We are thankful to the two referees for their thoughtful and constructive comments which help improve
the manuscript substantially. Following the reviewers’ suggestions, we have revised the manuscript
accordingly. Listed below are our point-by-point responses in blue to each comment that is repeated in
italic.

Response to Reviewer #1
General comments:

This manuscript reports results obtained during two field campaigns conducted in Beijing, China, in
summer 2017 and 2018. The authors deployed a thermodenuder and a HR-AMS (plus an additional
SP-AMS in 2017) to study the volatility distributions of NR-PM1 species, as well as those of OA

factors.

This is an important and well conducted study. Even if the manuscript is very descriptive, it will
certainly be of interest for the readers of ACP. I would recommend publication of this manuscript
after the authors address the following comments.

We thank the reviewer’s comments and have revised the manuscript accordingly.

Specific comments:

1) Section 2.1 Sampling and instrumentation: The authors mention that measurements in 2018 were
conducted at the Institute of Atmospheric Physics, but nothing is said about the sampling site in 2017.
I assume it was at the same location.

Yes, it was at the same location.
We revised the Section 2.1 as:

“All measurements were conducted at the urban site of Institute of Atmospheric Physics, Chinese
Academy of Sciences (39°58'28" N, 116°22'16"E). The TD was operated by alternating the bypass
line and TD line every 15 min from 20 May to 23 June in 2018”

2) Section 2.3 Source apportionment of OA: In addition to the description of the PMF analysis, the
authors include already here a discussion on the main PMF results. I think that a part of this
discussion should be moved into the section 3 Results and discussion.

Thank the reviewer’s comments. We have moved the discussions of the PMF results to the section 3.2.

3) Section 2.3 Source apportionment of OA: did the authors try to perform a PMF analysis by just
using TD data from high temperature?

We didn’t perform PMF analysis with TD data only in this study because we need to calculate MFR
for each OA factor. However, PMF analysis of TD data only can introduce large uncertainties in
determining the same OA factors due to the large differences in mass spectra with ambient data.
Therefore, we used the results from PMF analysis of the combined ambient and TD data to derive
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MFR in this study.

4) Section 3.1 Thermograms of aerosol species: I’'m wondering whether the authors identified
significant amounts of PAHs in the AMS mass spectra (at least if they measured mass spectra beyond
m/z 200). These compounds can also have an impact of the volatility of OA factors.
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Figure R1. Average unit mass resolution spectra (m/z 120-350) of OA.

We agree with the reviewer that PAHs can have an influence on the volatility of OA factors. As
shown in Figure R1, the average contribution of PAHs to OA was negligible (0.79%) during
summertime, which could not affect the volatility of OA in summer significantly.

5) Page 6, lines 21-22: Is there a correlation between K™ and Cl- signals in W-mode? It would also be
quite interesting to know the evolution of NH4 measured vs. NH4 predicted as a function of the TD

temperature.
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Figure R2. Time series and scatter plot of K™ and Chl measured by HR-AMS and SP-AMS in summer

of 2017.

Thank the reviewer’s comments. The HR-AMS was only operated in V-mode in this study. Figure R2
shows the correlations between K* and Chl from SP-AMS and HR-AMS measurements. It can be
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seen that Chl was moderately correlated with K* (» = 0.71 and 0.53), suggesting that a considerable
fraction of Chl may exist in the form of KCI.
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Figure R3. Variations of average ratio of measured NH4" vs. predicted NH4" as a function of TD
temperature in summer of 2018.

As shown in Fig. R3, the average ratio of measured NH4" vs. predicted NH4* showed a rapid decrease
as a function TD when TD temperature was below 90 °C, consistent with previous studies (Huffman
et al., 2009). The reason is that ammonium sulfate is decomposing to yield gas-phase NH3 and acidic
NH4HSOs4 at high temperature. However, the average ratio of measured NH4" vs. predicted NHa*
showed a clear increase as temperature increased from 120 °C to 250°C. One possibility is that a large
fraction of Chl existed in the form of KCl rather than ammonium chloride. Another explanation is the
presence of organic nitrates or other inorganic nitrate salts rather than ammonium nitrate.

6) Page 6, lines 22-29: The thermogram of sulfate for 2018 shows an increase of the MRF at 70-80°C,
followed by a fast decrease. Is it possible that a part of sulfate was initially present in particles larger
than 1 um (so not transmitted in the AMS) at ambient temperature, then with the evaporation, the size
of these particles shrank until reaching a size measurable by the instrument? Do the authors have
PToF data at different temperatures to check this hypothesis?
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Figure R4. Size distributions of SO4 for each TD temperature.

Thank the reviewer’s comments. It is really a good point. We checked the size distributions of sulfate at
different temperatures. As shown in Fig. R4, the peak diameters of sulfate were 650 nm, 600 nm, and
650 nm at TD50, TD70 and TD 90, respectively. Therefore, more transmission from the shrink of
particle sizes appears not play a major role for the increases of sulfate at 70 - 80°C. Previous studies
showed that such a phenomenon was mainly associated with the decomposition of (NH4)2SO4 into
more acidic ammonium bisulfate (NH4HSO4) and gas-phase ammonia (NH3) upon heating, followed
by water uptake by the particles after cooling, resulting in particles to form more volatile phases,
lessening the bounce off the AMS vaporizer and thus increasing the effective collection efficiency
(Larson et al., 1982;Huffman et al., 2009).

7) Page 7, lines 15-16: The authors claim that OA composition had considerable differences between
2017 and 2018. I do not agree with this statement. As shown by the authors just before, the OA
composition looks quite similar between the two years.

Thank the reviewer’s comments. As shown in Fig.4, the fraction of COA decreased from 24% in 2017
to 15% in 2018, while LO-OOA increased from 39% in 2017 to 45% in 2018. As the reviewer said
that “considerable differences” might not be accurate for the description, we deleted it in the revised
manuscript.

8) Figure S1: It looks like the legend of the y-axis is wrong. This axis corresponds to the particle loss
within the thermodenuder. “Mass fraction remaining” refers to the particle mass which remains after
evaporation in the thermodenuder.

Revised

9) Figure S6: It does not really make sense to show the thermogram of CxHy" alone in a separate panel.
I would suggest including it in the first panel, so that we see the evolution of CxHy", CxHyO™, and
CxHyOgtl+.

Revised



Response to Reviewer #2

This paper presents aerosol volatility measurements in Beijing using a TD-AMS setup. Measurements
are inverted into volatility distributions using an evaporation kinetic model. Volatility distributions
are reported for various PMF-resolved OA factors. An improved understanding and characterization
of atmospheric aerosol volatility is a topic of interest to many atmospheric researchers. The topic fits
well within the scope of ACP. I do have some major comments about presentation, analysis, and
discussions

in this paper, which should be addressed before acceptance for publication.

We thank the reviewer’s comments and have revised the manuscript accordingly.

Major Comments:

1. Overall, I found the discussions in this paper are limited and incomplete in many cases. It is
difficult to identify what are the novel and interesting findings from this study. There are several
similar studies exist in the literature. This paper seems another ambient volatility measurement in a
different location. Most of

the reported results are also similar to existing studies. It would be nice if the authors can focus a bit
more on their novel findings and expand the discussion on it. For example, I found the volatility
comparison with WRF-Chem simulation is an interesting part of this paper- since not many studies
have done this type of model-measurement comparison. However, the discussion on this comparison
is very limited. The authors should consider discussing this result under a separate section. Detail
discussion on model-measurement comparisons such as model simulations/inputs, possible reasons
for the discrepancy and their implications should be discussed. Also, the implications of their findings
in terms of local and regional context should be discussed.

Thank the reviewer’s comments. Volatility plays an important role in modulating mass concentrations
and size distributions of aerosol particles via gas-particle partitioning. Although the TD-AMS has
been deployed in various environments including the United States and Europe, few TD-AMS
measurements have been reported in polluted regions in China, and the volatility of OA is rarely
known. Cao et al. (2018) measured aerosol volatility using TD - AMS in China and discussed the
volatility of OA using MFR/T50, which can have large uncertainties in comparing OA volatility in
different regions. In this work, we conducted the first OA volatility measurements in two summer
seasons in Beijing. Although OA volatility was overall similar to previous studies, we also observed
many differences. For example, OA in Beijing comprised mainly semi-volatile organic compounds
(SVOC, 63%) and showed overall more volatile properties than OA in megacities of Europe and U.S.
In particular, we found that the freshly oxidized secondary OA was the most volatile OA factor rather
than the traditional hydrocarbon-like OA (HOA). We also present the first comparison of OA
volatilities between ambient bulk composition and BC-containing particles, and found different
volatilities of POA and SOA between these two measurements. As the reviewer mentioned, we also
compared the OA volatility with that used in WRF-Chem model.

The details on the model simulations and input were given in Zhang et al. (2019) . In WRF-Chem,
anthropogenic SOA is produced via the reactions of BIGALK (lumped alkanes C>3), BIGENE
(lumped alkenes C> 3), Toluene, Xylenes (lumped isomers of xylene), and Benzene with OH, and
biogenic SOA is formed via the reactions of Isoprene, alpha-pinene, beta-pinene and limonene with
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OH or O3. SOA mass yields were from Murphy and Pandis (2009) for the volatile organic compound
(VOC) precursors and four volatility bins (1, 10, 100, and 1000 ug m at 300 K), depending on NOx
conditions and the fraction of organoperoxy radicals that react with NO as opposed to hydroperoxyl
and organoperoxy radicals, being the same as those were used in the study of Tsimpidi et al. (2010)
and Ahmadov et al. (2012). Aging of VOC oxidation product was considered as Ahmadov et al.
(2012). Semi-volatile and intermediate volatility organic compounds are attributed new Henry’s law
constants (water solubility) calculated from explicit chemistry(Hodzic et al., 2014). These values are
included in the calculation of removal through convective and grid-scale precipitation, as well as dry
deposition. They strongly affect the removal of SOA as discussed in Knote et al. (2015).

Following the reviewer’s suggestions, we expanded the discussions on model simulations and future
implications in the revised manuscript.

“One of the major uncertainties in predicting volatility distribution of SOA in WRF-Chem arises from
the emission inventories, especially volatile, semi-volatile and intermediate volatility organic
compounds. For example, Streets et al. (2003) estimated the overall uncertainty in non-methane VOC
(NMVOC) emissions in Asia for the year 2000 to be +£130%, and the uncertainty in NMVOC
emissions in China for the year 2005/2006 was in the range of —68% to 120% (Bo et al., 2008;Wei et
al., 2008;Zhang et al., 2009;Zheng et al., 2009). Therefore, semi-volatile and intermediate volatility
organic compound emissions in China are too limited to be used in SOA simulations (Liu et al., 2017).
In addition, model underestimation of atmospheric oxidation capacity, especially in polluted areas,
due mainly to the only inclusion of the key gas-phase production of HONO in air quality models
(Sarwar et al., 2008;Li et al., 2010;L1i et al., 2011;Zhang et al., 2019), and few volatility bins used in
WRF-Chem, especially for volatility bin less than 1 pg m™ at 300 K contributed to the discrepancies
between model simulation and observations.”

“...suggest that current WRF-Chem model might underestimate the fraction of low volatility
compounds considerably. Therefore, the uncertainties in emission inventories of VOCs, semi-volatile
and intermediate volatility organic compounds need to be reduced substantially to improve the model
simulations of OA. Also, more comparisons of model-based and observation-based volatility bins
(e.g., 8 or 12 bins) are needed in the future.”

2. It seems the reported volatility distributions may not be well-constrained. They have collected TD
data with three temperature steps (50, 120, and 250 degC) with a very low residence time (1.9s in
2017 and 7.4s in 2018). They have used the TD data during the temperature ramp period in their
fittings, which seems problematic to me. Because the temperature profile inside the TD during the
ramp period may not be in equilibrium. They reported that they had used the fitting method of
Karnezi et al. (2014). Details on this should be provided. It is possible to derive hundreds of different
volatility distributions by fitting the TD data. The effects of mass accommodation and vaporization
enthalpies on the fitted results should be discussed. Ultimately, if their fitted distributions are not well
constrained, then all subsequent comparisons among different OA factors and with earlier studies will
not be meaningful. In Fig 6, considering the uncertainty, it is difficult to distinguish the difference
between the volatility distributions of different OA components.
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Figure R5. Thermograms of OA factors in summer of 2018. The gray shaded region indicates 95%
confidence interval of TD temperature steps (50, 120, and 250 °C). The average values of MFR during
the ramping period (crosses) are also shown for a comparison.

According to laboratory measurements, equilibrium can be reached under the condition of high mass
concentration larger than 200 pug m™ and the residence time typically needs 30 s (Riipinen et al.,
2010;Saleh et al., 2011). Therefore, the ambient TD system is far from equilibrium in both three
temperature steps and the ramping period. As shown in RS, the average of data points during ramping
periods fall within the 95% confidence interval of three TD temperature steps. Hence, including the
TD data during the temperature ramping period appears to be reasonable in this study, and the
volatility distributions can be relatively well constrained. In addition, according to the method of
Karnezi et al. (2014), we modeled time-dependent evaporation of particles by solving the mass
transfer equations, and the residence time has been considered even it is short.

Following the reviewer’s suggestions, we expanded the descriptions in section 2.4:

“In order to explore in more detail the solution space, we discretized the parameter space and
simulated all combinations of volatilities, AHvap and am. Briefly, We used logarithmically-spaced
effective saturation concentration bins varying the mass fraction of each bin from 0 to 1 with a step of
0.1, the vaporization enthalpy with discrete values of 20, 50, 80, 100, 150 and 200 kJ mol™!, and
accommodation coefficient with discrete values of 0.01, 0.05,0.1, 0.2, 0.5 and 1. In this case, we
derived 96516 different results by fitting the TD data.” Hence, the effects of mass accommodation and
vaporization enthalpies on the fitted results have been considered.

As shown in Table R1, the absolute values of data were all above 1.962, a threshold value affecting
the statistical significance, suggesting that the differences exceeded the 95% significance level for
each logarithmically spaced C* bins in ambient OA/POA/SOA and BC-containing OA/POA/SOA



Table R1. Summary of statistical significance test each logarithmically spaced C* bins according to
the Student t test

LoginC* OA POA SOA

-3 203 185 -52
-2 2.5 -11.2° -16.0
-1 271 7.5  -25.0
0 172 824 -15.6
1 -354 -8.0 11.6
2 -28.9 -54.4 82.6

3. Throughout the paper (especially in Sec. 3.1, 3.2) they have used MFR as a basis for volatility
comparison with other studies and/or different OA components in this study.

Volatility comparison should not be made based on MFR or T50.

We totally agree with the reviewer that volatility comparisons should not be made based on MFR or
T50, which we claimed in introduction (P2, Line 21). Following the reviewer’s suggestions, we have
revised the corresponding context in the revised manuscript.

A few specific/minor comments:

1. Page 3, L25: Was the bypass measurement performed after drying? What was RH after drying? Did
they characterize and consider particle loss through the dryer?

Yes, aerosol particles were dried with the nafion dryer (MD-700-12, Perma Pure LLC) for both
bypass and TD measurements. RH was not measured after the nafion dryer, but expected to be less
than 40%. Also, we didn’t characterize the particle loss through the dryer. According to the test results
from Leibniz Institute for Tropospheric Research and the manufacturer
(https://www.permapure.com/wp-content/uploads/2014/06/MD-700-TROPOS-Presentation-10-2014.
pdf), the losses are dependent on the size of particles, and as the particle size increases to 40 nm, any
losses become insignificant.

2. Page 4, L5: Only about one week of data were collected in 2017. Given the different measurement
setup and data collection duration, I found a comparison between two year is a bit problematic.
Authors should discuss these limitations. My concern is that they may not be able to resolve the “true
difference (if any)" due to measurements limitations and fitting uncertainties and the reported results
could be overstated.

We agree with the reviewer that the comparisons between two years may have uncertainties due to
different measurement setup and data collection duration. Therefore, we clarified this in section 2.1
“Considering the relatively short time measurements in 2017, the discussions regarding the summer of
2017 focus primarily on the volatility comparisons between ambient OA and BC-containing OA.”. In
addition, we deleted the volatility comparisons between 2017 and 2018 in the revised manuscript.
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3. Page 4, L7: Are the reported residence times plug-flow RT? It should be clarified.

Thank the reviewer’s comments. We have revised section 2.1 as below:

“Note that the air residence time (RT) calculated as an average plug flow rate through the heated
section of the TD was 1.9 s and 7.4 s in 2017 and 2018, respectively due to the different flow rates.”

4. A CE of 0.5 is used. Can the author show a mass closure using SMPS measurements
(e.g., AMS+BC _SMPS)?
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Figure R6. Scatter plot of the PMi vs. PMzs.

Thank the reviewer’s comments. The SMPS measurements were not available in this study. We
compared the PMi1 measured by AMS and AE33 with PM2s. As shown in Fig. R6, PM: was highly
correlated with PMa.s (=0.92), and the average ratio of PM1/PM2.s was 0.67, consistent with previous
studies in Beijing (Sun et al., 2014;Zhao et al., 2017). These results suggest that CE = 0.5 is
reasonable for this study.

5. Page 4, L20: Did they consider size-dependent particle loss in the TD? How do the size distribution
of calibration particle (NaCl) and ambient particle compare?
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Figure R7. Particle loss as a function of size within the TD at three different temperatures.

As shown in Fig. R7, the particle losses increase for smaller sizes and approximately constant above
80 nm. Because the mass contributions of particles smaller than 80 nm (approximately 112 nm in Dva
assuming a density of 1.4 g cm™) were small (see Fig. R4), the average losses for each experimental
curve above 80 nm are used as the integrated number loss over the particle size range where mass is
important for ambient particles (Huffman et al., 2008).

6. Page 5, L18: What fraction of OA was BC-containing OA?

The BC-containing OA on average accounted for 49% of the total OA, while the BC-containing
secondary inorganic aerosol (sulfate, nitrate, and ammonium) accounted for much less fractions (20 —
25%).

7. Page 5, L22: What particle size information was used for fitting? How did they measure it? Details
should be given.

Thank the reviewer’s comments. The particle sizes we used for fitting are presented in Table S2. The
size distribution of SOA was derived from that of m/z 44 by normalizing the integrated signals of m/z
44 between 30 and 1500 nm to the total concentration of SOA (Zhang et al., 2005). This approach is
rationale because SOA was highly correlated with m/z 44 (R*=0.98), while m/z 44 in the mass spectra
of POA were generally small. The size distribution of POA was then calculated as the difference
between total OA and SOA.

Following the reviewer’s suggestions, we expanded the details in the revised manuscript.

8. Page 7, L10: SOA= LO-OOA+MO-0OO0A. This may not be always true. They have used SOA and
POA in many places, which is sometimes confusing. It is better to use the derived factor.

Thank the reviewer’s comments. In most cases, the sum of LO-OOA and MO-OOA can be used as a
surrogate of SOA. We clarified this in the revised manuscript. It now reads:

“SOA (LO-OOA+MO-0OO0A as a surrogate)”.
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