The authors thank the editor and referees to review our manuscript and particularly for
the valuable comments and suggestions that have significantly improved the manuscript.
We provide below point-by-point responses to the referees’ comments. We also have
made most of the changes suggested by the referees in the revised manuscript.

Referee #1

The manuscript presents online aerosol measurements performed at Beijing in three
seasons and discusses about aerosol sources and formation products. It also evaluates the
importance of primary vs secondary species and of photochemistry vs aqueous phase
processes, in clean and polluted conditions in the three investigated seasons.

The manuscript is well written and the results appear robust. The topic can be considered
adequate for ACP and of interest for the scientific community. [ recommend publication
after the following (major) comments have been addressed.

General comments

1. The weakest point of the data discussion is the characterization of the OOAs. The
authors attribute one to regional processes (RSOA) and the other one to local
processes (LSOA), but this attribution is not adequately supported in the manuscript.
Considering that all the discussion is based on this attribution, the authors should be
more convincing under this aspect. The authors present polar plots, showing the
spatial distribution of sulfate sources, resulting in a credible distinction between local
and regional sulfate. I invite them at least to present the same elaborations for RSOA
e LSOA as well.

Response: We thank the referee for this good point. Following the referee’s suggestion, we
have now included the spatial distribution of LSOA and RSOA. The polar plots below show
clearly that LSOA is mainly located in the sampling site while RSOA is mainly from the
south to the sampling site. Also, to be more logical, as suggested by referee #2, we have
now reconstructed this part by discussing the source regions of sulfate before SOA.
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In the revised manuscript in page 10, lines 22-24, we have now added the following
discussion:



“sulfate...than locally formed SOA (Sun et al., 2014, 2015). The attribution of LSOA and
RSOA is further supported by the bivariate polar plots (Fig. S5), which show clearly that
LSOA is mainly located in the sampling site while RSOA is mainly from the south to the
sampling site.”

2. 1 do not see the utility of Par. 3.5 in the manuscript. First, it is not clear how the
selected episodes have been identified. The authors should provide the criteria that
lead to select these episodes instead of others. This would help the reader in
understanding the discussion. Most importantly, the conclusions derived in this
section appear largely speculative, as they are based on the comparison of one episode
with a couple of others, which lacks of any statistical robustness. If the authors are
interested in evaluating the effect of meteorology on the occurrence of pollution
episodes, they should work with the whole dataset in a statistically robust way.

Response: In Par. 3.5, the criteria for selection of episodes (clean, medium pollution, and
high pollution) are consistent with the discussion of clean, medium pollution, and high
pollution days in Par. 3.4, i.e., average PM1 concentration <20 pg m-3 for clean episodes, 40
pg m-3 < average PM1 concentration <80 pg m-3 for M-pollution episodes and average PM;
concentration >100 pg m3 for H-pollution episodes. As shown in Figure 1, about 76% of
the measurement periods have been grouped for episode analysis, except a few narrow
time windows and the emissions-controlled parade period (early September 2015). For
different episodes within the same pollution category, the sources and atmospheric
processes of aerosol could be largely different in terms of the seasonality and
meteorological conditions. Therefore, we divided the time series into different episodes
to better investigate the factors determining the difference in different episodes.
Regarding episode C1 and M1 in late summer and M7 in early winter, we only selected one
episode to compare with others, because C1 (162 hrs) and M7 (212 hrs) have long time
coverage and therefore are representative, while there was only one medium pollution
episode (M1, 68 hrs) in late summer during our measurement period.

In the revised manuscript from page 12, line 35 to page 13, line 1, we have now added the
following:

“To get a better insight into......seven clean episodes (average PM; concentration < 20 ug
m-3), seven M-pollution episodes (40 pg m-3 < average PM; concentration < 80 pug m-3) and
five H-pollution episodes (average PM: concentration > 100 pug m-3) were selected for
further analysis”.

3. The analysis of the SOA production routes is very interesting, but RH is certainly not
the best tracer for aqueous phase processes. | invite the authors to make use of the
aerosol Liquid Water Content (LWC) instead, which is a much better tool for this
purpose. It is not difficult to calculate the aerosol LWC, based on simple models, once
RH, T and aerosol chemical composition are available.

Response: We agree with the referee that aerosol liquid water content (LWC), instead of
RH, is a better parameter for investigating the aqueous-phase process. As shown in the
figure below, the fraction of SOA increased when LWC was > ~25-35 pg m-3 in late summer,



> ~15 pg m=3 in autumn and early winter. The increase of SOA fraction is much more clear
when using LWC than using RH.

I HoA COA [l CCOA [l LSOA Ml RSOA ~ —~O—LSOA =O=RSOA

1.0 50
0.8
<
S e
% 0.6 g
2 2
8 0.4 &
131 8
= 02 =
0 0.0 0
10 20 30 100 200 300 400 500 100 200 300 400
LWC (ug m™) LWC (ug m*) LWC (ug m*)
g 0.
Q
S 06 g
e ] :
£ 04/ =
8 B,
“ 02 -

0
40 60 80 100 120
Ox (ppb) Ox (ppb) Ox (ppb)

0.0 0
20 40 60 80 100 120

In the revised manuscript from page 14, line 29 to page 15, line 16, we have now changed
“The variations of OA composition as functions of RH ......when RH increased.” to “During
late summer, the LWC ranged from 2.1 pg m-3 to 53.6 pg m3, both the mass concentrations
of LSOA and RSOA increased as LWC increased when LWC was higher than ~25-35 pg m-
EH These variations indicated the promotion of aqueous-phase processes on the
formation of SOA especially during autumn and early winter with higher LWC.”

In page 2, lines 10-12 in abstract, we have also changed “our analyses suggest that
photochemical oxidation dominated SOA formation during all three seasons,......” to “our
analyses suggest that both photochemical oxidation and aqueous-phase processing
played important roles in SOA formation during all three seasons,......".

And in page 16, lines 25-27 in conclusion, we have changed “......found that photochemical
processing dominates SOA formation during all three seasons......” to “......found that both
photochemical processing and aqueous-phase processing played important roles in SOA
formation during all three seasons.......".

Also, in page 6, lines 19-24, we added “2.4 Liquid water content.....” in Experimental
section.

Specific comments

1. P7.L13. “OA dominated PM1 mass in late summer and autumn, whereas inorganic
species played a more important role in early winter”. This sentence is not supported
by the results: the difference in OA contribution between autumn and early winter is
almost negligible (49 vs 46%). Fig. S3 shows clearly that OA is the dominant
component in early winter as well.

Response: As shown in Fig.1f, the mass fraction of OA has a decreasing trend from summer



to early winter during our measurement. Meanwhile, as shown in Fig.S3, the mass
fractions of OA were 64% during late summer, 49% during autumn and 46% during early
winter, with corresponding contributions of 36%, 51% and 54% for inorganic species
during late summer, autumn and early winter, respectively. We therefore concluded that
OA played a dominant role during late summer. We agree with the referee that the
difference in OA contribution between autumn and early winter is small. Therefore, in the
revised manuscript, we changed the sentence “OA dominated PM; mass in late summer
and autumn, whereas inorganic species played a more important role in early winter” to
“OA dominated PM; mass in late summer. In autumn and early winter, however, the
contribution of OA decreased and secondary inorganic aerosol increased to be equally
important.”

2. P7.L27. It is not properly temperature that drives the boundary layer evolution. A
lower temperature is a consequence of the lower solar radiation reaching the surface,
as it is a shallower boundary layer.

Response: Change made. In the revised manuscript, we changed “Due to lower
temperature in early winter, the planetary boundary layer (PBL) height was relatively flat
compared to that in autumn and late summer, thus the noon peak of OA was more evident
in early winter” to “Due to the relatively flat planetary boundary layer (PBL) height
related to stagnant meteorological conditions in early winter compared to that in autumn
and late summer, the noon peak of OA was more evident in early winter”.

3. P8.L15-16. Also PBL dynamics may have an effect on this.

Response: Change made. In the revised manuscript, it now reads “The nighttime
concentrations are generally high (Fig. S4), likely due to increased diesel fleets which are

allowed in urban Beijing only at night and the decrease of PBL during nighttime.”

4. Figure 3a. Please change the colors of the plotted lines. It is hard to distinguish one

line from the other.

Response: Change made. In the revised manuscript, we have now changed the color of
LSOA from pink to violet (see below). The color of LSOA in other figures were also changed
accordingly.
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Referee #2

In this study, the authors performed four-month measurement of the chemical
composition of PM1 in Beijing, with an Aerosol Chemical Speciation Monitor (ACMS). PMF
analysis is applied to study sources of organic aerosol. The authors perform routine
analysis to study the regional vs. local sources of PM1, seasonal variation of PM1, and gas-
phase vs. aqueous-phase formation pathways of organics and sulfate. The analysis
procedure has been widely used in the literature. There have been numerous studies with
ACSM or AMS to study the same topic in the same area (as summarized in Table 1). My
overall impression is that this manuscript fails to establish enough novelty to distinguish
itself from previous studies. Thus, | would not recommend this manuscript for publication
in its current state.

Response: We agree with the referee that there are an increasing number of ACSM or AMS
studies in urban Beijing, as already summarized in Table 1. However, the causes of fine PM
pollution in urban Beijing are still not fully understood, most likely due to the campaign-
to-campaign difference in meteorological conditions, emissions, and atmospheric
processes. Also, there are only very limited studies investigating the seasonal difference
so far (Sun et al, 2015; Hu et al, 2016). In our study, we present three-season
measurements and discuss the seasonal difference in aerosol sources and formation
processes. In particular, based on robust data analyses, we evaluate the importance of
primary v.s. secondary species and of photochemistry v.s. aqueous-phase processes, in
clean and polluted conditions in the three investigated seasons. Therefore, we believe that
our present study provides essential information to the scientific community to improve
our understanding of fine PM pollution.

1. The discussions on regional SOA factor (RSOA) and local SOA factor (LSOA) suffers
major flaws in its logical flow. To start with, it is not justified why these two OA factors
are classified as regional and local. In section 3.3, the authors simply state that two
oxygenated OA factors were identified and they are local SOA and regional SOA, but no



justification is provided. Moreover, the assumption that the one factor is regional and
the other factor is local is applied throughout the manuscript to infer the sources of
sulfate (P9 L25-35), 0A (P11 L1-5), and PM1. However, this assumption is not justified
yet! In P10 L1-15, bivariate polar plots of SO4 are used to discuss the sources of SO4.
The results are reasonable. However, the sources of SO4 need to be established first
and further used to infer the sources of LSOA and RSOA, instead of the other way
around.

Response: We agree with the referee about the need for further justification in the
discussion of regional and local SOA. As discussed above in “response to referee #1”, we
have now reconstructed this part to be more logical. We now first discuss the source
regions of sulfate, then discuss the correlation of these two SOA factors with sulfate, and
then their mass spectra (e.g., fa4/43). To further support the distinction of RSOA and LSOA,
we have now included the potential source regions of LSOA and RSOA. The polar plots
below show clearly that LSOA is mainly located in the sampling site while RSOA is mainly
from the south to the sampling site.
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In the revised manuscript from page 9, line 25 to page 10, line 15, we have now updated
and reconstructed this part by discussing sulfate before SOA. It now reads “In order to
analyze sources of sulfate in our study period, the bivariate polar plots of sulfate during
different seasons are displayed in Fig. 3. ......... These results indicate that transported
sulfate at a large regional scale was more important during late summer, while local
formation was the major source of sulfate in early winter due to residential heating. Two
oxygenated OA factors with much different time series were identified in our study which
we defined as local SOA (LSOA) and regional SOA (RSOA) as characterized below in
details........ different correlations between sulfate and RSOA or LSOA were found during
different seasons......... suggested that RSOA is related to regional source of OOA and LSOA
indicates local sources and subsequent local formation.”

In page 10, lines 22-24, we also added “......than locally formed SOA (Sun et al., 2014, 2015).
The attribution of LSOA and RSOA is further supported by the bivariate polar plots (Fig.
S5), which show clearly that LSOA is mainly located in the sampling site while RSOA is
mainly from the south to the sampling site.”

From page 1, line 30 to page 2, line 4, we have also changed “Distinctly different



correlations between RSOA and sulfate were found in our study...... while local and/or
nearby sulfate formation may be more important in winter” to “The sulfate source regions
analysis implies that sulfate was mainly ...... Meanwhile, distinctly different correlations
between sulfate and RSOA or LSOA......confirmed the regional characteristic of RSOA and
local property of LSOA” in abstract.

2. I also have concerns on the SO4 discussions. (1) It is important to note that particle
liquid water content is a better proxy for aqueous phase reaction than RH. It has been
well-established that the particle LWC not only depends on RH, but also on particle
composition. (2) Figure 3a suggests that regional transport is the major source of SO4
in later summer. However, the good correlation between S04 and Ox in figure 6
suggests SO4 may be locally formed. How to reconcile this difference?

Response: We fully agree with the referee that aerosol LWC is a better proxy for aqueous-
phase reaction. However, when discussing the sulfur oxidation ratio (Fso4), it is usually
presented as a function of RH as shown in many previous studies (e.g., Sun et al., 2013,
2014; Yangetal, 2015; Elser et al., 2016; Li et al., 2017). Consistent with previous studies,
the sulfur oxidation ratio (Fsos) increases exponentially when RH is larger than ~50%
during winter, suggesting the efficient formation from aqueous-phase processes during
winter. Following the referee’s suggestion, we also plotted Fsos against LWC but did not
find clear evidence.

Regarding the results in Figure 3a and Figure 6, we think that they are consistent. As
discussed in the book “Atmospheric Chemistry and Physics” (Seinfeld and Pandis, 2016)
and a review paper in Chemical Reviews (Zhang et al., 2015), at the typical atmospheric
level of OH radical, the lifetime of SO; from the reaction with OH is about 1 week. Thus,
SO; oxidation into sulfate may proceed during long-range transport (Rodhe et al., 1981).
Our results in Figure 6 show that sulfate is mainly formed from photochemical oxidation,
which may happen during regional transport, consistent with result in Figure 3a.

In the revised manuscript page 14, lines 23-26, we have now added the following
discussion:

“It should be noted that at the typical atmospheric level of OH radical, the lifetime of SO,
from the reaction with OH is about 1 week (Seinfeld and Pandis, 2016; Zhang et al., 2015).
Thus, SO; oxidation into sulfate may proceed during long-range transport in late summer
(Rodhe et al., 1981), consistent with our results in Figure 3.”
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