NO3 (for the entire manuscript).
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470 Response: Pie charts now was combined with Fig. 2 with the same size in the revised manuscript (see Figure R10). Labels are
re-arranged. And SO4, NH4, NO3, Chl have been changed.

Figure 3. The (a), (b), (c), (d) should be re-arranged. Current Fig. 3b should go up to 5 g m-3, so that the trend of PM1
components will be visible. SO4, NH4 and NO3 should be changed according to the previous comment for Fig. 2.
475 Response: Changes made
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Figure R11 (or Figure 3 in the text). The diurnal cycle of submicron organic aerosol (OA), sulfate (SO4%), nitrate (NO3),
ammonium (NH4*), chloride (Chl"), and black carbon (BC) during non-heating (left panel) and heating (right panel) at the
kerbside (a, ¢) and residential site (b, d).

480
Figure 4. Pie charts should have all the same size. Labels of factors should have some space between each other. The (a), (b),
(c), (d) should be re-arranged accordingly to the main text.

Response: Pie charts with same size are now combined to Figs. 4-7. Also see the response to the previous comment.

485 Figure 5. The values seem like the 3rd quartile of the data and not the actual average values. Please replace the whole figure
according to the above suggestions.
Response: We have replaced the original figure with new figures from our new analysis. See the response to the previous

comment.
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Figure 7. Define SEAI, CSO. Does this figure correspond to data related to your measurements? Labels of sources should have
some space between each other.

Response: SEALI is Sustainable Energy Authority of Ireland (SEAI, 2018) while CSO is Central Statistics Office (CSO, 2016),
which is now added to the revised manuscript (Sect. Sources of OA). This figure was presented to show the energy structure
regarding traffic and domestic fuels in Ireland and to investigate their possible relationship with the PM pollution. As pointed
out by the referee, this figure is not closely related to the measurement we had here. Therefore, we have moved this figure to

the supplementary in the revised manuscript.

Major Comments: Having read the paper | am still not sure what the authors want a reader to learn. To my understanding, the
authors want to empathize to traffic and vehicular emissions and more precisely to the importance of the diesel ones in the
kerbside site. The authors claim that “in residential site, traffic emissions were found to have a minor impact on air quality”.
Yet, the HOA contribution to OA is the same (18%) for kerbside and residential sites for P2 period, with its mass average
concentration to be 1.2 jg m-3 for kerbside and 1.6 g m-3 for residential, something in contrast to their final statement.
Response: In this study, we wanted to get insights into the spatial distribution of submicron aerosols in urban Dublin,
particularly for traffic emissions. As has been discussed in the Sect. Introduction, our previous study conducted in suburban
Dublin has shown that air quality in Dublin was strongly influenced by the emissions from residential solid-fuel burning 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.
HOA at the kerbside with rush hour peaks can be regarded as OA emissions from traffic emission as the case at the kerbside
during the non-heating period. However, during the heating period, the greater increase in HOA in the evening was associated
with oil burning. Specifically, at the residential site, HOA showed a peak concentration of 0.4 pg m™ in the morning rush hours
due to traffic emissions, which was largely reduced when compared to the HOA morning peaks (1.8 pg m3) at the kerbside.
However, higher concentrations of HOA (2.0 ug m™) were observed in the evening due to the emissions of oil burning.
Therefore, the majority (estimated at over 80%) of HOA at the residential site was from oil burning instead of traffic emissions.

We have added the above comments in the revised manuscript and highlighted it in the Abstract.

The possession of the aethalometer AE-33 at the kerbside site is not taken into advantage by the authors. How much of the

measured BC is related to traffic and how much to biomass burning? This could help interpreting better the results of the PMF
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but also the HOA/BC ratio in section 3.5. Have the authors tried to split BC according to its origins and then conclude to
525  resemblance or not compared to other studies?
Response: A 7-wavelength AE-33 was deployed at the kerbside along with an ACSM. During the non-heating period at the
kerbside, BC shows two rush hour peaks, indicating traffic was its major source. Moreover, there was no evidence of biomass
burning during non-heating at the kerbside as indicated by the PMF analysis. Therefore, BC during non-heating was
exclusively from traffic emissions. The HOA/BC ratio derived from this period can better present the traffic HOA/BC ratio
530 since, during heating period, BC has additional sources from e.g., solid fuel burning. Figure R12 shows the HOA/BC ratio was
0.17 during the non-heating period at the kerbside which indicates a major source of diesel vehicular emissions (DeWitt et al.,
2015).
During the heating period, an increase of BC concentration in the evening, with origins from heating (e.g., biomass/coal
burning) sources, was also observed in addition to the two rush hour peaks. The Angstrén exponent model can separate the
535 BC into traffic BC (BCtr) and wood burning BC (BCwb) (Sandradewi et al., 2008; Zotter et al., 2017). However, in Ireland,
coal combustion and oil burning was also contributing the BC in addition to biomass burning and traffic. Thus, the Angstrén
exponent model could have large uncertainty to attribute the BC into just BCtr and BCwb. For such reasons, we have not

included the BC source apportionment in the manuscript. Actually, we are preparing a separate study to address the BC sources.
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540 Figure R12. Linear regression between HOA and BC with a slope of 0.17 and R? of 0.61 during the non-heating period at the
kerbside.
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Peat, coal and wood factors play a major role (33-50% of OA) during P2 in both sites, yet the authors do not discuss their
significance or any related mechanisms. The authors should pay attention to combustion sources, since they seem to be of
greater importance than traffic.

Response: We have now discussed the significance of solid-fuel burning in the revised manuscript. Please find the response to

the previous comment.

Also, the PMF solutions for P2 are too constrained. Have the authors tried to constrain less the solution? What are the results?
Response: We have now explored the solution space with less constraint (a value of 0-0.5). Please find the response to the

previous comment.

How oxidized the OA factors are? Could the authors calculate the O:C ratio of each factor? This would be really helpful to the
scientific community.

Response: Based on f44, we can estimate the O:C ratios for OA factors (Aiken et al., 2008; Canagaratna et al., 2015).
Depending on the method used, O:C ratio was estimated to be in the range of 0.9-1.1 for OOA and 0.1-0.3 for primary OA
factors. For OOA, the O:C ratio suggested OOA was highly processed. Moreover, the OOA profile resembled the less volatile
OOA (LV-OOA; R?of 0.94) which usually represents well-aged SOA (Ng et al., 2011a). However, the diurnal pattern of OOA
in Dublin showed a clear pattern that was strongly influenced by local sources (e.g., solid-fuel burning) and was most likely
from fresh SOA instead of well-aged SOA. Note that the unit mass resolution of ACSM makes it hard to separates the
contribution between C2H40+ and CO2+ at m/z 44. Moreover, the “Pieber” effects need to be taken into account when

calculating f44 (Pieber et al., 2016). Therefore, we tend not to report O:C ratios for OA factors due the large uncertainties.

References:
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J. R., Sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway, M., Ziemann, P. J., Canagaratna, M. R., Onasch, T. B., Alfarra,
M. R., Prevot, A. S. H., Dommen, J., Duplissy, J., Metzger, A., Baltensperger, U., and Jimenez, J. L.: O/C and OM/OC Ratios
of Primary, Secondary, and Ambient Organic Aerosols with High-Resolution Time-of-Flight Aerosol Mass Spectrometry,
Environ. Sci. Technol., 42, 4478-4485, 10.1021/es703009¢, 2008.

Canagaratna, M. R., Jimenez, J. L., Kroll, J. H., Chen, Q., Kessler, S. H., Massoli, P., Hildebrandt Ruiz, L., Fortner, E., Williams,
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compounds using aerosol mass spectrometry: characterization, improved calibration, and implications, Atmos. Chem. Phys.,
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Abstract: To evaluate the impact of traffic on urban air quality, the chemical composition_of submicron aerosols (PM:) and
sources of organic aerosol (OA)submicron-aeresols{PMi)}-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 m3) of PM; at the kerbside while erganic-aerosel-{OA) was
the most important (46-6364% of PM; or 1.0-8.7-1 ug m™) at the residential site. The daily and weekly cycle of BC at the
kerbside during the 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 1816-2728% (0.9-1.0 ug m) of OA at the kerbside
associated with vehicular emissions, with higher contributions from cooking (18-36% or =1.2 pg m), solid fuel burning
(=3338% or =2.1-4 ug m=, resolved only during the heating period), and oxygenated OA (3129-37% or 1.2-2.01.9 pg m3). At
the residential site, solid fuel burning contributed to-appreximately 650% (4.927 pug m™) of OA during the heating period,
while oxygenated OA accounted for almost 65% (0.5-6 ng m3) 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 eharacterisation-characterization 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 micror-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 the 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 ug 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-fFixed 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 the 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

26



720

725

730

735

740

745

heating 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-The 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 (PM;) at both kerbside and residential sites was
simultaneously measured from 4 September to 9 November 2018 using an Aerodyne Aerosol Chemical Speciation_Monitor
(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

Chemical compositions of PM; Measurements-were simultaneously eenducted-measured 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 (see the map in Fig. S1) while PM>s

was sampled at Rathmines (https://www.epa.ie/air/quality/data/rm/), another residential site at a distance of ~3 from the

kerbside and residential sites. 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 at UCD. 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.
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2.2 Instrumentation

A quadrupole Aerosol Chemical Speciation Monitor (§Q-ACSM, Aerodyne Research Inc.) and an aethalometer (AE-33, from
Magee Scientific) were deployed at the kerbside site to measure the non-refractory PM1 (NR-PMy) component (i.e. OA, sulfate,
nitrate, ammonium, and chloride) and BC, respectively. At the residential site, another Q-ACSM and aethalometer (AE-16)
were deployed to measure the PM1 (NR-PM; and BC) composition simultaneously. At each site, ACSM and AE-33/16 were
sampling from the same PMzs inlet line with isokinetic flow splitting. A detailed description of the ACSM and its operation is
given by Ng et al. (2011b) 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 eveV) and the resulting ions were

analyzed by a quadrupole mass spectrometer. Both ACSMs were calibrated with ammonium nitrate and ammonium sulfate

following the procedure described by Ng et al. (2011b). Briefly, monodispersed 300 nm ammonium nitrate/ammonium sulfate

particles were generated by an atomizer (Model 9302, TSI) and size-selected by a differential mobility analyzer (DMA; TSI

model 3080), and subsequently introduced into the Q-ACSMs to determine the response factor (RF), as well as the relative

ionization efficiencies (RIEs) of ammonium and sulfate.

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_for most of the time. 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

(averaged at ~0.5) corrected NR-PM; shows a good agreement with the PM2s measurement at another sub-urban-residential

site_in suburban Dublin (i.e., Rathmines, Fig. S1) -where a tapered element oscillating microbalance (ThermoFisher Scientific)

was deployed with 1 h resolution.

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-NO2-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,
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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-multitinearengine{ME-2)}-was utilized for OA source apportionment_on the
interface of SoFi 6.A1 (Canonaco et al., 2013)-by-constraining-the-referenceprofiles-of certainfactors. Firstly, unconstrained

(or free) PMF was applied to examine the OA factors based on their mass spectral profiles, diurnal patterns, and correlations
with external measurements (e.g., NOx and BC). However, Because-unconstrainedPMFE or free PMFE often-suffers from
imi jati i the free PMF solution could

potentially lead to solutions with mixed factors or inaccurate factor attributions_when- some factors have similar temporal

variation and/or factor profiles (e.g., COA and HOA) (Canonaco et al., 2013). This is especially true for the heating-related

OA factors during the heating-season in Ireland where oil, peat, wood, and coal were commonly used as domestic heating fuels
according to Central Statistics Office (CSO, 2016) and Sustainable Energy Authority of Ireland (SEAI, 2018). Moreover,

previous offline (i.e., filter-based) and online (i.e., ACSM/AMS) studies in Ireland winter have identified ambient OA being

associated with the residential burning of oil, peat, coal, and wood burning (Kourtchev et al., 2011; Dall'Osto et al., 2013; Lin

et al., 2018). In this study, free PMF resulted in highly mixed OA factors (See the supplementary section for the free PMF

solutions). -Thus, based on this priori information on emission sources, PMF with the multilinear engine (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).

The reference profiles of peat, coal, and wood were taken from a previous study in which the mass spectral signatures of peat,

coal, and wood burning OA were characterized by simulating their burning in a typical Irish stove with an ACSM 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. Moreover, a bootstrap-based resampling strategy with a total of 500 runs was applied to

examine the statistical uncertainty (https://datalystica.com/sofi). The following criteria are used for the selection from these

ME-2 runs to get the most optimized solution:
1, Correlation between the time series of HOA and NOy or BC in the morning hours (7:00-10:00) during weekdays. HOA

and NO,/BC have a common source from traffic emissions in these morning hours.
2, Diurnal cycle of COA. The COA concentrations during mealtime should be higher. In this study, the ratio of COA at 13:00

to the average of COA of 10 and 11 am was monitored.

3, Multi-linear regression between BC and heating-related factors (i.e., HOA (or oil burning), peat, wood, and coal burning)

in the evening (19:00-23:00), assuming only the heating-related factors contributed to BC in the evening.
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4, Fraction of m/z 60 (i.e., f60) for peat and wood burning OA factors should be higher than 0.006 (Cubison et al., 2011; Lin
etal., 2017).
5, Fraction of m/z 44 (i.e., f44) for the unconstrained factor (i.e., OOA). OOA should have higher f44 than primary factors.

By inspecting the defined criteria, the ME-2 runs that meet these criteria were selected and averaged as the most optimized

3 Results and discussion

3.1 Overview of aerosol measurement

Figure S1 shows the everview-of the-measurementtime series of submicron organic aerosol (OA), sulfate, nitrate, ammonium,

chloride, and black carbon (BC) at both the kerbside and the residential site, as well as the time series of PM, s -at Rathmines

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_emissions as observed by few pollution spikes in the evening_-when

compared to a later period with prominent evening spikes observed at all three sites (From 1 October to 09 November; Fig.

$1).-The three sampling sites (i.e., kerbside, residential, and Rathmines) are within a 5 km radius in Dublin city and the time

series of PM; and PM, s were well correlated with correlation coefficients (R?) in the range of 0.56-0.83 and slopes of 0.72-

0.88 (Fig. S1). —The good time series correlation between the three sites was mainly driven by the pollution events during the

heating period while the slopes of 0.72-0.88 suggested PM; explained, on average, 72-88% of PM,s mass. The poorer
correlation (R? of 0.56; Fig. S1) between the kerbside PM; and Rathmines PM,s_than between the residential PM; and

Rathmines PM, s (R? of 0.83) was due to traffic emissions which had a greater impact on the kerbside than at both the residential

site and Rathmines.

Over the entire period, the mean mass concentration of PM; was 11.7 + 9.7 (one standard deviation) ug m™ at the kerbside

with black carbon accounting for 50% of the total PMi mass (Fig. 1a), followed by OA (31%), nitrate (6%), sulfate (5%),

ammonium (5%), and chloride (2%). At the residential site, the mean PM; concentration (6.6 +3.1 ug m) was roughly half

of that at the Kerbside (Fig. 1b). However, the chemical compositions of PM; at the residential site was dominated by OA (59%

of PM), followed by BC (13%). The total inorganic aerosols (sum of sulfate, nitrate, ammonium, and chloride) accounted for

28% of PM; at the residential site, slightly higher than at the kerbside (18%), though the concentrations were comparable (1.8

vs. 2.1 ug m™) between the two sites, suggesting regional sources/formations rather than traffic emissions. In contrast, the

greater abundance of BC at the kerbside suggests traffic emissions comprised a high fraction of BC which, however, had a

limited impact on the residential site. In particular, BC at the kerbside showed two rush hour peaks, confirming traffic was its

major source (Fig. S2). However, the BC was up to 25 times lower at the residential site during the rush hour peaks (Fig. S2),

suggesting a minor impact of traffic on the air guality at the residential site due to the effects of the wind direction and the
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distance from the road. In addition to the rush hour peaks of BC, an additional BC peak in the evening was also observed at

both sites due to the emissions from domestic heating activities (discussed later).

_ _To better understand the evolution of chemical composition and concentration of PM;, Ftwo periods, with one week of the

non-heating period P+-from 10 to 17 September and one week of the heating period-which-represented-the-non-heating-period

and-P2 from 27 October to 4 November, were selected for a more detailed comparison. During non-heating, BC showed the

largest kerbside increment, with an increment ratio of 15 (median value) (Fig. S3). During heating, the BC increment ratio was

slightly lower (10) primarily due to the additional emission sources of solid fuel burning affecting both sites simultaneously.

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 7-11 (Fig. S3). Note that our measurement represents the average fleet in Dublin and thus

the high kerbside increment for BC in Dublin has significant implications for the potentially higher exposure risk at the kerbside.

Compared to BC, the kerbside increment of OA was less significant because traffic was not a major source of OA (discussed

in Sect. 3.4). However, a higher OA increment ratio (3; median value) was also seen during non-heating than during heating

v~ _The meteorological parameters including wind speed,

wind direction, relative humidity (RH), and temperature during P4-the non-heating and heating periodP2 are shown in Fig.

S254. Specifically, during the non-heating periodPZ, 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 the heating periodP2, the wind speeds were slightly lower with an average

of 3.7 ms* (range 0.5-8.5 m s1). The low wind speeds were accompanied by the northerly and easterly winds during P2heating
period. The temperature during P4-non-heating averaged 13.1 °C, ranging from 8.6 °C to 18.2 °C while it was lower during P2
heating with an average of 4.5°C (range -3.9-11.6 °C). However, the RH during the-Pinon-heating and heatingP2 were similar,

with an average RH of 78.7% (range 57-96%) for P1-non-heating and 78.9% (range 44-98%) for heatingP2.

3:43.2 Mass concentration and chemical composition of PM: during the-P1periednon-heating
3443.2.1 PM: at the kerbside during PZnon-heating

Figure 12a and-Figure-2-shows the time series zoomed in for the non-heating and heating periods and theirand relative

fractions of PM; component (i.e., OA, sulfate, nitrate, ammonium, and chloride, and BC)_while Fig. 3a shows their diurnal
patterns;respeetiveby aAt the kerbside during non-heating.; BC was the most dominant PM; component (Table 1), on average
accounting for over half (55% or 5.6 pg m*) of PMy, followed by OA (32% or 3.3 ug m?®), sulfate (5% or 0.5 pg m),

ammonium (4% or 0.4 pug m), nitrate (3% or 0.3 pug m3), and chloride (1% or 0.1 pg m™®). In particular, frequent BC spikes
(> 15 ug m3; top 5 percentiles) affected the local air quality substantially during the daytime (6:00 — 21:00, local time, Fig. 3a)
and showed higher intensity during rush hours on weekdays. Similar patterns were also observed for NOy (Fig. S3S5) and CO

(Fig. S4S6) at the kerbside, confirming common traffic sources. Specifically, both NOx and CO showed rush hour peaks during
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weekdays while such rush hour peaks during weekends were not as prominent as during weekends, consistent with the traffic

pattern in Dublin (Fu et al., 2017). The average mixing ratios for NOx and CO were 54.1 ppb (in the range of 5.4-200.0 ppb)

and 0.2 ppm (in the range of 0.05-0.8 ppm), respectively.

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.
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 jams. 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 pg m= at the residential site during
the non-heating period (Table 1).

Similar to BC at the kerbside, OA also shows frequent-spikes with concentrations of >5 ug m™ (top 5 percentiles) from

6:00 to 21:00 (Fig. £a3a). However, in addition to traffic, cooking and secondary formation were also contributing to the OA
mass at the kerbside (discussed in Sect. 3.34). In contrast to BC and OA, the time series of the measured inorganic aerosols
were relatively smooth (Fig. £2b), 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. 2a).

3423.2.2 PM: at the residential site during Ptnon-heating

The time series of OA, sulfate, nitrate, ammonium, and chloride at the residential site during P4-non-heating are shown in Fig.
1b2b. Over the-entire-Pithis period, the average concentration of PM; was 2.3 ng m™ at the residential site, around five times
lower than that at the kerbside (Table 1). OA was the most dominant species at the residential site, accounting for 46% (1.0 pug
m?) of PM; (Fig. 2b), followed by BC (17% or 0.4 ug m3), sulfate (17% or 0.4 ng m), ammonium (14% or 0.3 pug m3),
nitrate (5% or 0.1 ug m™3), and chloride (1% or <0.1 ug m3). Despite the-factthatAlthough 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 NOy of

2.6 ppb (median was 2.0 ppb; Table 1). As discussed above, Fthe low impact of vehicular emissions on air quality at the

residential site might-bewas associated with the distance from the emission sources, as well as the effects of wind speed and
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wind direction. Specifically, the distance between the residential site and the nearest road is ~500 m and ~5 km away from the
city centre. SeuthThe south-westerly wind was dominant during-P1_the non-heating period with an average wind speed of 4.5
m s, ranging from 1.5 to 9.0 m s’ (Fig. S254).

3.23.3 Mass concentration and chemical composition of PM: during the-P2-heatingperiod
3213.3.1 PM: at the kerbside during P2heating

During the heating period-ef-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. e2c and 3c). Specifically, in the evening on 31 October, the peak PM;
concentration was 197-3134.0 pg m® (Fig. 1e2c) which was more than four-times-higherthandouble of that the rush hour peak
on the same day. Moreover, the evening pollution expanded over the entire evening and went into the night_(Fig. 3c),
demonstrating the extensive impact frem-of residential heating activities. On the same day, BC concentration increased up to
50-37.5 ug m? in the evening, mere-thanover five-ten times higher than the average (7.1 pg m®). The simultaneous increase
in all NR-PM; components along with BC suggests common heating sources in the evening.

Over the entire heating period-ef-P2, the average PM; concentration was 18.4 pg m, areund-approximately two times
higher than that during P1-non-heating (Fig—2¢cTable 1). While the average BC concentration increased from 5.6 ug m™ during

non-heatingP% to 7.1 pg m™ during heatingP2, the corresponding BC fraction decreased from 55% to 38%. This is due to the
relatively high emissions of other PM; components (e.g., OA) which were associated with heating sources. Specifically, the
average OA concentration was doubled during P2-heating (6.5 ug m®) than during P1-non-heating (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 PL-non-heating to 27% (6.1 ug m™3) during P2heating. Among these inorganics, nitrate saw the largest increase from
3% (0.28-3 ug m®) during P1-non-heating to 9% (1.6 pg m=) during P2heating, partly due to the cold temperature (Fig. S2)
which favoured the gas-to-particle partitioning of semi-volatile NHsNOs.

3223.3.2 PM; at the residential site during P2heating

The time series of the measured PM; components at the residential during P2-heating is shown in Fig. 2¢2d. 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 P+-non-heating when no clear pattern in NR-PM; species was observed (Fig. 3b and
3d). As discussed above, the pollution spikes of NR-PM; at the residential site showed a simultaneous increase with that at the
kerbside (Fig. te2c) and the PM. 5 at the Rathmines station (Fig. S1c), indicating the three sites were affected by similar

residential burning sources and air masses. Over the entire P2heating period, the average PM; concentration was 12.7 ug m,
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which was six times higher than during P2non-heating. On average, OA accounted for 63% (8.1 pg m) of PM;, making it the
most dominant component (Fig. 2d), followed by BC (9% or 2.4 pug m™), nitrate (8% or 1.1 pg m'®), ammonium (8% or 1.0 pug
m3), sulfate (7% or 0.9 pg m), and chloride (4% or 0.6 pg m).

3.4 Sources of OA

the OA sources, free PMF was firstly conducted on the OA matrix. The solution that best represented the data was the three-

factor solution because the solutions with more factors provided no meaningful but splitting from the already resolved factors

(see Fig. S7 and more details in the supplementary). The three-factor solution identified a hydrocarbon-like OA (HOA) factor

from traffic, cooking-like OA (COA) factor from cooking sources, and an oxygenated OA (OOA) factor corresponding to the

secondary processes. However, free PMF provided only a sub-optimal solution as the profile of COA contained no m/z 43

which underestimated its contribution or over-estimated the contributions from other factors (Fig. S7). Therefore, ME-2

(Canonaco et al., 2013)_was utilized to constrain the reference profiles of HOA and COA (Crippa et al., 2013) with 0-50%

constraints (i.e., a value of 0-0.5; see Sect. 2.3) to better evaluate their contributions.

-Figure 4 shows the mass spectra, diurnal pattern, and relative contribution of HOA, COA, and OOA of the optimal ME-2
solution during non-heating at the kerbside. i ide i i

HOAcooking-OA{COA)—and-oxygenated-OA{OOA)- The HOA profile was dominated by peaks at m/z of 27, 29, 41, 43,
55, and 57, characteristic of the hydrocarbon ion series of [CnHan+1]* and [CnHan1]*. The diurnal cycle of HOA featured two

rush hour peaks which were consistent with that of BC (Fig. 3a), confirming its traffic source. During the early morning (from

00:00 to 5:00), the HOA concentration was very low (0.1 pg m™), indicating a low background HOA level. From 6:00, HOA

started to increase with a peak HOA 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 1.3 ug m= at the afternoon rush hour peak (17:00). The HOA returned to the

background level at around 23:00, corresponding to the reduced traffic flow during the night (Fu et al., 2017). Despite being

adjacent to the busy road in Dublin city centre, on average, HOA accounted for enly-2727.8 % (0.9 ug m?) of the total OA
(Fig. 4a4c) with rest attributing to COA (35.76% or 1.2 pg m™) and OOA (36.67% or 1.2 ug m®). During the morning rush
hours from 7 am to 10 am, HOA increased its shares to 49.1% of the total OA (Fig. 4d), suggesting a more important role of
HOA during rush hours.
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The COA profile is characterized with a 55 to f57 ratio of 2.6 (where f55 and f57 are the fraction of m/z 55 and 57 to the

total organic mass, respectively) which was higher than that for HOA (0.9) but was in the range of 2.2-2.8 typical found for

COA (Mohr et al., 2012). The identification of COA was associated with the location of the sampling site in Dublin city centre

with some restaurants around. The diurnal pattern of COA showed a lunchtime peak at 13:00 and a dinner time peak at 20:00,

corresponding to the meal times. Higher dinner time COA peak (2.7 pug m™) was observed than lunchtime peak (1.6 ug m=)

likely due to higher emissions during the evening coupled with relatively low evening temperatures (Fig. S2) and shallower

boundary layer. Similar diurnal patterns for COA were also observed in Barcelona (Mohr et al., 2012), Paris (Crippa et al.,
2013), London and Manchester (Allan et al., 2010). i i i

temperatures{Fig—S2). On average, COA accounted for 35.7% of OA, but over the evening hours from 19:00 to 22:00, COA

increased its fraction to 51.4% of OA.
The OOA profile (Fig. S7)4) resembled the less volatile OOA (LV-OO0A;_R? of 0.94) which usually represents well-aged
SOA _(Ng et al., 2011a). 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. n-additionBesides, the contribution
from cooking sources to OOA was also important as evidenced by the concurrent peaks of OOA with COA. The diurnal trend
of OOA suggests The-the OOA had a background concentration of 0.5 ug m which was higher than HOA (0.1 pg m®) and

COA (0.1 ug m®), indicating part of OOA was also associated with regional transport. It is estimated that approximately 38%

of the total OOA was regionally transported, i.e., the value of background OOA concentration of 0.5 pg m= if compared to the

total OOA concentration of 1.3 pg m™=.

3243.4.2 OA factors at the residential site during non-heating

Free PMF suggested a two-factor solution with one mixed primary OA factor and one OOA (Fig. S8) as a further increase in

the number of factors led to the splitting of factors. The diurnal pattern of the primary factor showed a slight increase in the

morning but with a larger increase in the evening and night, suggesting potential mixing between HOA and the heating-related

factor. Note that the temperature was below 15 °C in the evening during this period (Fig. S4) and thus sporadic domestic solid

fuel burning activities were likely to occur. Our previous study has shown that peat burning occurred in cold summer nights

in the west coast city of Galway in Ireland (Lin et al., 2019a). Moreover, the elevated levels of m/z 60 in the evening (at 22:00)

suggested emissions from biomass burning (Fig. S8). The correlation between the profile of the unconstrained primary OA
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factor and the reference profile of peat burning OA (R?= 0.58) from our previous study (Lin et al., 2017)_is better than the
profile of biomass burning OA (BBOA; R?=0.44) from the Ng et al. (2011a). Note that COA was not considered to be a

potential OA factor at this site since the sampling site was representative of the residential area with few restaurants around.

Moreover, no clear increase in the concentration of POA during lunchtime was observed during this non-heating period and

the heating period as discussed later. Therefore, only the reference profile of HOA and peat burning OA factors were

constrained during non-heating at the residential site.

The mass spectra and diurnal patterns, as well as the relative contribution of the HOA, peat, and OOA at the residential site

during non-heating are shown in Fig. 5. While the profile of HOA is similar between the residential site and the kerbside, its

concentration levels at the residential site were significantly lower than at the kerbside. Specifically, in the morning rush hours,

the HOA peak concentration was 0.1 pug m™ at the residential site while it was 1.5 ug m™ at the kerbside, with a 15 times

difference between the two sites. On average, HOA accounted for 11.8% of OA at the residential site. During the morning

rush hours, its fraction increased to 16.0% which was still a minor factor when compared to OOA (58-68% of OA). The low

contribution of HOA is 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).

The peat profile featured peaks at m/z of 27, 29, 41, 43, 55, and 57, which was similar to HOA. However, the differences in

f60 between the peat factor and HOA suggested different sources. f60 in the peat profile was 0.014 which was higher than that

for HOA (<0.003), confirming its biomass nature (Cubison et al., 2011). The diurnal pattern of peat showed increased

concentrations at 20:00-22:00, corresponding to their emission time. On average, peat accounted for 23.6% of OA and its

fraction increased to 28.1% in the evening. The OOA mass spectral at the residential site featured high contribution at m/z 44

(i.e., f44) which was similar to the OOA at the kerbside. However, the diurnal cycle of OOA at the residential site showed no

clear pattern, which was different from that at the kerbside. Therefore, most of the OOA at the residential site was likely due

to regional transport.

3.4.3  OA factors at the kerbside during heating

Free PMF solutions found the concentration of the heating-related OA factor increased substantially in the evening (Fig. S9).

The increase in OA concentration during the evening was likely due to the emissions from the use of oil, peat, coal, and wood

in the domestic sector according to Central Statistics Office (CSO, 2016) and Sustainable Energy Authority of Ireland (SEAI,

2018). Previous studies have identified these heating-related aerosols in urban areas in Ireland (Kourtchev et al., 2011;

Dall'Osto et al., 2013; Lin et al., 2018). However, due to the temporal covariation of the heating-related OA factors, free PMF

led to highly mixed factors which were insufficient to evaluate their respective contributions. ME-2 was, thus, used to constrain

the reference profiles of peat, coal, and wood from Lin et al. (2017), along with HOA and COA (Crippa et al., 2013).

Figure 6 shows the mass spectral profiles, diurnal patterns, and relative contributions of the resolved OA factors at the

kerbside during heating.

36



040

045

050

055

060

065

070

rush hour peaks in the morning (=8:00) and afternoon (=17:00) with similar concentrations (=1.5-8 ug m) during P2 heating
to that during non-heatingP1. However, a third HOA peak (2.2 ug m®) was also seen at ~22:00 (Fig. 5¢6b), indicating

additional-seurces-from-residential-heating-tikely likely from the emission of-frem oil burning (CSO, 2016; Lin et al., 2017;
Lin et al., 2018). Over the entire P2heating period, HOA accounted for £815.7% (1.2 ug m3) of OA (Fig. 4¢6c). The relatively

small fraction of HOA,—again— indicates traffic was not the dominant OA source_during the heating periods despite

measurements being adjacent to the busy road in downtown Dublin. Note that HOA during P2-heating could only be taken as
an upper limit of the primary OA emissions from traffic because of the additional contribution from the oil burning.
COA showed a similar diurnal pattern to that during P+-non-heating but with slightly higher concentrations during the heating
periodP2, which could be associated with colder temperature and shallower boundary layer. On average, COA accounted for
1817.9% (1.2 ng m®) of OA (Fig. 4c).

Peat is an accumulation of partially decayed plant material which is an important domestic fuel source in Ireland (Tuohy et

al., 2009). The incomplete decay of vegetation resulted in an increase of f60 when burned (Lin et al., 2017). However, f60 in

peat profile (0.014) was lower than wood (0.053) probably because wood contained a higher fraction of m/z 60-related material

e.g., levoglucosan (Fig. 6a). Over the entire heating period, peat burning accounted for 17.7% (1.2 ug m™) of OA (Fig. 6¢).

However, during the pollution spikes as seen on 28 and 31 October (Fig. 6d), peat burning increased its fraction to 26.5% (9.2

ue m3), suggesting peat burning was an important OA emission source. Similarly, wood burning increased its contribution to

9.8% (3.3 ug m™) during pollution spikes from an average of 7.3% (0.5 ug m). The important role of peat and wood burning

in driving the pollution events is consistent with our previous study in suburban Dublin (Lin et al., 2018).

The profile of coal burning OA featured very low f60 (<0.003), consistent with its non-biomass signature as coal is formed

from the complete vegetation decay. On average, the coal factor accounted for 12.6% (0.8 pg m) of OA. Though the fraction

of coal burning decreased during pollution events (11.9%: Fig. 6d), its absolute concentration increased (4.3 ug m). Note that

chloride also showed a significant increase during the pollution events (Fig. 2¢) which was associated with coal burning as our

previous coal-combustion experiment showed that chloride emission comprised a high fraction (2-52.8%) of the submicron

aerosol from coal burning emissions (Lin et al., 2017).

Solid-fuelburning-accounted-for 33%-(21pe-m>)-of the-total OA- The OOA profile had an f44 of 0.24 during heating which

was similar to that (0.22) during non-heating, indicating similar oxidation levels between the two periods. However, compared

to the daytime OOA peak concentrations (1.8 ug m™>), higher OOA concentrations (3.9 ug m™) were observed in the evening,

indicating a more important contribution from the condensation of SVOCs emitted from heating sources and/or their dark

accounted for a large fraction (29% or 1.9 ug m™) of OA. During pollution events, OOA still accounted for a significant

fraction of OA (22% or 7.8 ug m3), demonstrating its importance of secondary OA processing.
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Heating-related OA factors were identified since they all showed elevated concentrations in the evening as indicated by the

free PMF solutions (Fig. S10). However, similar to the case at the kerbside, the OA factors were mixed because of the co-

emissions from all domestic heating activities. To better evaluate the contribution of potential sources, the reference profiles
of HOA (Crippa et al., 2013), peat, wood, and coal were constrained (Lin et al., 2017)_using ME-2. Note that COA was not

constrained since no lunch meal peaks were identified during this period as discussed above.

In the morning rush hours, HOA showed a peak concentration of 0.4 ug m™ due to traffic emissions, which was, again,

largely reduced when compared to the HOA morning peaks (1.8 ug m™) at the kerbside. However, higher concentrations of

HOA (2.0 ug m3) were observed in the evening due to the emissions of oil burning. Therefore, the majority (estimated at over

80%) of HOA at the residential site was due to oil burning instead of traffic emissions. On average, HOA accounted for 11.8%

of the total OA over the entire heating period and its fraction increased slightly to 12.9% during pollution events.

Similar to the kerbside, solid fuel burning, especially peat burning was a very important OA factor, contributing up to 45.5%
(34.9% on average) of the OA during the pollution events (Fig. 7c and 7d). Coal (17.8-19.2%) and wood (7.1-7.5%) burning

were also contributing substantially over the entire period as well as during pollution events. The importance of solid fuel
burning at the residential site echoed our previous studies at the same sites (Lin et al., 2018; Lin et al., 2019b). Buring-P2;the

sm°}-0f OA-OOA, on average, accounted for 3227.9%

(2-81.4 pg m®) of OA and the higher OOA concentration during the evening, concurrent to an increase in primary factor

concentrations, again suggested its major source was from the condensation of SVOCs emitted from solid fuel burning and/or

their dark aging processes (Tiitta et al., 2016).
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3-43.5 Implications for emission control

The HOA/BC ratio was ~0.16-17 as achieved-retrieved from the slope of the linear regression between HOA and BC with a
coefficient of determination (R?-) ef-being 0.61 during the non-heating period (Fig. S118), 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 (0.9-1.7) but was similartewithin the
range for the diesel environment (0.03-0.6126) adjacent-to-the-highway-in-Greneble-(DeWitt et al., 2015), indicating most of
the traffic emissions were from diesel vehicles. Actuathy-dDiesel fuel accounted for 73% of the on-road transport energy in
Ireland in 2017 (Fig. #aS12a). Figure 7-S12 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)
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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%) usinged natural gas and electricity as
the primary heating sources in 2016 (Fig. #b12b). Therefore, if the emissions from this small fraction of households were
controlled, good overall air quality and less-lower 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 (3844-5955%) of PM; at the kerbside location while OA was the most
important species (4346-6164% 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™3 being recorded at both sites simultaneously. Source apportionment
of OA using ME-2 showed that only 1816-2728% 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 1511-1812% of OA at the residential site which-was-attributed-tewith a large contribution from oil burning instead of traffic
because HOA did not show elevated rush hour peaks as found at the residential-sitekerbside. During the heating period, solid
fuel burning contributed to appreximatehy-over 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

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Also, all

data used in the study are available from the corresponding author upon request.
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Table 1: Mean, standard deviation (SD), first quartile (Q1), median, third quartile (Q3), and maximum (Max) concentration of

the hourly averaged organic aerosol (OA), sulfate (SOa4), nitrate (NO3), ammonium (NHa), chloride (Chl), and black carbon
(BC) at the kerbside and residential site during the Non-heating period (10/09 — 17/09) and Heating period (27/10 — 03/11
2018)period-P1{see Fig—S1for definition-of P1). AllAerosol species are in g m™> and NOX is in ppb.-
Non-Heating Kerbside (10/09 - 17/09 2018) Residential (10/09 — 17/09 2018)
mean SD Q1 median Q3 Max mean SD Q1 median Q3 Max
OA 33 2.1 1.8 3.0 43 8.7 1.0 0.7 05 09 14 33
SO4 0.5 0.4 0.2 0.4 0.7 16 0.4 0.2 02 03 0.5 2.6
NO; 0.3 0.2 0.2 0.2 0.3 0.7 0.1 0.1 01 01 0.1 0.4
NHa 0.4 0.5 0.1 03 0.7 14 03 0.4 <0.1 02 0.5 14
Chl 0.1 03 <0.1 <0.1 0.2 1.0 <0.1 <01 <0. <01 <0.1 0.1
BC 5.6 4.6 2.6 4.6 73 182 0.4 0.4 02 03 0.4 3.0
PM;? 103 5.1 6.2 9.7 135 212 23 13 13 2.0 2.8 8.5
NOx 54.1 427 174 451 79.9 200 2.6 23 0.8 2.0 4.0 122
Heating Kerbside (27/10 — 03/11 2018) Residential (27/10 — 03/11 2018)
OA 6.5 7.9 14 3.7 83 45.5 8.1 155 09 23 7.0 90.0
SO4 0.9 14 0.2 0.5 L1 8.6 0.9 13 02 04 1.0 8.4
NOs 16 1.9 0.2 0.7 2.6 83 L1 14 0.1 04 15 7.8
NH4 13 2.5 0.1 0.7 L5 18.1 1.0 17 02 05 13 11.6
Chl 1.0 3.9 <0.1 0.1 0.4 28.5 0.6 2.1 <0.1 0.1 0.2 183
BC’ 7.1 8.3 1.4 3.8 9.6 375 12 24 02 04 1.0 17.0
PM, 184 185 52 123 24.9 1340 | 127 233 26 57 148 126.0
NO« 89.7 8.5 285 603 1235 410 165 226 3.6 82 18.0  139.0
1335  *PM; sum of OA, SO,, NOs, NH,, Chl and BC
PBC at the residential site was not available during non-heating period and the week after (from 24 September to 30 September) was shown as a reference.
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Figure 1. Time series of hourly averaged submicron organic aerosol (OA), sulfate (SO4%), nitrate (NOs), ammonium (NH4*), chloride
(Chl), and black carbon (BC) at the kerbside (a), residential site (b), and EPA Rathmines station (c) from 4 September to 9 November

350 2018. Inset pie charts are the chemical composition of PM1 averaged over the entire period while the numbers (£ one SD) above are
the average PM: concentration. The non-heating period, from 10 September to 17 September, and heating period, from 27 October
to 4 November 2018 are marked_for further analysis. The data gaps at the kerbside was due to ACSM malfunction.
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Figure 12. Time series of hourly averaged submicron organic aerosol (OA), sulfate (SOa4), nitrate (NOs), ammonium (NHa), chloride
360 (Chl), and black carbon (BC) during P1-non-heating (left panel) and P2-heating (right panel) at the kerbside (a, c) and residential
(b d)—esee—Hgél—ter—the—seleette#ef—lll—and-llza Inset pie charts are the relatlve fractlon of the measured PM1 components.-Note

te%ateh—the%tme—steaef—AGSl\A— Also shown are the day of the week |nclud|ng Monday (Mon) Tuesday (Tue) Wednesday (Wed)
Thursday (Thu), Friday (Fri), Saturday (Sat), and Sunday (Sun).
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| Figure 3. The diurnal cycle of submicron organic aerosol (OA), sulfate (SO4%), nitrate (NO3z), ammonium (NH4%), chloride (Chl?),
and black carbon (BC) during non-heating (left panel) and heating (right panel) at the kerbside (a, c) and residential site (b, d).
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Figure 4. (a) Mass spectral profiles of hydrocarbon-like OA (HOA), cooking OA (COA) and oxygenated OA (OOA) during non-

heating at the kerbside; (b) Diurnal cycle of the OA factors; and (c) relative contribution of OA factors over the entire non-heating

period; (d) over the morning rush hours (7:00-10:00, local time); and (e) over the evening hours from 19:00-22:00. Error bars in ()
1380 and (b) represent one standard deviation.
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Figure 5. (a) Mass spectral profiles of hydrocarbon-like OA (HOA), peat and oxygenated OA (OOA) during non-heating at the
residential site; (b) Diurnal cycle of the OA factors; and (c) relative contribution of OA factors over the entire non-heating period;

1385 (d) over the morning rush hours (7:00-10:00); and (e) over the evening hours from 19:00-22:00. Error bars in (a) and (b) represent
one standard deviation.
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Figure 6. (a) Mass spectral profiles of hydrocarbon-like OA (HOA), cooking OA (COA), peat, wood, coal and oxygenated OA (OOA)
1390 factors during heating at the kerbside; (b) Diurnal cycle of the OA factors; and (c) relative contribution of OA factors over the entire
heating period; and (d) over evening spikes on 28 and 31 October. Error bars in (a) and (b) represent one standard deviation.
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Figure 7 (a) Mass spectral profiles of hydrocarbon-like OA (HOA), peat, wood, coal and oxygenated OA (OOA)

1395 factors during heating at the residential site; (b) Diurnal cycle of the OA factors; and (c) relative contribution of OA
factors over the entire heating period; and (d) over evening spikes on 28 and 31 October. Error bars in (a) and (b)
represent one standard deviation.
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