Anonymous Referee #1

The manuscript “Characterization of carbonaceous aerosols in Singapore: insight from black carbon
fragments and trace metal ions detected by a soot-particle aerosol mass spectrometer” investigated the
sources of carbonaceous aerosol in Singapore by using Positive Matrix Factorization. Besides utilizing
the mass spectra of organics, they inserted the mass fragments of rBC and metals in the data matrix in
order to improve the interpretation of the aerosol sources in urban area. The authors were able to resolve
five sources/types of organic aerosols; hydrocarbon-like OA, oxygenated-HOA, cooking-related OA,
less-oxidized oxygenated OA and more-oxidized oxygenated OA.

This paper presents interesting results and novel data analysis methods. Paper is well-written and fluent,
and in most parts also easy to understand. It utilizes nicely the whole high resolution mass spectra
provided by the SP-AMS, and thoroughly validates the PMF results. However, the interpretation of the
PMF factors is sometimes confusing. Additionally, there are shortcomings in the measurement methods,
and the authors have drawn some conclusion based on rather weak evidences. Therefore | recommend
publication of the manuscript only after the comments below are adequately addressed.

Author’s response: We thank for the positive comments from the reviewer. We have provided our point-
to-point responses below (in blue colour) to address the questions/comments as shown below:

General comments

The quantitativity of the SP-AMS results is not considered adequately. Since there are several sources
of uncertainty in the AMS measurement, e.g. CE, IE and RIE values, the validation of the SP-AMS
needs to be done more accurately. Additionally, the weakness of this paper is that only the data from
the SP-AMS s utilized. | assume there were also other instruments at the site (for PM, size distribution,
BC etc.), or at the air quality monitoring stations nearby, that could be used for the
validation/comparison of the SP-AMS data. Without auxiliary data, there accuracy of the given
concentrations remains vague.

Author’s response: Thanks for the reviewer’s suggestion for addressing the SP-AMS measurement
uncertainties. In this field study, we conducted four calibrations and obtained an average IEnos
(ionization efficiency of nitrate) value of 7.92e-8 (+ 4.08e-09). The standard deviations of RIEs (relative
ionization efficiency) for NH," and rBC have been added in the main text.

The SP-AMS measurements were compared with other co-located measurements from an aethalometer
(model AE33, Magee scientific), an OC/EC analyser (Sunset Laboratory) and a Monitor for AeRosols
and GAses in ambient air analyzer (MARGA, Metrohm) over the sampling period. Sulfate (SO,*) and
organic mass concentrations from the SP-AMS (CDCE-corrected) were compared to SO4* and OM
measured by the MARGA and the OC/EC analyser, respectively (Figure S3a and b in the revised Sl).
Aside from the good correlations that underline a good temporal response from all instruments, the
slopes are in the range of 0.81-0.88, suggesting that the mass concentrations of SO,* and organic
measured by the SP-AMS are ~12-19% lower than those measured by the MARGA and the OC/EC
analyser, respectively. This could be partially explained by the 1 um cut-size of the SP-AMS, while the
two other instruments were measuring PM3s.

The rBC mass concentrations (CE = 0.6) were compared with BC and EC measured by the aethalometer
and the OC-EC analyser, respectively (Figure S3c and d in the revised Sl). Scatter plots of those
comparisons show Pearson coefficients > 0.84, and respective slopes of 0.83 and 1.10, supporting that
CE = 0.6 for rBC is a reasonable CE correction approach. Note that no standard approach has been
developed for determining CDCE of rBC measured by SP-AMS. As shown in our response to the
second reviewer, we determined the CDCE of rBC by comparing BC and EC measured by the
aethalometer and the OC/EC analyser, respectively. The median CDCE values ranged between 0.52



and 0.69 as shown in Figure S2 of the revised SI. The following sentences and Figure S3 have been
added to the revised manuscript and SI based on the above observations:

Page 2 lines 7-9: “Other co-located instruments for PM.s characterizations include an aethalometer
(AE33, Magee Scientific), a Monitor for Aerosols and Gases (MARGA, Metrohm) and a semi-
continuous organic and elemental carbon (OC/EC) analyser (Sunset Laboratory).”

Page 4 lines 27-29: “The campaign averages of RIEsc and RIEnns were 0.15 (+0.04) and 4.24 (+0.04),
respectively. The default RIE values of nitrate (1.1), sulfate (1.2) and organics (1.4) were used for
respective mass concentration quantification (Jimenez, 2003).”

Page 4 lines 33-38: “The SP-AMS measurements were compared with the sulfate and OM
concentrations measured by the MARGA and the OC/EC analyser, respectively, showing strong
temporal (r = 0.77 and 0.93) and quantitative (slopes = 0.81 and 0.88) agreements between these
measurements (Figure S3a and b). A collection efficiency (CE) of 0.6 was used for rBC quantification
due to incomplete overlap between the laser vaporizer and the particle beam (Willis et al., 2014). The
corrected rBC concentrations were also comparable to those measured by the aethalometer (r = 0.96,
slope = 0.83) and the EC measured by the OC/EC analyser (r = 0.84, slope = 1.1) (Figure S3c and d).”
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Figure S3: Scatter plots of (a) the hourly-averaged SO,* mass concentration measured by the SP-AMS
and MARGA, (b) and the hourly-averaged OA and OM (estimated from OC concentration using a 2.2
conversion factor) mass concentrations measured by the SP-AMS and OC/EC analyser, respectively.
Comparisons of 10-min averaged rBC mass concentrations measured by the SP-AMS with (c) BC and
(d) EC mass concentrations measured by the aethalometer and OC/EC analyser, respectively.



Regarding PMF, I don’t understand why only few five metal ions were included in the PMF model even
though the SP-AMS can detect quite a few metals. For example, Al, Ca, Cd, Cr, Cu, Fe, Mn, Zn and Sn
could be included. I would assume that the inclusion of more metals would improve the interpretation
of PMF results. | suggest adding more metals to the PMF analysis because I think that all the interesting
information in the data set is not used so far.

Author’s response: We agree with the reviewer that it is important to include all the detectable metal
signals in the PMF analysis if possible. However, we only reported metals with their average values
higher than the limit of detection (Table S2) determined by the particle-free air to ensure the quality of
our data analysis. Nickel is a marginal case but a large fraction of its signal remain above its detection

limit for investigating the VV'/Ni" ratio. To make this point clear, we have revised the sentence in Section
2.3.1 as shown below.

Page 5 lines 24-25: “Lastly, five metal ions (K*, Na*, Ni*, V*, Rb") were included into the PMF model
(Figure S4g-i) as the majority of their signals were higher than their respective limit of detection (Table
S2).”

In terms of metals, | disagree with the authors that all of the metals presented here can be used as tracers.
| agree that Na can come from fuel but it can also originate from other sources in urban areas, for
example from coal and biomass burning (e.g. Hsu et al. 2011). Similarly, Rb signal in AMS can
originate from coal combustion (Irei et al., 2014). | suggest that the authors consider other sources of
metals in urban areas (especially close to industrial areas), and revise their conclusion regarding metals.

Author’s response: We agree with the reviewer that most of the metal species that we discussed in the
manuscript are not unique tracers. Therefore, our intention is not to discuss how those trace metal
species can be used to specify the sources of OA. Rather, we understand that each OA factor identified
by the PMF analysis in this work can be originated from different sources. To avoid confusion of our
focus in Section 3.5, the sub-heading has been changed to “Characterization of metal ions associated
with different OA sources”.

With such information, we would like to improve our understanding on the emission characteristics of
different OA factors and/or trace metals. For examples, we have pointed out in the manuscript that Na*
was mainly associated with three OA factors (i.e., HOA, O-HOA, and LO-OOA), which reflects the
fact that Na* could be emitted from different local combustion sources. Singapore has a biomass clean
coal cogeneration plant, but it is important to highlight that natural gas is the major source of electricity
(> 95%) in Singapore. Although we didn’t observe BBOA factor in this study, we have mentioned that
biomass burning can be a possible source of Na* in the revised version as suggested by the reviewer. A
few sentences in Section 3.5.1 have been revised or added as shown below:

Page 12 lines 5-7: “Based on the PMF results that includes trace metal ions, sodium (Na*) was mainly
associated with HOA, O-HOA and LO-OOA (Figure 5a) that could be due to different types of fossil
fuel combustion emissions (e.g., local traffic, shipping, and various industrial activities) as discussed in
Section 3.4.”

Page 12 lines 20-23: “Biomass burning can be a possible source of Na* (Hsu et al., 2011) but no major
fresh biomass burning emissions were observed in this study. The MO-OOA factor is suspected to be
more influenced by aged regional biomass burning emissions (see more discussion in Section 3.5.2) but
Na* was not strongly associated with this factor.”

Similar to Na*, we understand that Rb* is not a unique tracer for biomass burning. Rather, Rb* is likely
associated with multiple sources. The results of PMF analysis demonstrated that both K* and Rb* were
mainly associated with MO-OOA (58-66%) followed by the two combustion-related components (HOA
and O-HOA). As suggested by the reviewer, we have mentioned that Rb* can be a tracer of coal



combustion based on previous studies. Although local coal combustion is uncommon in Singapore, the
regional transported of coal combustion plant emissions were still possible. In the revised manuscript,
we have revised the discussion to highlight that both regional biomass burning and coal combustion
emissions are possible sources of Rb*. However, it won’t substantially change our conclusion that trace
metal can allow us to better understand the potential origins of MO-OOA. Since MO-OOA usually
represents aged SOA materials in many previous field studies and is a PMF OA factor that cannot
provide much mass spectral characteristic for source identification, our data interpretation can provide
insight into better identification of MO-OOA sources and/or aging history for other SP-AMS
measurements in the future. The majority of Section of 3.5.2 has been rewritten as following.

Page 13, line 1: The sub-heading has been changed to “Potential origins of MO-OOA” to avoid
confusion of using Rb* as a unique tracer for biomass burning.

Page 13, lines 16-37: “Figures 6¢ and S14b show that high Rb* and K* signals were associated with
more oxygenated (fas > 0.7) fraction of OA, and moderate correlations between MO-OOA and the two
metal were observed (Rb*, r = 0.58 and K*, r = 0.71, Figure S13b). Furthermore, the results of PMF
analysis demonstrated that both K* and Rb* were mainly associated with MO-OOA (58-66%, Figure
5a) followed by the two combustion-related components (HOA and O-HOA). Although potassium and
rubidium are not unique tracers for a specific combustion source, previous studies have shown that these
two metals can be largely associated with biomass burning emissions (Artaxo et al., 1993; Lee et al.,
2016; Achad et al., 2018). Note that rubidium has also been used as a coal combustion tracer in previous
studies (Fine et al., 2004; Irei et al., 2014). Unlike ambient OA component, the chemical identities of
K* and Rb* are unlikely modified by the oxidative aging of aerosol particles. Therefore, a strong
temporal correlation between Rb* and K* (r = 0.85, Figure 6b) further suggests that they were likely of
similar origins in this study.

The regional origin of K*, Rb*, C,H4O," and MO-OOA were investigated through their PSCF. Their
PSCF graphs (Figures 6d and S15a- c) show several common origins with high probability that the
highest concentrations could be influenced by biomass burning events from Indonesia (Figure S12a).
Nevertheless, coal-fired power plants are located nearby the identified hotspots of Rb* and K* (Figure
S12b) so that a regional transport of coal-fired power plant emissions alongside biomass burning plumes
were possible. Note that MO-OOA contributes to the highest fraction of nitrogen-containing organic
fragments (CxH,NO," ~ 32% and CxHyN" ~ 46%) that can be generated by biomass burning emissions
(Mace et al., 2003; Laskin et al., 2009; Desyaterik et al., 2013; Mohr et al., 2013). It is important to
point out that most of the previous studies usually describe MO-OOA (or LV-OOA in some earlier
studies) as aged SOA component without providing further detail on their potential origin and emission
characteristics. Our observations underline the possibility of better understanding the origin of the MO-
OOA component through measurements of refractory metals even when atmospheric oxidative
processing has made the mass spectral features of aged OA materials less distinguishable.”

Specific comments

1. Page 1, Abstract; lines 19-20; “local combustion sources” and “industrial emissions” need to be
described in more detailed. What kind of combustion sources, just traffic? What industry there are in
that area?

Authors’ response: The major industrial activities occurring on Jurong Island (i.e., the large industrial
zone in Singapore) have been added in Table S1. Additional locations for some of the industries referred
in the table have been added on Figure S1a following the second reviewer’s suggestion. The abstract
has been modified as follow:

Page 1, lines 21-24: “This work provides evidence that over 90% of rBC was originated from local
combustion sources with a major part related to traffic and ~30% of them associated with fresh



secondary organic aerosol (SOA) produced under the influences of shipping and industrial emissions
activities (e.g., refineries and petrochemical plants) during daytime.”

2. Page 4, line 27; “composition —dependent approach” CE values need to be shown in the paper and
the uncertainty of the CE has to be evaluated carefully. Since the RIE for sulfate was not determined,
the uncertainty analysis is very important.

Authors’ response: The CDCE time series has been added in Figure S2 as shown below. Note that
CDCE approach is a well-developed data analysis algorithm for correcting the mass concentrations of
NR-PM measured by AMS. To further validate this approach for our dataset, the hourly averaged
CDCE-corrected SO;~ and OM mass concentrations are compared with other co-located measurements
of SO (MARGA) and OM (OC/EC analyser) as shown in Figure S3a and b. The strong agreements
between the different measurements were observed as discussed in our responses for the general
comments above, suggesting that the CDCE derived for our dataset are reasonably good. The
manuscript and S1 have been revised accordingly as presented in the responses to the general comments.
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Figure S2: (a) Time series of composition-dependent collection efficiency (CDCEwiq) determined over
the entire campaign. Cumulative frequency of (b) aethalometer-based CDCE and (c) OC/EC-based
CDCE, and their respective lognormal fitting determined over the entire campaign (with the fitting

2
parameters corresponding to the following equation: Y = y, + A exp {— [% }).



3. Page 5, line 13; I don’t understand why only few five metal ions were included in the PMF model. |
suggest adding more metal ions.

Authors’ response: The presence of other metal ions have been investigated in our data analysis but we
have decided to exclude those metal ions with signal below the limit of detection. Please refer detail to

our response to general comments above.

4. Page 5, line 13-14; metals ions were included in Hz’s into the PMF. How does that affect the
results of the PMF?

Authors’ response: We thank the reviewer for pointing out this. Metal signals in Hz were used for time
series comparisons and NWR plots. While for PMF, metal signals were converted to nitrate equivalent
mass concentrations assuming their RIE equal to 1. This approach keeps all the signals of organic, Cn'
and metal fragments within similar order of magnitude. Note that we attempted PMF analysis after
applying RIEs on metals — Na’, Rb", V', Ni* from Carbone et al., (2015) and K" from Drewnick et al.,
(2006) — on the PMF inputs. However, metal signals would drive PMF solutions because of their strong
intensities after such RIE correction. Therefore, the RIE of 1 were applied to all metals and the K*
signals were downweight by a factor 2 for the final PMF solution. To make sure such information
clearly delivered in the manuscript, the following sentences have been revised or added in the revised
version.

Page 5 lines 2-3: “The signals of these trace metal ions were not calibrated and thus their raw signals
were used for investigating their temporal variations.”

Page 5 lines 24-27: “Lastly, five metal ions (K", Na*, Ni*, V*, Rb") were included into the PMF model
(Figure S4g-i) as the majority of their signals were higher than their respective limit of detection (Table
S2). The metal ion signals were corrected to nitrate equivalent mass concentrations by assuming their
RIE values equal to 1 and the K* signals were downweight by a factor 2”

5. Page 5, line 30; sulfate increase starting from 10:00 can be explained by the active photochemistry.
Could you add a diurnal plot showing solar radiation and sulfate in the same figure?

Authors’ response: We have added the diurnal variation of solar radiation to Figure 1c to emphasize the
hours of day with intense photochemistry as suggested by the reviewer.
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Figure 1: [...] (b) Average chemical compositions of NR-PM and rBC with the contribution of the PMF
factors to total OA. (c) Diurnal patterns of rBC, total OA, inorganic species and solar radiations
(represented by the yellow bars).



6. Page 5, line 30; NH4 ratio and acidity; the discussion on acidity is somewhat unreliable because the
RIE for sulfate was not measured. For example in Fig. S4a, it’s hard to understand why all the points
are below 1:1 line. To me, this seems to be due to the incorrect RIE for sulfate. Could you comment on
that?

Authors’ response: Regarding the accuracy of SO, mass concentration, we have discussed in our
response to the general comments above and we could conclude that the RIE applied for sulfate are
reasonable. Note that the main purpose of showing the ratios between measured and predicted NH,"
(Figure S6a-c) is to highlight the relative changes in aerosols acidity especially when the high SO4*
loadings were observed. This relative observation should not be affected by the absolute SO4* mass
concentrations. Furthermore, previous studies have reported that fine particles encountered in Singapore
and Southeast Asia are usually acidic (Budisulistiorini et al., 2018; Pye et al., 2019). Budisulistiorini et
al., (2018) recently reported an average NH4 meas/NHa pred ratio of 0.7 (20.3) underlining the acidic nature
of aerosols outside of hazy periods. Indeed, ammonia emissions caused by biomass burning results in a
neutralization of inorganic particles (Budisulistiorini et al., 2018), while usual ammonia level in
Singapore remain relatively low compare to other region of the world (Behera et al., 2013).

7. Page 7, line 5; industrial emission; be more specific what kind of emissions

Authors’ response: It is rather difficult for us to pin point the exact types of industrial emissions.
However, we know that refineries, petrochemical industries and shipping emissions are some of the key
emission sources from the industrial zone as reported in Table S1. The sentence has been revised as
following.

Page 7 lines 27-29: “It is important to note that the period with elevated concentrations of sulfate and
sulfur-containing fragments were synchronized with the sea breeze from the southwest, from which
refineries, petrochemical industries and shipping emissions could be carried to our sampling site (Figure
2 and S6e).”

8. Page 7, line 28; define POA, is it only HOA? Isn’t COA also primary?

Authors’ response: Both HOA and COA are primary in nature. The focus of Section 3.3.1 is combustion
emissions, COA are discussed in Section 3.3.2. To avoid such confusion, a sentence has been added at
the beginning of Section 3.3.2 to highlight that COA are also one of the major POA component.

Page 9 line 11: “COA is another major POA component identified in this study.”

9. Page 7, line 38; “large combustion sources during nighttime” needs to be elaborated since it has such
a large effect on diurnal cycle of HOA

Authors’ response: We agree with the reviewer that the unknown combustion sources can have
substantial impact to the diurnal cycle of HOA. However, their influences were occasionally observed
within our sampling period as highlighted in our original discussion. It is difficult to identify the exact
emission sources but the elevated concentrations were observed at low wind speed condition, suggesting
that they were likely due to local emissions from the city. We do believe it can be related to the local
industrial emission, such as the flaring emissions from petrochemical industries. The related text have
been revised as following to give the reader some ideas about the potential night time combustion
sources.



Page 8 lines 24-35: “High concentrations of rBC, NOx and HOA were observed during the mid-night
between May 25" and 28", indicating the presence of large combustion sources during nighttime that
might impact the air quality at our sampling site occasionally (Figure 1a). This observation also
reflected from the diurnal plots (Figures 3 and S8) that the mean mass concentrations of HOA, rBC,
NOx and CO during the mid-night were much higher than their corresponding median values. Figure
S8a shows that the highest N:C ratio was observed during the morning traffic peak hours but remained
relatively low for the rest of the period. Such observation suggests that the emission characteristics of
these unknown combustion sources at nighttime could be different to those associated with traffic
emissions during the daytime. Although it is difficult to confirm the origin of those nighttime
combustion emissions without further evidence, the observed events were coupled to low wind speed
condition, suggesting that they were likely due to local emissions from the city. For example, significant
emissions due to flaring from petrochemical industries, which largely depends on plant operation,
during the relatively stagnant atmospheric condition could lead to elevated concentrations of the
combustion-related species.”

10. Page 9, lines 11-15; “organo-nitrate and nitrogen-containing fragments increased during the daytime
in this field study.” Why there is not more discussion on these species if they were detected? What is
their contribution to OA or LO-OOA? Add the ratio of N to C (and S:C) to Figure 3.

Authors’ response: N:C ratios have been added to Figure 3 for each factor in the revised version. As
shown in the figure below (submitted for Kasthuriarachchi et al., (2020)), nitrogen fragments can be
originated from different sources. Since we don’t have strong evidence to develop conclusive arguments
regarding the nitrogen compounds chemistry from primary emissions and secondary aerosol formation,
we have decided to added/revised a few sentences throughout the manuscript to briefly highlight how
nitrogen fragments may be associated with different emissions. Given that the contribution of nitrogen-
containing fragments were only ranged from 0.6 to 1.4 % for each PMF OA factor, adding detail
discussion for nitrogen-containing fragments may dilute the focus of this manuscript.

Page 8 lines 28-31: Discussion for HOA - “Figure S8a shows that the highest N:C ratio was observed
during the morning traffic peak hours but remained relatively low for the rest of the period. Such
observation suggests that the emission characteristics of these unknown combustion sources at
nighttime could be different to those associated with traffic emissions during the daytime.”

Page 10 line 10-15: Discussion for LO-OOA - “Furthermore, Kasthuriarachchi et al. (2020) reported
that the concentrations of organo-nitrate and nitrogen-containing fragments (i.e., CxH,N* and CxHyNO,")
slightly increased during daytime (e.g., Figure S8a) with LO-OOA, contributing to 30% of observed
CxHyNO;" fragments (Figure S10). This suggests that photo-oxidation of VOCs under high-NOx
condition could be a potential pathway toward LO-OOA formation given that the NOx concentrations
reached up to 160 ppb (Figure 1a, mean = 16.5 ppb) during the campaign.”

Page 13, lines 30-32: Discussion for MO-OOA - “Note that MO-OOA contributes to the highest
fraction of nitrogen-containing organic fragments (CxH,NO," ~ 32% and CxH,N* ~ 46%) that can be
generated by biomass burning emissions (Mace et al., 2003; Laskin et al., 2009; Desyaterik et al., 2013;
Mobhr et al., 2013).”
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Figure S10: Contributions of each OA factor to the N-containing fragment groups (Kasthuriarachchi
et al., (2020)).

11. Page 11, line 5-; Na as a tracer for fossil fuel combustion. Revise this section by taking into account
other sources of Na in urban areas (see general comments).

Authors’ response: As shown in our responses in the general comments, our intention is not to use Na*
as a fossil fuel combustion tracer. Rather, we understand that Na* can be originated from various sources
in urban. In particular, we pointed out that Na* was mainly associated with three OA factors (i.e., HOA,
O-HOA, and LO-OOA), which reflects the fact that Na* could be emitted from different local
combustion sources. In addition, although we didn’t observe BBOA factor in this study, we have
mentioned that biomass burning can be a possible urban source of Na* in general in the revised version
as suggested by the reviewer. A few sentences in Section 3.5.1 have been revised or added as shown
below:

Page 12 lines 5-7: “Based on the PMF results that includes trace metal ions, sodium (Na*) was mainly
associated with HOA, O-HOA and LO-OOA (Figure 5a) that could be due to different types of fossil
fuel combustion emissions (e.qg., local traffic, shipping, and various industrial activities) as discussed in
Section 3.4.”

Page 12 lines 20-23: “Biomass burning can be a possible source of Na* (Hsu et al., 2011) but no major
fresh biomass burning emissions were observed in this study. The MO-OOA factor is suspected to be
more influenced by aged regional biomass burning emissions (see more discussion in Section 3.5.2) but
Na" was not strongly associated with this factor.”

12. Page 11, Biomass burning tracers, I don’t understand why the contribution of biomass burning has
been investigated so extensively even though it does not show up in PMF and the metals are not very
good tracers for it. Consider making Section 3.5.2. more compact.

Authors’ response: The m/z 60 (or C.H:O," organic fragments) has been widely used as a tracer organic
fragment for identifying BBOA in the PMF analysis. Cubison et al. (2011) have generalized
observations from worldwide field data that m/z 60 signature become less and less significant in aged
BBOA materials. The implication of such observation is that atmospheric aging of BBOA can lead to
formation of MO-OOA (or LV-OOA in earlier studies) but their origins cannot be easily identified in



the conventional PMF analysis. Note that MO-OOA usually represents aged SOA materials in many
previous field studies and is a common OA factor that cannot provide much mass spectral characteristic
for source identification. How we can better understand the origin of MO-OOA is certainly an important
research topic for the atmospheric science/chemistry community.

Since biomass burning emissions are commonly observed in the Southeast Asian in general (not within
Singapore), we would like to examine if the regional pollutions, such as aged biomass burning and other
anthropogenic emissions, may contribute to the observed MO-OOA in this study. This type of
investigation is further motivated by our observation that the fconaoz+ value of MO-OOA is slightly
higher than the background value reported in Cubison et al. (2011) and its moderate correlation with K*
and Rb*. Although the metal ions that we used in this study are not unique for any specific sources, they
are more persistent to atmospheric aging compared to their co-emitted OA materials, and thus can
provide insight into the potential sources and/or aging history of MO-OOA. As pointed out by the
reviewer in the general comment, we have revised the discussion to highlight the fact that K" and Rb*
can be emitted by both coal combustion and biomass burning. However, it won’t substantially change
our conclusion that trace metal may allow us to better understand the potential origins of MO-OOA.
We do believe the similar approach can also be applied for other SP-AMS measurements in the future.

Since our interested is not limited to the potential influences of aged regional BBOA, we have changed
the sub-heading of Section of 3.5.2 to “Potential origins of MO-OOA” in order avoid confusion.
Furthermore, the majority of Section 3.5.2 and Section 4 have been rewritten as following,

Section 3.5.2: Page 13, lines 16-37: “Figures 6¢c and S14b show that high Rb*™ and K" signals were
associated with more oxygenated (fa« > 0.7) fraction of OA, and moderate correlations between MO-
OOA and the two metal were observed (Rb*, r =0.58 and K*, r = 0.71, Figure S13b). Furthermore, the
results of PMF analysis demonstrated that both K* and Rb* were mainly associated with MO-OOA (58-
66%, Figure 5a) followed by the two combustion-related components (HOA and O-HOA). Although
potassium and rubidium are not unique tracers for a specific combustion source, previous studies have
shown that these two metals can be largely associated with biomass burning emissions (Artaxo et al.,
1993; Lee et al., 2016; Achad et al., 2018). Note that rubidium has been used as a coal combustion
tracer in previous studies (Fine et al., 2004; Irei et al., 2014). Unlike ambient OA component, the
chemical identities of K* and Rb* are unlikely modified by the oxidative aging of aerosol particles.
Therefore, a strong temporal correlation between Rb* and K* (r = 0.85, Figure 6b) further suggests that
they were likely of similar origins in this study.

The regional origin of K*, Rb*, C,H40," and MO-OOA were investigated through their PSCF. Their
PSCF graphs (Figures 6d and S15a- c) show several common origins with high probability that the
highest concentrations could be influenced by biomass burning events from Indonesia (Figure S12a).
Nevertheless, coal-fired power plants are located nearby the identified hotspots of Rb*™ and K* (Figure
S12b) so that a regional transport of coal-fired power plant emissions alongside biomass burning plumes
were possible. Note that MO-OOA contributes to the highest fraction of nitrogen-containing organic
fragments (CxH,NO," ~ 32% and CxHyN" ~ 46%) that can be generated by biomass burning emissions
(Mace et al., 2003; Laskin et al., 2009; Desyaterik et al., 2013; Mohr et al., 2013). It is important to
point out that most of the previous studies usually describe MO-OOA (or LV-OOA in some earlier
studies) as aged SOA component without providing further detail on their potential origin and emission
characteristics. Our observations underline the possibility of better understanding the origin of the MO-
OOA component through measurements of refractory metals even when atmospheric oxidative
processing has made the mass spectral features of aged OA materials less distinguishable.”

Section 4: Page 14, Lines 24-36: “One of the major challenges in interpreting the PMF results from
AMS measurements is to identify the origin and aging history of ambient particles associated with
highly oxidized OA components (e.g., MO-OOA in this work), as the mass spectral characteristics of
OA converge along with their degree of oxidative aging. In general, the relative intensities of some
highly oxygenated fragments (e.g. CO* and CO") increase continuously while other mass spectral
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features (e.g. alkane/alkene patterns from combustion sources) being diminished during the aging
processes. Ng et al., (2010) have visualized such phenomena for SOA components on the f43-f44 Space.
Furthermore, the m/z 60 (or C;HsO;" organic fragments) has been widely used as a tracer ions for BBOA.
Cubison et al. (2011) have generalized observations from worldwide field data that m/z 60 signature
become less and less significant in aged BBOA materials. In this study, we proposed that the MO-OOA
component represented aged OA materials impacted by the regional biomass burning and perhaps coal
combustion emissions as MO-OOA was associated with refractory K* and Rb*. Given the fact that MO-
OOA was the major OA components of the total OA (~32%), this result highlights the fact that the
regional pollution can affect the air quality in Singapore even though fresh regional biomass burning
episodes were not observed during the sampling period.”

13. Page 12, line 24-26; “Kasthuriarachchi et al., (2019) also found that MO-OOA was the major
contributor to the observed nitrogen-containing organic fragments that could be largely generated by
biomass burning emissions” is contradictory to page 9: “Kasthuriarachchi et al. (2019) reported that the
concentrations of organo-nitrate and nitrogen-containing fragments (i.e., CxHyN+ and CxHyNOz+)
increased during the daytime in this field study, suggesting that photo oxidation of VOCs under high-
NOx condition could be another potential pathway toward LO-OOA formation”. Please revise the
sentence/sentences.

Authors’ response: The elevated concentrations/signals of LO-OOA factor, CH,N* and, CxH/NO,"
were observed during the daytime, suggesting that the formation of LO-OOA could result from VOCs
photo-oxidation under-high NOy condition. As shown in the response of comment #10, approximately
13-30% of nitrogen-containing fragments were associated with the LO-OOA factor, whereas MO-OOA
accounts for ~50% of nitrogen-containing fragments. The first statement is focusing on the diurnal
dynamic and the second statement is about the major contributors of those fragments so that they are
not contradict to each other. Note that there were no distinct diurnal pattern for MO-OOA factor. The
related sentences were slightly modified as following:

Page 10 line 10-15: Discussion for LO-OOA - “Furthermore, Kasthuriarachchi et al. (2020) reported
that the concentrations of organo-nitrate and nitrogen-containing fragments (i.e., CxH,N* and CxHyNO,")
slightly increased during daytime (e.g., Figure S8a) with LO-OOA, contributing to 30% of observed
CxHyNO;" fragments (Figure S10). This suggests that photo-oxidation of VOCs under high-NOx
condition could be a potential pathway toward LO-OOA formation given that the NOx concentrations
reached up to 160 ppb (Figure 1a, mean = 16.5 ppb) during the campaign.”

Page 13, lines 30-32: Discussion for MO-OOA - “Note that MO-OOA contributes to the highest
fraction of nitrogen-containing organic fragments (CxH,NO," ~ 32% and CxH,N* ~ 46%) that can be
generated by biomass burning emissions (Mace et al., 2003; Laskin et al., 2009; Desyaterik et al., 2013;
Mohr et al., 2013).”

14. Page 12, line 31-33 and Fig. S11, Fig. S11 is confusing. It is very difficult to see which trajectories
really pass the two fires shown by the MODIS. Could you just select the trajectory for the peak
concentrations of m/z 60? Where are the large urban areas in the map? Do the trajectories pass large
cities as well? Is it possible that biomass burning emissions were mixed with urban emissions (that
increased Rb and maybe also K)? Please add cities to the map. Why Fig. S11(b) and Fig S11(c) are not
on the same scale? Now it is difficult to compare (b) and (c). Add lines between markers to m/z 60 and
Rb in Fig. S11a.

Author’s response: We agree with the reviewer’s comment and have decided to remove this figure in
the revised version. Instead, we have added a map of all active fires that occurred over the region during
the entire campaign (Figure S12a) with the name of large urban areas. As discussed in our above
responses for general comments, we are trying to investigate the potential origins of MO-OOA due to
the regional emissions based on its moderate correlation with K*, Rb* and C,H,O;". Since we

11



understand that there should be multiple sources of MO-OOA that could be produced from aging of
different types of primary and secondary emissions. In the revised manuscript, we would like to
highlight the possibilities that regional biomass burning and coal combustion emissions could be linked
to the MO-OOA formation. The following text has been added in the manuscript.

Page 13, lines 26-30: “The regional origin of K, Rb*, C;H40," and MO-OOA were investigated through
their PSCF. Their PSCF graphs (Figures 6d and S15a- c¢) show several common origins with high
probability that the highest concentrations could be influenced by biomass burning events from
Indonesia (Figure S12a). Nevertheless, coal-fired power plants are located nearby the identified
hotspots of Rb* and K* (Figure S12b) so that a regional transport of coal-fired power plant emissions
alongside biomass burning plumes were possible.”

15. Page 13, lines 21-23; “Furthermore, Na* measured by the SP-AMS can potentially be useful for
separating rBC from traffic and biomass burning combustion emissions, which required further
investigation.” T suggest revising this sentence as the evidences provided by this study are not
convincing enough. I think that there are multiple sources for Na in urban areas that should be taken
into account.

Author’s response: As discussed above, we have revised our discussion regarding Na*. This sentence

has been removed in the revised version.

16. Page 13, lines 36-37; “This observation suggest that, in the region, both K+ and Rb+ might be more
appropriate tracers for the identification of aged biomass burning than m/z 60.” T suggest revising this
sentence as Rb may also come from other sources.

Author’s response: As discussed above, we have revised our discussion regarding K* and Rb*. This
sentence has been removed from the revised conclusion.

Technical corrections:

1. Page 7, line 13; less-oxidized oxygenated OA (LO-OOA)

Author’s response: The sentence has been revised accordingly.

2. Supplemental material, could you add a figure showing the contribution of metals to each PMF
factor? It would be interesting to see how metals divide between the factors.

Author’s response: The figure showing the contribution of metals to each PMF factor is presented in
Figure 5a. (Figure 5d in the original version of manuscript).
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