Authors’ response to referee comment RC1
on manuscript
“Direct links between hygroscopicity and mixing state of ambient aerosols:
Estimating particle hygroscopicity from their single particle mass spectra”

We thank Referee #1 for the comments and suggestions. We have addressed every comment
and made significant changes to the paper to improve the paper. Again, the referee’s
comments are greatly appreciated.

Referee Comments in black bold.

Authors’ Response in blue.

Changes in manuscript in Red italic.

Major comments

(1) The authors showed that the temporal variations of the estimated particle
hygroscopicity were consistent with the back-trajectory analysis and atmospheric visibility
observations. Itis hard to believe that hygroscopicity could be simply explained by the back-
trajectory analysis, or the observed hygroscopicity could be a major reason for the visibility.
A closer look at the discussion revealed that such conclusions were not precisely
summarized.

Response:

We agreed that there were some shortcomings in the original discussions. In the original
manuscript, the back trajectories and visibility were included to support the estimated
hygroscopicity, because of their connections to hygroscopicity. The original manuscript has
been rearranged and revised considerably to address the referee’s comments. In the revised
manuscript, the back trajectories were just used to offer some general descriptions of the
meteorological conditions. As suggested in the last comment. The correlations between PM
and visibility by either considering the hygroscopicity or not have been added in the revised
manuscript to extend the analysis of visibility.

Changes in manuscript:

Line 483-500:

“The temporal variation of particle estimated GF from Sep-12 to Sep-28 was illustrated in
Figure 9. Four distinct periods (P1-P4) were identified based on their different hygroscopicity
distributions. Generally, the P1 and P3 periods were characterized by elevated MH mode which
dominated the ATOFMS particles numbers, while in P2 and P4 the MH particles decreased
significantly and sea salt mode was pronounced. Back trajectories during P1-P4 were analyzed
using HYSPLIT mode (Draxler, R. R. and Rolph, G. D.,2003) to inspect the airmass that
influenced the sampling site (Figure S8). The 24-hour back trajectories suggests that the
airmass in P1 period mainly circulated in local regions from northwest direction to Shanghai.
The local circulations brought regional aerosol pollution to the sampling site, resulted in
elevated concentrations of particles, especially the MH particles. During P2, the airmass
originated from the ocean in northeast direction with less continental influence. The cleaner
air from the ocean almost wiped out the accumulated particles observed in P1 and the
concentrations of sea salt particles increased. In the majority of time during P3, the airmass



stayed over continental areas. The MH particles dominated particle numbers in this period and
the sea salt mode were barely present. During Sep-18 to Sep-20 in P3, the LH particles showed
increased concentrations and gradually decreased after Sep-20. Similar to P1, the origin of
airmass in P4 shifted to the ocean in eastern directions and SS mode emerged again. Both the
particle spectra and the back trajectories supported that the GF mode of 1.6 can be mainly
attributed to sea salt particles.”

Line 603-624:

‘An exponential relation between visibility and PM concentrations was found by the previous
study (Qu et al., 2015). After applying the exponential fitting to the visibility and particle
volume concentrations, we found a moderate correlation for ATOFMS particles (R?=0.45) and
better correlations for PM_s concentrations (R*=0.64) (Figure S12). However, the fitting errors
were clearly dependent on ambient RH, with larger errors in higher humidity, indicating that
hygroscopicity might affect visibility degradations, which were consistent with other studies
(Chen et al., 2012;Liu et al., 2012). To further examine the effect of particle hygroscopicity on
visibility, we derived particle volumes in different RH using estimated « values (Petters and
Kreidenweis, 2007). The k values were calculated using the GF of individual particles at 85%
RH for ATOFMS data and the average GF of 1.36 for PM,.s volume data. With hygroscopicity
being considered, we found notable improvements of the correlations between PM
concentrations and visibility, with the improved correlation observed for PM, s concentrations
(R?=0.82) after applying correction for hygroscopicity (Figure 12). However, this improvement
was barely the case for NH particles, probably due to the negligible hygroscopic growth. For
the ATOFMS particles in different GF modes, we found the highest R? (0.65) for the MH
particles. The correlation between SS particles and visibility was distorted due to the visibility
reached its limit (10 km) when sea salt mode was pronounced (Figure 9). The R? between MH
particles and visibility suggests that the variation of MH particles accounted for the major part
of visibility changes (65%) during this period, which coincided well with the major contribution
of nitrate and sulfate to light extinction (61%) in eastern China areas (Qu et al., 2015). These
results indicate the importance of discriminating particles by hygroscopicity in explaining the
measured visibility.’

(2) The results indicate that particles with stronger hygroscopicities were more likely to have
higher effective densities. Is it suitable for all the observed particle types? Could it be
theoretically supported? This is hard to believe. For instance, aging of Dust particles lead to
nitrate coatings, which would lower the effective density, but increase the hygroscopicity.
Response:

We agree with the referee’s opinion, and decided to remove this part in the revised
manuscript. Density is indeed a property related to particle types. We observed smaller pes of
EC particles than dust/ash in less hygroscopic range based on our data, suggesting that it is
inappropriate to discuss density in a general way without referring particle types. In the
original manuscript, the effective density was included for the sake of a complete report of
the measured data. As suggested by another referee, the discussions of effective density seem
to be out of place, as the main objective of this study is to connect hygroscopicity to
composition. We agree with the referee’s opinion, since hygroscopicity is depending on



particle composition, rather than density. The presented data only suggested a statistical
positive correlation between effective density and GF, but the explanation of the correlation
need other information including particle shapes, which also affect pe (Ghazi et al.,
2013;Khalizov et al., 2012). On the other hand, the effective densities were not well
incorporated into the discussions on estimated hygroscopicity. We note that the
hygroscopicity prediction algorithm is just depending on particle mass spectra and the density
was not involved in calculation.

Changes in manuscript:

Relevant discussions are removed.

Specific comments:

1. Abstract: “These hygroscopicity estimation results with single particle mass spectra
analysis can provide critical information on particulate water content, particle source
apportionment, and aging processes.” | wonder how hygroscopicity can provide critical
information on the source of particles. The authors did not discuss this in the text but only
took sea salt particles as an example in Figure 5.

Response:

We agree that the source apportionment was not clearly presented. Particle hygroscopicity
can offer some aids in the source apportionment of single particles. An example is the Al-Si
particle in Dust/ash type. Although most of the dust/ash particles show considerable
hygroscopicity, the Al-Si particles had low hygroscopicity. Thus, we ascribe the sources of Al-
Si to soil dust, as some laboratory studies also found soil dust has low hygroscopicity. Without
hygroscopicity information, the identification of Al-Si particle source would be difficult,
because the Si and Al peaks were also present in ash particles from coal emissions (Xu et al.,
2017).

Changes in manuscript:

Line 42-46:

“Based on the combined information on particle composition, hygroscopicity, airmass back
trajectories and ambient pollutants concentrations, we inferred that the NH, LH, MH, SS modes
were characterized by POA/EC, SOA, SIA and salts compositions, respectively. The proposed
method would provide additional information to the study of particle mixing states, source
identification and visibility degradation.”

Line 268-276:

“Some of the clusters showed characteristic hygroscopicity distributions which offered values
in the source apportionment of these particles. As an illustration, we presented the mass
spectra and hygroscopicity distribution of the Al-Si cluster in Figure 3. The mass spectra of Al-
Si particles showed stronger aluminum (27AI") and silicate (-76S5i05’) peaks in their positive and
negative spectra, respectively. Particle number distribution of Al-Si particles suggested that
they were detected with the highest probability at GF 1.1. In the preliminary study we
identified the similar Al-Si particles exclusively in NH mode (Wang et al., 2014). Based on their
hygroscopicity distribution, we assumed the Al-Si particles are soil dusts according to their
reported low hygroscopicity (Koehler et al., 2009).”



2. Introduction: “Herich et al. have firstly applied the HTDMA-ATOFMS system to investigate
particle composition as a function of hygroscopicity.” Some results related to such
measurements are missing here.

Response:

We have added discussions on the findings of prior studies.

Changes in manuscript:

Line 96-102:

“Herich et al. firstly applied the tandem HTDMA-ATOFMS system to characterize particle
composition of different hygroscopicity (Herich et al., 2008;Herich et al., 2009). A large portion
of the less hygroscopic modes were found to be contributed by organics and combustion
species in both urban and remote sites, while the sulfates and nitrates were present in almost
all particles independent of hygroscopicity. These findings were similarly observed in our
previous characterization using HTDMA-ATOFMS in Shanghai city (Wang et al., 2014), except
higher nitrate and sulfate intensities were found in hygroscopic particles in our study.”

3. Experimental section: what is the accuracy of hygroscopicity determination by the
HTDMA? What is the uncertainty in GF prediction?

Response:

We have added relevant information in manuscript as follows.

Changes in manuscript:

Line 219-226:

“The uncertainties in the GF prediction in this method were estimated. The sources of
uncertainties may stem from the errors in GF selection in HTDMA and the algorithm itself. After
the 0.5 power treatment to peak intensities, the only parameter that can affect the estimated
GF would be the matching criteria of particles. We have changed the matching criteria of 95-
100% maximum dot products to 90-100% and 98-100% and the variations of GFs were
inspected (Figure S5). Based on the distributions of GF variations, we estimated the overall
uncertainties in the GF estimations is within +0.15.”

4. Line 148: “The DMAs were kept to select the desired diameters before significant number
of particles were chemical analyzed by ATOFMS.” What does a significant number refer to?
Response:

Particles with certain GFs (e.g., 1.4) typically have higher concentrations in the downstream
of HTDMA, i.e. faster detection of particles in ATOFMS at these GFs. For other GFs (especially
near the limits of GF distribution, e.g., 0.9, 1.7) particles had much smaller concentrations. For
the sake of the statistical significance, we decided that the number of acquired spectra at each
GF much be larger than 200.

Changes in manuscript:

Line 166 -167:

“The HTDMA-ATOFMS system was kept sampling until a sufficient number of particles (> 200)
were analyzed by ATOFMS for each GF setting (Table 1)”.

5. Line 171: “This problem was relieved by taking the 0.5 power (square root) of peaks
intensities.” Maybe more information is required to validate such treatments.



Response:

We took 0.5 power of mass peak intensities in the estimation of GF. Similar treatment
(logarithm) of ATOFMS spectra was proposed in prior literature (Rehbein et al., 2012). This
treatment was applied to both the HTDMA-ATOFMS and ambient particle data before the
evaluation of particle similarity. It is known that ATOFMS mass peak intensities are affected
not only by composition abundance in particles, but also by their ionization efficiencies in
ATOFMS. The ATOFMS is more sensitive to metallic compositions than organics, resulting
disproportionate large peaks of metals to reflect their actual concentrations in particles. We
suppose the 0.5 power treatment of mass peak areas can partly solve the bias of ATOFMS
toward different compositions, since it reduces larger peaks more rapidly than small peaks.
The application of 0.5 power treatment is not just based on speculation. We find it gave better
results in the estimated hygroscopicity. We carried two rounds of GF estimations in which the
pretreatment was either included or not. In figure S3 the two distributions of estimated GF
are compared. As shown in figure, the hygroscopicity distribution without treatment suggests
abnormal shape with an extra mode of GF=1.35, which was inconsistent with HTDMA
observations in this area. As a comparison, with the 0.5 power treatment to peak intensities
and the obtained hygroscopicity distributed regularly with smoother shapes, which agrees
well with the HTDMA data of ambient particles. It is noted that in the two estimations the
dataset and algorithm are identical with the only difference of the pretreatment. This fact
suggests that the 0.5 power treatment could indeed be used to improve hygroscopicity
estimation.

As a reply to the referee’s concern, we have added relevant information in the revised
manuscript.
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Figure S3. The estimated particle hygroscopicity distribution with (left) and without (right) taking
0.5 power of peak intensities.

Changes in manuscript:

Line 194-196:

“The 0.5 power treatment to peaks intensity was applied because it offered better results in
the estimation of hygroscopicity than without it, as discussed in the supplemental information
(Figure S3).”

6. Line 239: “About 20% of analyzed particles are classified as Amines-rich”. Is there any
explanation for such a high fraction of Amine particles?



Response:

Amine particles constitute an important type of particles and were normally detected by
single particle techniques in Shanghai area. A previous single particle study suggested that the
number fraction of amine particles varies considerably in different seasons (4.4% in summer
vs. 23.4% in winter), which can be explained by gas-to-particle partitioning of amines at lower
temperatures (Huang et al., 2012). Except temperature variations, relative humidity was also
found to promote particulate amine formation through acid—base reactions of amines in high
RH periods (Huang et al., 2012;Chen et al., 2019;Zhang et al., 2012). The meteorological data
during the HTDMA-ATOFMS experiment indicate low temperatures (3-10 °C, 6 °C in average)
and higher relative humidity (50-93%, 78% in average) in this period, which both favor the
formation of particulate amines in ambient aerosol. In the preliminary HTDMA-ATOFMS
experiment amine particles makes up 20% of particle numbers, a comparable fraction to
present study (~25%) (Wang et al., 2014).

Changes in manuscript:

Line 284-287:

“Particulate amine formation was favored in low temperatures and higher humidity conditions
(Huang et al., 2012;Zhang et al., 2012). The elevated amine particle fractions may be related
to the low temperature (6 C) and high humidity (78% RH) condition during this experiment.”
7. Lines 251-252: “...CNO peaks, which are present in biomass particles, were absent very
weak, suggesting that biomass burning is not their source.” Do you mean CN/CNO peaks are
necessarily served as markers for biomass burning?

Response:

In the ATOFMS source characterizations, biomass particles produce strong CN/CNO peak in
negative spectra (Silva et al., 1999; Zauscher et al., 2013;Pratt and Prather, 2009). This mass
spectral feature was also observed by studies in China (Bi et al., 2011) and our laboratory
experiment on various biomass particles. We suppose the presence of CN/CNO peak is related
to the ubiquity of nitrogen-containing organics in biomass, such as amino acids. Except
CN/CNO, other peaks at m/z at -45/-59/-71/-73 can also be used to indicate biomass, although
their intensities were typically weaker than CN/CNO. We think it is insufficient to indicate
biomass particles just from the presence of CN/CNO, since CN/CNO can also be produced from
other sources. The original sentence is inaccurate and we have revised it.

Changes in manuscript:

Line 298-302:

“Additionally, the -26CN and -42CNO peak which are typically present in biomass particles,
were found to be weak or absent, suggesting that there are some chemical differences
between Ammonium/OC and biomass particles (Silva et al., 1999;Zauscher et al., 2013;Pratt
and Prather, 2009).”

8. Line 256: “...characterizations, it is possible that the ammonium/OC particles might be
from coal burning sources”. There are already some paper published reporting the single
particle mass spectra of coal burning particles in China. The author should directly refer to
these papers, rather than (Healy et al., 2010). Still, such an assignment might not be
appropriate, since it is more likely produced from secondary processes, associated with high



abundance of ammonium sulfate.

Response:

We followed the referee’s suggestion and revised the manuscript.

Changes in manuscript:

Line 305-310:

“A prior ATOFMS study identified the Ammonium/OC particles are from agricultural sources,
and found most of them were present in higher photochemical oxidation periods (Qin et al.,
2012), consistent with the prominent secondary peaks of ammonium found in this study. It is
likely the organics in this type is secondary since the GF 1.2 is close to the hygroscopicity of
SOA (GF=1.24 at 90% RH) (Gysel et al., 2007;Sjogren et al., 2008). ”

9. Line 260: the authors further concluded that “These particles were not likely to be deeply
aged particles, because their hygroscopicity was only moderate.” It is a little bit confusing,
since the aging should be deduced from the mass spectra, not the hygroscopicity.
Hygroscopicity could be linked to the chemical compositions, but not particle age.
Response:

We agree that the original statement is inaccurate. We have modified this sentence.
Changes in manuscript:

Line 310-312:

“We inferred that the ammonium was not contributing significant mass fractions to these
particles, due to the high hydrophilicity of ammonium salts while Ammonium/OC particles
were only moderate hygroscopic”.

10. Line 398: “...higher hygroscopicity could play more important role...” higher correlation
cannot infer the higher contribution of aerosol particles with higher hygroscopicity to
visibility decrease. Is it possible to estimate the relative contribution based on the combined
measurements in this study?

Response:

This comment is very instructive and we attempted to analysis hygroscopicity and visibility in
further detail. We acknowledge that the original statement is over simplified since PM
concentrations were also contributing to visibility degradation. To evaluate the role of
hygroscopicity more explicitly, we compared PM concentrations with visibility in two
situations where hygroscopicity was either considered or not. In the revision we only consider
particle volume concentrations since hygroscopic growth increase particle volumes rather
than particle numbers. The results suggested improved correlations between visibility and
particle concentrations of LH, MH, SS, all ATOFMS particles and PM,.s concentrations with
hygroscopic growth being considered.

Changes in manuscript:

Line 584-624:

“3.3.4 Comparing the estimated hygroscopicity with visibility

Particle optical properties were closely connected to hygroscopicity (Liu et al., 2012;Qu et al.,
2015;Chen et al., 2012). The hygroscopic growth increases particle volumes and cross sections
and is contributing to the visibility degradation. With the estimated hygroscopicity of ATOFMS
particles, we correlated atmospheric visibility with particle concentrations to study their



contributions to the visibility variation. The ATOFMS particle volume concentrations were
calculated for hygroscopicity modes of NH, LH, MH and SS based on ATOFMS particle diameter
and numbers. The particle volume concentrations was used because hygroscopic growth
change particle sizes rather than numbers (Chen et al., 2012). The visibility data was obtained
from (https.//www.wunderground.com/) logged in the Honggiao airport (31°12'N, 121°20'E)
and Pudong airport (31°9.3'N, 121°49'E) during the study period (see the map in Figure S5).
The temporal variations of visibility in two sites correlated strongly (Figure S5), despite the 45
kilometers distance between two airports. The Fudan site is located roughly between the two
airports, and the two sets of visibility data were averaged to represent the study site. In P2 and
P4 the site was under the influences from ocean, resulting visibilities larger than 10 km (Figure
9). Apart from ATOFMS particles, contemporary PM,s volume concentrations were also
correlated with visibility. The PM,s volume concentrations were derived from PM;s mass
concentrations using particle density (1.4 gcm™). A strong correlation between ATOFMS
particle numbers and PM, s was found (R?=0.80).

An exponential relation between visibility and PM concentrations was generally found (Qu et
al., 2015). With the application of the exponential fitting to the visibility and particle volume
concentrations, we found moderate correlation for ATOFMS particles (R?=0.45) and better
correlations for PM,s concentrations (R?°=0.64) (Figure S12). However, the errors of fittings
were clearly dependent on ambient RH conditions, with increased errors in higher humidity
This result indicates that hygroscopicity have played its roles in the visibility degradations
(Chen et al., 2012;Liu et al., 2012). To account for particle hygroscopicity, we derived particle
volumes in different RH using k values (Petters and Kreidenweis, 2007). The k values were
calculated using the GF of individual particles at 85% RH for ATOFMS data and the average GF
of 1.36 for PM,s volume data. With hygroscopicity being considered, we found notable
improvements of the correlations between PM concentrations and visibility, with the best
correlation observed for PM,s concentrations (R?=0.82) after correction for hygroscopicity
(Figure 12). However, this improvement was barely present for NH particles due to the
negligible hygroscopic growth. For the ATOFMS particles in different GF modes, we found the
highest R? (0.65) for the MH particles and gradually loose correlations from MH to NH mode.
The low correlation for SS particles is related to the saturated visibility (10 km) when sea salt
mode was pronounced (Figure 9). The R? of MH particles suggests the MH particles were
explaining the major part of visibility variations (65%) in this period, which coincided well with
the major contribution of nitrate and sulfate to light extinction (61%) in eastern China areas
(Qu et al, 2015). These facts indicate the importance of discriminating particles by
hygroscopicity in explaining the measured visibility.”

Minor:

References such as “Zelenyuk et al.(Zelenyuk et al., 2008)” is incorrectly formatted.
Response:

We have made correction to this reference.

Changes in manuscript:

Line 93-96:

“Zelenyuk et al. connected a single particle mass spectrometer SPLAT with HTDMA to
demonstrate the capability of this system to derive quantitative information on aerosol


https://www.wunderground.com/

hygroscopicity, composition, and effective density (Zelenyuk et al., 2008).”

Line 98: “HTMDA-ATOFMS”

Response:

This mistyping was corrected.

Changes in manuscript:

Line 107-108:

“We conducted a comprehensive HTDMA-ATOFMS experiment with the particle GF varied in a
more complete range (0.9~1.7, 85% RH)”.

Line 183: “value from 0.1 to 1.7” is it 0.9-1.7?

Response:

The mistyping was corrected.

Changes in manuscript:

Line 208-209:

“Where: GFpreq= the estimated GF of ambient particle, GFi= GF value from 0.9 to 1.7 interspaced
by 0.1, Fi= number percentages of the matched particles in each GF bin.”

Line 314: “can be measured on by HTDMA-ATOMFS system”
Response:

The discussions of effective density were removed.

Changes in manuscript:

This sentence was removed after revision.
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Authors’ response to referee comment RC2
on manuscript
“Direct links between hygroscopicity and mixing state of ambient aerosols:
Estimating particle hygroscopicity from their single particle mass spectra”

We thank Referee#2 for the comments and suggestions. We have addressed every comment
and made significant changes to the paper to improve the paper. Again, the referee’s
comments are greatly appreciated.

Referee Comments in black bold.

Authors’ Response in blue.

Changes in manuscript in Red italic.

Major Comments

1. The authors claim that they can predict the growth factor from the mass spectra, but they
mainly just showed associations between particle types and growth factors, not that the
spectra provide a degree of predictability.

Response:

We thank the reviewer for this comment. We would call it “estimate” rather than “predict”.
The GF of a particle can be estimated based on HTDMA-ATOFMS data for two reasons. First,
different particle types had distinct GF distributions. Second, particles in different bins had
different mass spectra. In the revised manuscript, we have added a section to discuss this
issue. The discussions of GF estimation were inserted between the discussions of HTDMA -
ATOFMS data and estimated GF ambient particles.

Changes in manuscript:

Line 391-407:

“3.2 Predictability of hygroscopicity from particle mass spectra

The GF of a particle can be estimated based on HTDMA-ATOFMS data for two reasons. First,
different particle types had distinct GF distributions. Second, particles in different GF bins had
different mass spectra. The GF estimation from particle spectra requires that the HTDMA-
ATOFMS data is capable to represent the major particle types normally presented in
atmosphere, which is evidenced in the preceding discussions. In another aspect, the GF
prediction from mass spectra also demands that HTDMA-ATOFMS data are sensitive to reflect
the composition differences with GF variations.

To test the sensitivity of HTDMA-ATOFMS data, we evaluated the average spectral similarities
between each pair of GF groups. The average similarities were calculated from the similarities
between every possible pairs of particles from the two GF groups. The self-comparing of
particles within the same GF group were excluded. As shown in Figure 6, we observed a general
trend that particles in the same GF bins tend to produce the highest similarities. As the GF
differences increase, the mass spectra similarity between two GF bins tended to decrease. This
result is an evidence that the particles with different GFs are more likely to have discriminable
mass spectra, which suggests that the HTDMA-ATOFMS dataset are capable to estimate
hygroscopicity just from particle mass spectra.”



2. The authors also did not explore whether ion peak areas such as sulfates and nitrates,
which are critical for particle water uptake, were better predictors of growth factors than
the particle types themselves.

Response:

We have followed this instructive comment and revise the paper carefully. We have correlated
peak intensities of nitrate and sulfate with GF for all particles in the HTDMA-ATOFMS dataset.
There were indeed correlations between nitrate and sulfate signals and hygroscopicity in
certain GF range but a simple trend applicable to all GF was not found. Another characteristic
of peak intensities is that their trends were dependent on particle types. The discussion of
peak intensities with GF were added both for HTDMA-ATOFMS data and ambient ATOFMS
particles.

Changes in manuscript:

Line 344-390:

“Apart from particle number distributions, the HTDMA-ATOFMS dataset provided another
aspect of information regarding peak intensities with GF. In this study, we used relative peak
intensities (peak areas normalized by the total areas in spectrum) to investigate its relation to
GF. Generally, the responses of peak intensity to GF variation were found to be nonlinear, since
they were correlated only within specific GF ranges. A simple trend applicable to whole GF
range was not observed.

We presented the statistics of peak intensity of nitrate (-46NO;, -62N0Os, -125H(NOs);) and
sulfate (-80S0, -97HSO,4) which were known to be critical to particle hygroscopicity (Figure 4).
As previously observed (Herich et al., 2009;Herich et al., 2008;Wang et al., 2014), the nitrate
and sulfate peaks were present in the majority of particles in all GF bins. However, peak
intensities of nitrate and sulfate were indeed stronger in hygroscopic particles than
hydrophobic particles. In Figure 4 we observed positive correlation between nitrate and sulfate
intensities and GF in GF <1.2 range, suggesting contribution of nitrate and sulfate to particle
hygroscopicity in low GF range (Figure 4). However, in higher GF range (GF 1.3-1.5), nitrate
and sulfate peaks seem to reach a plateau with unclear dependence on GF. Nitrate and sulfate
were known to contribute large fractions of particle mass in MH particles (Swietlicki et al.,
2008;Laborde et al., 2013;Liu et al., 2014). The unclear trend of nitrate and sulfate with GF
seem to suggest that nitrate and sulfate were in stable ratios since nitrate and sulfate peaks
were dominating peak areas in negative spectra. For particles of even higher GF, differences
were observed between GF 1.3-1.5 and GF 1.5-1.7 range in that stronger nitrate and weaker
sulfate peaks were detected in the GF 1.3-1.5 range. Particles classification suggests that this
general characteristic is also at variance for different particle types. The same statistics for EC
and Dust/ash particles were presented in Figure 4. Compared with EC particles, smaller sulfate
and stronger nitrate peaks were found in Dust/ash spectra, and the observed trend in total
particles were less obvious in Dust/ash. These facts highlight the nonlinearity between peak
intensities and GF and that particle types should also be considered in describing peak
intensities.

The analysis of peak intensities with GF can disclose some atmospheric processes happened
on aerosol. We take the Sea salt as an illustration. Sea salt particles were known to react with
atmospheric nitric acid, with NaCl in fresh sea salt be transformed into NaNO3 in the reacted
sea salt (Gard et al., 1998). This composition transformation is indicated in corresponding



changes of NaCl and NaNOs peak intensities in particle spectra. The unreacted sea salt
particles tend to produce larger peaks of Na,Cl* and NaCly in spectra (Gaston et al.,
2011;Prather et al., 2013). In particle spectra of reacted sea salt, the NaCl peaks (Na,Cl*, NaCl;)
decrease while NaNOs peaks (Na:NOs*, Na(NOs);') increase. We presented peak intensities of
sea salt in GF 1.5-1.7 range where sea salt particles were detected with largest numbers
(Figure 5). We found that the positive correlation between NaCl peak intensity and GF, and the
negative correlation for NaNOs peaks. Therefore, the HTDMA-ATOFMS data supported that
reacted sea salt have reduced hygroscopicity (Herich et al., 2009;Gaston et al., 2018).
Laboratory HTDMA study suggested that NaCl and NaNOs have deliquesced at 85% RH and
that the NaNOs (GF ~1.8) is less hygroscopic than NaCl (GF ~2.2) (Hu et al., 2010). The reduced
hygroscopicity of sea salt is in line with the GF of sodium salts. However, the sea salt
hygroscopicity (GF 1.5-1.7) was smaller than pure NaNOjs salt (supposing fully reacted),
suggested that the chemical transformation alone is not sufficient to account for the observed
hygroscopicity of sea salt. We hypothesize that other compositions as organics were mixed
into sea salt and contributed to the reduction of sea salt hygroscopicity (Gaston et al.,
2011;Randles et al., 2004;Facchini et al., 2008).”

Line 548-583:

“3.3.3 Peak intensity variations with estimated GF

Particle hygroscopicity and peak intensities in particle mass spectra were correlated to show
their connections. The correlation was illustrated similarly to the analysis of the HTDMA-
ATOFMS dataset, as shown in Figure 11. In addition to the statistics on peak intensities of
different GF, the number distributions ATOFMS particles with GF and peak intensities were
presented for nitrate (-46NO,, -62NOs, -125H(NOs);) and sulfate peaks (-97HSO,4, -80503) in
the lower panels in Figure 11. The general trends of peak intensities with GF in HTDMA-
ATOFMS dataset was preserved in estimated GF of ambient particles. The trends of nitrate and
sulfate peak intensities showed increases from NH to LH range and remained constant in the
MH mode. Similar to HTDMA-ATOFMS particles, stronger nitrate peaks were detected in SS
particles compared with the MH particles, while an opposite trend was observed for sulfate
intensities. These results highlight the nonlinearity between GF and peak intensities of ATOFMS
particles.

The nonlinearity of peak intensities with GF was also suggested by the different particle types
presented in ATOFMS data. As shown in the lower panels in Figure 11, the distribution of
ATOFMS individual particles showed enrichment in different areas in the GF-peak intensity
diagram, suggesting the presence of particle groups of different compositions. To illustrate
this character, we selected two areas with clear particle enrichments in GF-peak intensity
diagram and their particle composition were analyzed (denoted as A and B in lower left panel
in Figure 11). Obviously, particles in area A produced much larger nitrate signals than particles
in area B. Particle numbers in the two areas suggested that Dust/ash dominated particles in
area A (59%) while in area B the Dust/ash only accounted for 14% of particles (Figure S10). As
a contrast, particles in area B were dominated by Aged EC type (53%) followed by 25%
Dust/ash. Table 2 suggests that Aged EC and Dust/ash are the major types presented in the
same MH mode. However, peak intensity responses to GF were indeed different for different
particle types, suggesting the importance of particle types in describing peak intensities.



The particle distribution with sulfate intensities showed similar enrichment patterns to nitrate
(lower right panel in Figure 11). Sulfate peak intensities were found to correlated with
hygroscopicity in GF <1.2 range but in MH range no correlated with GF was observed. We note
that except the larger peaks of nitrate and sulfate, some smaller peaks were also found to
correlated with GF within specific particle type. We correlated peak intensities of Na,ClI* and
NOs with the estimated GF of sea salt particles (Figure S9). The Na.Cl* peaks were positively
correlated with GF while the nitrate peaks were negatively correlated with GF. The observed
correlation in sea salt particles are consistent with discussed trends in the HTDMA-ATOFMS
dataset. These results demonstrate that the GF estimation method have effectively reflected
the minor changes in particle mass spectra into the estimated hygroscopicity.”

3. This paper is missing critical information about how the ATOFMS data was treated and
analyzed and what criteria were used to assign particle types and ascribe a growth factor.
Response:

We agree that the description of ATOFMS data analysis method is necessary. We have added
this missing information in the revised manuscript. It is made clear that a single growth factor
of particle types was not assigned, since particles in each type were distributed at more than
one GF. The hygroscopicity of particle types were calculated based on their number
distributions at different growth factors.

Changes in manuscript:

Line 139-146:

“The ATOFMS data was analyzed within the YAADA toolkit (http://www.yaada.org/). Particles
with similar composition were grouped into clusters by an adaptive resonance algorithm (ART-
2a) (Song et al., 1999). The ART-2a algorithm parameters were set to: vigilance factor = 0.85,
learning rate = 0.05 and number of iterations = 20. The clusters generated by the algorithm
were regrouped into major types by considering their similar composition and hygroscopicity
patterns. The obtained particle types were labelled by consulting previous single particle
characterization studies (Spencer et al., 2006;Silva et al., 1999;Sullivan et al., 2007a;Gaston et
al., 2011;Qin et al., 2012). ”

4. | don’t understand the authors’ claim regarding particle effective density as a predictor
for particle hygroscopicity. Can the authors show a theoretical reason for such a claim?
Response:

In the original manuscript the effective density was prepared for the purpose of a complete
report of the measured data, since aerodynamic diameters were measured by ATOFMS. As
suggested in another item of comment, the discussions of effective density seem out of place
in view of the main objective of this study is to connect hygroscopicity to composition. We
accept the referee’s opinion since the hygroscopicity are depending on particle composition,
rather than particle density. The presented data only suggested a statistical positive
correlation between effective density and GF, but a meaningful explanation of this correlation
need further information including particle physical shapes, which also affect per (Ghazi et
al., 2013;Khalizov et al., 2012). On the other hand, effective densities were not well
incorporated into the discussions on estimated hygroscopicity. Therefore, the discussion of
effective density seems somewhat redundant. In revised manuscript we decided to


http://www.yaada.org/

concentrate on particle composition and the effective density were not discussed. We note
that the hygroscopicity prediction algorithm is just based on particle composition and the
density was not involved in calculation.

Changes in manuscript:

This section of information was removed.

Specific Comments

Abstract:

1. Lines 31-32: The authors need to explain why the higher effective density correlates with
the hygroscopicity.

Response:

We only suppose that the lower effective densities of NH particles may be caused by the
organic compositions. The higher densities of hygroscopic particles are probably related to
the increasing fractions of secondary matters in particles. As responded in the major comment
4, this section of discussion was removed.

Changes in manuscript:

This part of information was removed.

2. Lines 32-34: The authors need to revise this statement or revise their work to show a
degree of predictability of the GF was achieved.

Response:

As responded in the major comment 1, we re-analyzed the HTDMA-ATOFMS data and made
the suggested revisions to the manuscript, in which the discussions on predictability,
correlations between peak intensities and GF were added.

Changes in manuscript:

Line 31-33:

“Peak intensities in particle spectra were found nonlinearly correlated with hygroscopicity and
the correlations were variant with particle types.”

3. Lines 37-39: | don’t understand this claim that back-trajectory analysis is consistent with
particle hygroscopicity. The authors need to clarify this statement.

Response:

The original statement is problematic. We have revised the manuscript considerably according
the referee’s suggestions. The original statement is changed as follows.

Changes in manuscript:

Line 42-46:

“Based on the combined information on particle composition, hygroscopicity, airmass back
trajectories and ambient pollutants concentrations, we inferred that the NH, LH, MH, SS modes
were characterized by POA/EC, SOA, SIA and salts compositions, respectively. The proposed
method would provide additional information to the study of particle mixing states, source
identification and visibility degradation.”

Introduction:
1. Lines 47-49: This sentence is very vague. The authors should discuss heterogeneous and



multiphase reactions that would affect particle hygroscopicity.

Response:

We have revised this sentence and relevant references were added as suggested.

Changes in manuscript:

Line 53-55:

“Aerosol particles provide surfaces for atmospheric heterogeneous reactions to occur and act
as the sink for these reactions (Sullivan et al., 2007b;Gard et al., 1998;Qiu and Zhang, 2013),
which are of significance to air quality, visibility and human health. ”

2. While the coupling of techniques was discussed, the authors need to add discussion of
growth factors observed in ambient environments and what has been learned about how
composition drives hygroscopicity in tandem experiments.

Response:

As suggested, some discussions on the growth factors had been added, together with the
previous findings in these studies.

Changes in manuscript:

Line 79-83:

“The HTDMA measurements suggest that several hygroscopicity modes exist simultaneously,
probably due to the external mixing of atmospheric particles. HTDMA hygroscopicity were
generally fell into four categories: nearly hydrophobic (NH), less-hygroscopic (LH), more-
hygroscopic (MH), and sea-salt mode, with their center GFs (90% RH) lie in 1.0-1.11, 1.11-
1.33, >1.33 and >1.8 ranges, respectively (Swietlicki et al., 2008).”

Line 96-102:

“Herich et al. firstly applied the tandem HTDMA-ATOFMS system to characterize particle
composition of different hygroscopicity (Herich et al., 2008;Herich et al., 2009). A large portion
of the less hygroscopic modes were found to be contributed by organics and combustion
species both in the urban and remote site, while the sulfates and nitrates were present in
almost all particles independent of hygroscopicity. Similar findings were also observed in our
preliminary characterization using HTDMA-ATOFMS in Shanghai city (Wang et al., 2014),
except higher nitrate and sulfate intensities were found in hygroscopic particles in our study.”

Methods:

1. The data analysis methods for the ATOFMS measurements are missing yet are a critical
component of this work. What clustering method was used? Art2a? What vigilance factor,
learning rate, and number of iterations were used? How were particle types assigned?
Response:

We agree that the description of ATOFMS data analyzing method is necessary. We have added
this missing information in manuscript as follows.

Changes in manuscript:

Line 139-146:

“The ATOFMS data was analyzed within the YAADA toolkit (http://www.yaada.org/). Particles
with similar composition were grouped into clusters by an adaptive resonance algorithm (ART-
2a) (Song et al., 1999). The ART-2a algorithm parameters were set to: vigilance factor = 0.85,


http://www.yaada.org/

learning rate = 0.05 and number of iterations = 20. The clusters generated by the algorithm
were regrouped into major types by considering their similar composition and hygroscopicity
patterns. The obtained particle types were labelled by consulting previous single particle
characterization studies (Spencer et al., 2006,Silva et al., 1999;Sullivan et al., 2007a;Gaston et
al., 2011;Qin et al., 2012). ”

2. What size range did the ATOFMS hit particles? Usually 250 nm is on the lower end of what
the instrument can see for certain inlet configurations, what is the detection efficiency of
the ATOFMS at this lower size?

Response:

According to instrument manual, the TSI ATOFMS-3800 can analyzes particles in 0.1-3 um
range (the AFL model is 3800-100). Ambient studies in Shanghai verified that most of the
ATOFMS particles lie in this size range. Considering that the 250 nm is on the lower end of
detection range, we expected the ATOFMS detection efficiency has decreased compared with
larger particles. In HTDMA-ATOFMS experiment we selected 250 nm dry particles because the
concentrations of larger particles were found to decrease further in the SMPS size
distributions. We calculated ATOFMS detection efficiency at 250 nm by referring to the CPC
concentration which was measured parallel to ATOFMS. Considering the different flowrates
of CPC and ATOFMS, the ATOFMS and CPC data suggest that ATOFMS have detection
efficiency of 1.6x107? in this experiment. The ATOFMS detection efficiency is also subjected
to variation with GF as shown in Figure S2. In revised manuscript we added this part of
information.

Changes in manuscript:

Line 172-181

“The ATOFMS used in this study detects particles in 100-3000 nm diameter range. The 250 nm
dry diameter is near the lower end of ATOFMS detection range, therefore the detection
efficiency at this size is expected to be lowered compared with larger particles. This study
selected 250 nm particles because the concentrations of larger particles decreases further, as
indicated by the SMPS size distributions. Therefore, the selection of Dgr, = 250nm is a
compromise between detection probability and particle concentrations (Wang et al., 2014;
Herich et al., 2008). With the measured ATOFMS particle numbers and CPC concentrations, the
detection efficiency of ATOFMS were calculated to be ~1.6 x107? at the dry size. In Figure S2 we
presented ATOFMS detection efficiencies together with the particle hit rate (hit particles/total
sized particles) at different growth factors.”

3. What were the hit rates for the different growth factors? This will be important for
assessing how representative the observed particles are of each growth factor.

Response:

ATOFMS hit rates for different growth factors is presented in Figure S2. Higher hit rates for
particles of low hygroscopicity range (GF <1.3) were observed than more hygroscopic particles
(GF >1.4). This variation of hit rate is probably caused by the different particle compositions
at different growth factors. In previous ATOFMS study it was verified that the coating of
secondary species on particles can reduce the ionization efficiencies and lower the hit rate
(Hatch et al., 2014). This is consistent with the HTDMA-ATOFMS observation that more



hygroscopic particles tend to produce stronger secondary peaks. We added this information
in revised manuscript.
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Figure S2. ATOFMS particle detection efficiency and hit rates at different growth factors.
Changes in manuscript:
Line 180-184:
“In Figure S2 we presented ATOFMS detection efficiencies together with the particle hit rate
(hit particles/total sized particles) at different growth factors. Generally, the detection
efficiencies suggested variations at different GFs. We found higher detection efficiencies in
moderate GF range (1.2-1.4) and higher hit rates in GF<1.3 range, which is probably caused by
variations of compositions with GF (Hatch et al., 2014).”

4. Lines 166-167; Lines 191-194: the authors mentioning assigning a GF for ambient particles
that match particles observed during HTDMA-ATOFMS spectra. What was the criteria for
matching particles and assessing their similarity? Was a threshold dot product used to
assess similarity as was done for prior ATOFMS studies (e.g., [Pratt and Prather, 2009]).
Response:

We matched the HTDMA-ATOFMS particles with ambient particles by the criteria of mass
spectral similarity. The similarity was calculated in the same way as that in ART-2a algorithm,
that is, the dot products between the normalized mass spectra. In this preliminary study, we
set a threshold dot product in matching particles. The similarities of the matched particles
were recorded by the algorithm during calculation. The distribution of similarities suggests
that the majority of particles (79.4%) have matching dot products in >0.8 (average dot product
0.86). We note that the 0.5 power treatment to peak intensities was applied before the
calculation of similarity. To certain extend this exponentiation of peak intensities lowered the
dot products between ATOFMS and HTDMA-ATOFMS mass spectra (96% of matching dot
products >0.8, average dot product 0.94), because peaks of smaller intensities increased their
weights in the evaluation of similarity. The figure S4 shows the distribution of the matching
similarities. We have added the missing information in manuscript.
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Figure S4. The distribution of matching similarities in the estimation of hygroscopicity.
Changes in manuscript:
Line 199-202:
“In this study we set a threshold similarity (0.7 dot product) in matching particles, as was
required in ART-2a algorithm (Song et al., 1999). Ambient particles with matching dot products
<0.7 were excluded from analysis of the estimated GF. The similarity data suggests that 96.2%
of the matching similarities are > 0.7 and 79% of them are >0.8 (Figure 54).”

5. Lines 171-174: | have not heard of treating ATOFMS data this way. It is well-known that
the instrument is sensitive to ionization potential energies ([Gross et al., 2000]) and usually
relative intensities are used to work with such spectra. The authors’ method of arbitrarily
reducing the intensity of metals so that organics are relatively enhanced requires significant
justification.

Response:

We took 0.5 power of mass peak intensities in the estimation of GF. This treatment was
applied to both the HTDMA-ATOFMS and ambient particle data before the evaluation of
particle similarity. As noted by the referee, ATOFMS mass peak intensities are affected not
only by composition abundance in particles, but also by their ionization efficiencies in ATOFMS.
The ATOFMS is known to be sensitive to metallic compositions than organics, resulting
disproportionate large peaks of metals to reflect their actual concentrations in particles. We
suppose the 0.5 power treatment of mass peak areas can partly solve the bias of ATOFMS
toward different compositions, since this treatment reduce larger peaks more rapidly than
smaller peaks. Similar treatment (take the logarithm of peak areas) of ATOFMS data was
proposed in prior literature (Rehbein et al., 2012). In ATOFMS data analysis the peak relative
intensities were also used. Relative intensities are the normalized intensities by the total peak
area in spectrum. However, the normalization only removes the amplitude of mass spectra
but the overall shape of the spectra is not changed.

The application of 0.5 power treatment is not just based on speculation. We find it gave better
results in the estimated hygroscopicity. We carried two rounds of GF estimations in which the
pretreatment was either included or not. In figure S3 the two distributions of estimated GF
using 0.5 power treatment or not are compared. As shown in figure, the hygroscopicity
distribution without treatment shown abnormal shape with an extra mode of GF=1.35, which
was inconsistent with HTDMA observations in this area. As a comparison, we applied the 0.5



power treatment to peak intensities and the obtained hygroscopicity were distributed
regularly with smoother shapes, which agrees well with the HTDMA data of ambient particles.
We note that in the two estimations the dataset and algorithm are identical with the only
difference of pretreatment. This fact suggests that the 0.5 power treatment could indeed be
used to improve hygroscopicity estimation.

To reply to the referee’s concern, we have added relevant information in manuscript.
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Figure S3. The estimated particle hygroscopicity distribution with (left) and without (right)
taking 0.5 power of peak intensities.

Changes in manuscript:

Line 194-196:

“The 0.5 power treatment to peaks intensities was applied because it offered better results in
the estimation of hygroscopicity, as discussed in the supplemental information.”

6. The authors used candidate particle types to explain hygroscopicity, but did they ever
simply compare sulfate and nitrate peak areas to the growth factor data to see if those
soluble compounds could explain their results better than different particle types?
Response:

We have considered the referee’s suggestions carefully and have added relevant discussions
in revisions.

Changes in manuscript:

Line 344-390:

“3.1.2 Peak intensity variations with GF

Apart from particle number distributions, the HTDMA-ATOFMS dataset provided another
aspect of information regarding peak intensities with GF. In this study we used relative peak
intensities (peak areas normalized by the total areas in spectrum) to study its relations to GF.
Generally, the responses of peak intensity to GF variation were found nonlinear since they were
correlated within specific GF ranges but a simple trend applicable to all GF was not observed.
To demonstrate this character, we presented the statistics of peak intensity of nitrate (-46NO;,
-62N0s, -125H(NOs);) and sulfate (-80S0s, -97HSO4) which were known to be critical to particle
hygroscopicity (Figure 4). As previously observed (Herich et al., 2009;Herich et al., 2008;Wang
et al., 2014), the nitrate and sulfate peaks were present in the majority of particles in all GF
bins. However, peak intensities of nitrate and sulfate were indeed stronger in hygroscopic
particles than hydrophobic particles. In Figure 4 we observed positive correlation between



nitrate and sulfate intensities and GF in GF <1.2 range, suggesting contribution of nitrate and
sulfate to particle hygroscopicity in low GF range (Figure 4). However, in higher GF range (GF
1.3-1.5), nitrate and sulfate peaks seem to reached a plateau with unclear dependence on GF.

Nitrate and sulfate were known to contribute large fractions of particle mass in MH particles

(Swietlicki et al., 2008;Laborde et al., 2013;Liu et al., 2014). The unclear trend of nitrate and
sulfate with GF seem to suggest that nitrate and sulfate were in stable ratios since nitrate and
sulfate peaks were dominating peak areas in negative spectra. For particles of even higher GF,

differences were observed between GF 1.3-1.5 and GF 1.5-1.7 range in that stronger nitrate

and weaker sulfate peaks were detected in the GF 1.3-1.5 range. Particles classification

suggests that this general characteristic is also at variance for different particle types. The

same statistics for EC and Dust/ash particles were presented in Figure 4. Compared with EC
particles, smaller sulfate and stronger nitrate peaks were found in Dust/ash spectra, and the
observed trend in total particles were less obvious in Dust/ash. These facts highlight the

nonlinearity between peak intensities and GF and that particle types should also be considered
in describing peak intensities.

The analysis of peak intensities with GF can disclose some atmospheric processes happened
on aerosol. We take the Sea salt as an illustration. Sea salt particles were known to react with

atmospheric nitric acid, with NaCl in fresh sea salt be transformed into NaNOs in the reacted
sea salt (Gard et al., 1998). This composition transformation is indicated in corresponding

changes of NaCl and NaNO3 peak intensities in particle spectra. The unreacted sea salt
particles tend to produce larger peaks of Na,ClI* and NaCly in spectra (Gaston et al.,

2011;Prather et al., 2013). In particle spectra of reacted sea salt, the NaCl peaks (NaxCl+, NaCl,-)
decrease while NaNO3 peaks (Na,NOs*, Na(NOs),) increase. We presented peak intensities of
sea salt in GF 1.5-1.7 range where sea salt particles were detected with largest numbers

(Figure 5). We found that the positive correlation between NaCl peak intensity and GF, and the
negative correlation for NaNOs peaks. Therefore, the HTDMA-ATOFMS data supported that
reacted sea salt have reduced hygroscopicity (Herich et al., 2009;Gaston et al., 2018).

Laboratory HTDMA study suggested that NaCl and NaNO3 have deliquesced at 85% RH and
that the NaNOs (GF ~1.8) is less hygroscopic than NaCl (GF ~2.2) (Hu et al., 2010). The reduced
hygroscopicity of sea salt is in line with the GF of sodium salts. However, the sea salt
hygroscopicity (GF 1.5-1.7) was smaller than pure NaNOs salt (supposing fully reacted),

suggested that the chemical transformation alone is not sufficient to account for the observed
hygroscopicity of sea salt. We hypothesize that other compositions as organics were mixed
into sea salt and contributed to the reduction of sea salt hygroscopicity (Gaston et al.,

2011;Randles et al., 2004;Facchini et al., 2008;Herich et al., 2009). ”

Results:

1. The particle statistics mentioned in Section 3.1.1 are really hard to follow and put into
context. | suggest just keeping this section focused on particle types, then moving Section
3.2.1 up and providing better statistics for the particle types that contributed to each growth
factor including a description of the percentage of each particle type observed for each
growth factor and what the hit rates were on the ATOFMS for each growth factor.
Response:

We accepted the referee’s suggestions and have made corresponding rearrangements of text



in manuscript. The changes include removing the statistics on particle contribution of HTDMA-
ATOFMS particles and adding new statistics on particle contributions in hygroscopicity modes
based on ATOFMS particles. Since the GF were estimated only for hit particles, we cannot
derive the hit rates at different GF for ATOFMS particles. As an alternative, we provided the
hit rates information with GF based on the HTDMA-ATOFMS data in Figure S2.

Changes in manuscript:

Line 463-481:

“In Table 2 we made the statistics on average number contributions of particle types to the
NH, LH, MH and SS mode. The presented statistics were based on the temporal contributions
of each particle types in daily resolution. It is noted that particle number contributions
presented in Table 2 may be different from HTDMA-ATOFMS dataset (Figure 2). For example,
the Cooking particles contributions to NH mode was significantly lower in the ATOFMS dataset
(3%) than HTDMA-ATOFMS dataset (19%). This result is understandable because particle
concentrations are variant with particle size and HTDMA-ATOFMS only analyzed a narrow size
bin from the total particle size distribution. For each hygroscopicity mode, there were multiple
particle types contributing significant number fractions, suggesting that even within the same
hygroscopicity mode there were still some heterogeneity in particle composition. Particles in
the same hygroscopicity mode may share some common features in compositions but their
differences are distinguishable in single particle data. In another respect, the contributions of
each type also suggest the existence of a predominant type that accounts for major fractions
in respective modes compared with other types, such as Aged EC in MH mode, Ammonium/OC
in LH mode. The comparison between Table 2 and Figure 2 suggests that, although their
absolute contributions may be different, the hygroscopicity patterns of particle types in the
two datasets are in good agreement. Based on this fact, we concluded that the composition-
hygroscopicity connections contained in HTDMA-ATOFMS dataset was successfully reflected
into the predicted GF.”

2. Line 207: add the following references for ATOFMS detection of biomass burning aerosol:
[Pratt et al., 2010; Zauscher et al., 2013].

Response:

This suggestion is accepted.

Changes in manuscript:

Line 241-243:

“The Biomass particles produced characteristic peaks of -26(CN), -42(CNO), -59(C.H50,), -
73(CsHs0;) and dominant peak at 39K and related peaks at 113(K,Cl) or 213(K350.) (Silva et
al., 1999;Zauscher et al., 2013;Pratt and Prather, 2009).

3. Lines 214-215 describing EC particles require a reference to prior work [Ault et al., 2010;
Spencer et al., 2006; Toner et al., 2008].

Response:

This suggestion is accepted.

Changes in manuscript:

Line 250-251:

“The EC particles were detected by a series of elemental carbon peaks at C, (n=1, 2, 3 ...) in the



negative and positive spectra (Ault et al., 2010;Spencer et al., 2006, Toner et al., 2008).”

4. Line 217: define NH and MH.

Response:

The NH and MH were defined in the text.

Changes in manuscript:

Line 251-253:

“EC particles distributed broadly from nearly-hydrophobic (NH) mode to more-hygroscopic
(MH) mode.”

5. Lines 223-225: | suggest adding Figure S2 to the main text.

Response:

The peak intensity trends in Figure S2 was presented only for EC particles. To embody the
referee’s opinion, we transmitted the information in Figure S2 to a new figure to show the
peak intensities of EC, Dust/ash and all particles, as seen in Figure 4 in the main text.
Changes in manuscript:

Line 903-906:

All particles EC Dust/Ash
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Figure 4. Statistics of nitrate and sulfate peak intensities (minimum, 25" percentile, median,
75% percentile, maximum) with GF in HTDMA-ATOFMS experiment. The intensity statistics
were calculated for All particles, EC particles and Dust/Ash particles separately.”

6. Lines 226-227: please add [Ault et al., 2011; Gaston et al., 2017; Sullivan et al., 2007].
Response:

This suggestion is accepted.

Changes in manuscript:

Line 264-265:

“Dust/ash type particles produced inorganic peaks of salts and metals (Gaston et al., 2017;Ault



et al., 2011;Sullivan et al., 2007a).”

7. | suggest also adding Figure S3 to the main text.

Response:

We have moved Figure S3 to the main text with relevant discussions.
Changes in manuscript:

Line 900-901:
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Figure 3. Average mass spectra and hygroscopicity distribution of Al-Si particles. ”

8. Lines 255-257: there are other ATOFMS studies showing ammonium/OC particles
associated with agricultural emissions [Qin et al., 2012]. The authors should also consider
that source for their observations.

Response:

We followed the suggestions of the reviewer and made following changes.

Changes in manuscript:

Line 305-312:

“Prior ATOFMS study attribute similar Ammonium/OC particles to agricultural sources and
found they were enriched in higher photochemical oxidation periods (Qin et al., 2012). The
secondary nature of Ammonium/OC is also consistent with the pronounced ammonium peak.
It is likely that the organics in Ammonium/OC particles are also generated from secondary
processes since the GF 1.2 approximate to the hygroscopicity of SOA (GF=1.24 at 90% RH)
(Gysel et al., 2007;Sjogren et al., 2008). We inferred that ammonium was not contributing
major fractions to Ammonium/OC particles, since ammonium salts was very hydrophilic while
Ammonium/OC demonstrate only moderate hygroscopicity.”

9. Lines 260-261: aging does not always translate to high hygroscopicity.

Response:

We admit that original statement is not accurate, because aging does not necessarily promote
hygroscopicity of all particles. We have revised it accordingly.

Changes in manuscript:

Line 310-312:

“‘We inferred that ammonium was not contributing major fractions to Ammonium/OC particles,



since ammonium salts was very hydrophilic while Ammonium/OC demonstrate only moderate
hygroscopicity.

10. Line 275: please also cite [Pratt and Prather, 2009]

Response:

This suggestion is accepted.

Changes in manuscript:

Line 323-324:

“This phenomenon was also observed for other organic particles (Shi et al., 2012;Pratt and
Prather, 2009).”

11. Line 282-283: please site [Gaston et al., 2011]

Response:

This suggestion is accepted.

Changes in manuscript:

Line 332-333:

‘Sea salt mass spectra contain dominant sodium peak +23Na and other sodium cluster peaks
at +62Na;0, +63Na,0H, +81Na,Cl (Gaston et al., 2017).”

12. The authors mention that only a few sea salt particles were observed, yet this was the
only particle type where a thorough investigation linking the particle composition to the GF
was performed. Why was this type of analysis or discussion not included for other particle
types?

Response:

We analyzed sea salt particles in more detail mainly because they constitute a separated mode
without interferences from other types and clearer trends was observed in sea salt. However,
this treatment seems insufficient by neglecting other particles. To embody the referee’s
concern, in the revision we also include analysis of particles for Ammonium/OC particles in LH
mode. In discussions of peak intensities, we also included discussions on Dust/ash and EC
particles which made major contributions to MH mode.

Changes in manuscript:

Line 561-583:

“The nonlinearity of peak intensities with GF was also suggested by the different particle types
presented in ATOFMS data. As shown in the lower panels in Figure 11, the distribution of
ATOFMS individual particles showed enrichment in different areas in the GF-peak intensity
diagram, suggesting the presence of particle groups of different compositions. To illustrate
this character, we selected two areas with clear particle enrichments in GF-peak intensity
diagram and their particle composition were analyzed (denoted as A and B in lower left panel
in Figure 11). Obviously, particles in area A produced much larger nitrate signals than particles
in area B. Particle numbers in the two areas suggested that Dust/ash dominated particles in
area A (59%) while in area B the Dust/ash only accounted for 14% of particles (Figure S10). As
a contrast, particles in area B were dominated by Aged EC type (53%) followed by 25%
Dust/ash. Table 2 suggests that Aged EC and Dust/ash are the major types presented in the
same MH mode. However, peak intensity responses to GF were indeed different for different



particle types, suggesting the importance of particle types in describing peak intensities.

The particle distribution with sulfate intensities showed similar enrichment patterns to nitrate
(lower right panel in Figure 11). Sulfate peak intensities were found to correlated with
hygroscopicity in GF <1.2 range but in MH range no correlated with GF was observed. We note
that except the larger peaks of nitrate and sulfate, some smaller peaks were also found to
correlated with GF within specific particle type. We correlated peak intensities of Na,ClI* and
NO3- with the estimated GF of sea salt particles (Figure S9). The Na,CI* peaks were positively
correlated with GF while the nitrate peaks were negatively correlated with GF. The observed
correlation in sea salt particles are consistent with discussed trends in the HTDMA-ATOFMS
dataset. These results demonstrate that the GF estimation method have effectively reflected
the minor changes in particle mass spectra into the estimated hygroscopicity.”

13. Lines 301-302: please cite [Gaston et al., 2011; Prather et al., 2013]

Response:

This suggestion is accepted.

Changes in manuscript:

Line 375-377:

“The unreacted sea salt particles tend to produce larger peaks of Na,ClI* and NaCl, in spectra
(Gaston et al., 2011;Prather et al., 2013).”

14. Lines 306-307: please cite [Gaston et al., 2018] who found a similar result using ATOFMS
data.

Response:

This suggestion is accepted.

Changes in manuscript:

Line 381-382:

“Therefore, the HTDMA-ATOFMS data supported that reacted sea salt have reduced
hygroscopicity (Herich et al., 2009;Gaston et al., 2018).”

15. | had a hard time following lines 305-310, the authors need to clarify whether aged
sodium nitrate contributed to the lower GF or whether other factors were responsible.
Response:

The hygroscopicity of sea salt particles was not clearly presented originally. According to
HTDMA GF characterization of pure salts, the salt NaNOs (GF ~1.8) is less hygroscopic than
NaCl (GF ~2.2) at 85% RH (Dgry, 250nm) (Hu et al., 2010). The transformation of NaClinto NaNOs
could reduce particle hygroscopicity, but the transformation alone could not account for the
observed hygroscopicity since the observed GF of sea salt (1.5-1.7) were lower than pure
NaNOs (supposing fully transformed). Therefore, we hypothesized that other factors including
organics were contributing to the further reduction of sea salt hygroscopicity.

Changes in manuscript:

Line 371-390:

“The analysis of peak intensities with GF can disclose some atmospheric processes happened
on aerosol. We take the Sea salt as an illustration. Sea salt particles were known to react with
atmospheric nitric acid, with NaCl in fresh sea salt be transformed into NaNOs in the reacted



sea salt (Gard et al., 1998). This composition transformation is indicated in corresponding
changes of NaCl and NaNO3 peak intensities in particle spectra. The unreacted sea salt
particles tend to produce larger peaks of Na,Cl* and NaCly in spectra (Gaston et al.,
2011;Prather et al., 2013). In particle spectra of reacted sea salt, the NaCl peaks (Na,Cl*, NaCl;)
decrease while NaNO3 peaks (Na;NOs*, Na(NOs);') increase. We presented peak intensities of
sea salt in GF 1.5-1.7 range where sea salt particles were detected with largest numbers
(Figure 5). We found that the positive correlation between NaCl peak intensity and GF, and the
negative correlation for NaNO3 peaks. Therefore, the HTDMA-ATOFMS data supported that
reacted sea salt have reduced hygroscopicity (Herich et al., 2009;Gaston et al., 2018).
Laboratory HTDMA study suggested that NaCl and NaNOs have deliquesced at 85% RH and
that the NaNOs (GF ~1.8) is less hygroscopic than NaCl (GF ~2.2) (Hu et al., 2010). The reduced
hygroscopicity of sea salt is in line with the GF of sodium salts. However, the sea salt
hygroscopicity (GF 1.5-1.7) was smaller than pure NaNOs salt (supposing fully reacted),
suggested that the chemical transformation alone is not sufficient to account for the observed
hygroscopicity of sea salt. We hypothesize that other compositions as organics were mixed
into sea salt and contributed to the reduction of sea salt hygroscopicity (Gaston et al.,
2011;Randles et al., 2004;Facchini et al., 2008). ”

16. Section 3.1.2 seems out of place. While it is an interesting finding that the effective
density showed a trend with the GF, the authors need to explain this finding a bit more.
Response:

In the original manuscript the effective density was included for the purpose of a complete
presenting of the measured data, since aerodynamic diameters were measured by ATOFMS.
The discussions of effective density seem out of place in view of the main objective of this
study is to connect hygroscopicity to composition. We accept the referee’s opinion since the
hygroscopicity are depending on particle composition, rather than particle density. The
presented data only suggested a statistical positive correlation between effective density and
GF, but a meaningful explanation of this correlation need further information including
particle physical shapes, which also affect pefr. On the other hand, effective densities were not
well incorporated into the discussions on estimated hygroscopicity. Therefore, in revised
manuscript we decided to concentrate on particle composition and the effective density were
not discussed.

Changes in manuscript:

The discussions were removed.

17. Section 3.2.1 needs some statistics to show that the authors can predict the GF from the
spectra alone.

Response:

We accepted the referee’s suggestion to include some particle statistics to the ambient
particles. In Table 2 we have presented such information on the contributions of particle types
to different hygroscopicity modes. The calculate contributions were based on ATOFMS
numbers of ambient particles and offer better statistics than HTDMA-ATOFMS particles. The
relevant information on HTDMA-ATOFMS particle contributions in original version were
removed.



Changes in manuscript:

Line 887-890:

“Table 2. Statistics on particle number contributions of ATOFMS particle types to different GF
modes. The statistics are the average contributions and variation ranges (in brackets) based
on temporal data in daily resolution.

Contribution (%) NH tH MH 59

(GF <1.1) (GF1.1-1.3) | (GF1.3-1.5) | (GF>1.5)
Fresh EC 14(7-17) 2 (1-4) 0(0-3) 0 (0-1)
Cooking 3(0-7) 1(0-3) 0 (0-0) 0 (0-0)
Biomass 18 (7-35) 9(2-17) 0(0-1) 0 (0-0)
HMOC 40 (30-68) 8 (2-15) 0(0-1) 0 (0-0)
Ammonium/0OC 11(3-21) 32 (20-45) 2 (1-5) 0 (0-0)
Aged EC 2 (1-5) 12 (5-20) 47 (15-72) 13(1-42)
Dust/ash 3(1-6) 13(9-22) 27 (13-53) 26 (4-44)
Amine-rich 3(1-5) 12 (2-41) 13 (4-39) 11(1-44)
Sea salt 0(0-1) 0(0-1) 1(0-4) 40 (7-78)

”

18. Lines 441-442: this suggests that the authors should try comparing their GF data to peak
area intensities of sulfate and nitrate.

Response:

We have added discussions on the correlations between peak intensity and estimated GF of
ambient particles.

Changes in manuscript:

Line 548-583:

“3.3.3 Peak intensity variations with estimated GF

Particle hygroscopicity and peak intensities in particle mass spectra were correlated to show
their connections. The correlation was illustrated similarly to the analysis of the HTDMA-
ATOFMS dataset, as shown in Figure 11. In addition to the statistics on peak intensities of
different GF, the number distributions ATOFMS particles with GF and peak intensities were
presented for nitrate (-46NO,, -62N0Os, -125H(NOs);) and sulfate peaks (-97HSQO,, -80S0s) in
the lower panels in Figure 11. The general trends of peak intensities with GF in HTDMA-
ATOFMS dataset was preserved in estimated GF of ambient particles. The trends of nitrate and
sulfate peak intensities showed increases from NH to LH range and remained constant in the
MH mode. Similar to HTDMA-ATOFMS particles, stronger nitrate peaks were detected in SS
particles compared with the MH particles, while an opposite trend was observed for sulfate
intensities. These results highlight the nonlinearity between GF and peak intensities of ATOFMS
particles.

The nonlinearity of peak intensities with GF was also suggested by the different particle types
presented in ATOFMS data. As shown in the lower panels in Figure 11, the distribution of
ATOFMS individual particles showed enrichment in different areas in the GF-peak intensity
diagram, suggesting the presence of particle groups of different compositions. To illustrate
this character, we selected two areas with clear particle enrichments in GF-peak intensity
diagram and their particle composition were analyzed (denoted as A and B in lower left panel
in Figure 11). Obviously, particles in area A produced much stronger nitrate signals than



particles in area B. Particle numbers in the two areas suggested that Dust/ash dominated
particles in area A (59%) while in area B the Dust/ash only accounted for 14% of particles
(Figure S10). As a contrast, particles in area B were dominated by Aged EC type (53%) followed
by 25% Dust/ash. Table 2 suggests that Aged EC and Dust/ash are the major types presented
in the same MH mode. However, peak intensity responses to GF were indeed different for
different particle types, suggesting the importance of particle types in describing peak
intensities.

The particle distribution with sulfate intensities showed similar enrichment patterns to nitrate
(lower right panel in Figure 11). Sulfate peak intensities were found to correlated with
hygroscopicity in GF <1.2 range but in MH range no correlated with GF was observed. We note
that except the larger peaks of nitrate and sulfate, some smaller peaks were also found to
correlated with GF within specific particle type. We correlated peak intensities of Na,ClI* and
NOs with the estimated GF of sea salt particles (Figure S9). The Na,Cl* peaks were positively
correlated with GF while the nitrate peaks were negatively correlated with GF. The observed
correlation in sea salt particles are consistent with discussed trends in the HTDMA-ATOFMS
dataset. These results demonstrate that the GF estimation method have effectively reflected
the minor changes in particle mass spectra into the estimated hygroscopicity.”
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ABSTRACT .

Hygroscopicity plays a-crucial releroles in determining aerosol optical properties and aging
processes in the atmosphere. We investigated submicron aerosol hygroscopicity and
composition by connecting an aerosol time-of-flight mass spectrometer (ATOFMS) to—the
dewnstream-ofin series to a hygroscopic tandem differential mobility analyzer (HTDMA), to
simultaneously——characterize hygreseopieitieshygroscopicity and chemieal
eempesitionscomposition of ambient aerosols in Shanghai, China. MajerThe HTDMA-

ATOFMS data suggested that particle types, including biomass burning, EC, Dust/Ash,

organics particles, cooking particles and sea salt, were shown to have distinct hygroscopicity

distributions.

havehighereffective—densities-Peak intensities in particle spectra were found nonlinearly

correlated with hygroscopicity and the correlations were variant with particle types. Based on

the measured hygroscopicity-composition relations, we developed a statistical method to
estimate ambient particle hygroscopicity just from their mass spectra. FhisThe method was
applied to another ambient ATOFMS dataset sampled fremduring September 12™ to 28, 2012

in Shanghai;and-itisfeund. The estimated hygroscopicity suggested that ambient particles

were present in three majorapparent hygroscopicity modes, whose growth factors at-relative
humidity-85%-peaked at 1.05, 1.42 and 1.60; (85% RH), respectively. The temperal-variations

of—the—estimated  particle—hyuroseopicie Gl were  eonsistent—with—the—baek—trajectory
analbysisdivided into four bins as <1.1, 1.1-1.3, 1.3-1.5 and >1.5 to represent the nearly-

hydrophobic (NH), less-hygroscopic (LH), more-hygroscopic (MH) and atmespherie-visibitity
observations—Thesesea salt (SS) mode. Number contributions of particle types to
hygroscopicity estimation-modes showed consistent results with single-particle-massspeetra
analysis—ean—provide—eritiealthe HTDAM-ATOFMS experiment. Based on the combined

information on partienlate—water—eentent;particle composition, hygroscopicity, airmass back

trajectories and ambient pollutants concentrations, we inferred that the NH, LH, MH, SS modes

were characterized by POA/EC, SOA, SIA and salts compositions, respectively. The proposed

method would provide additional information to the study of particle mixing states, source

appertionment-and-aging proeessesidentification and visibility degradation.
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1. INTRODUCTION - [ Formatted: Line spacing: 1.5 lines

20+6:Herich—et—al—204H:-Atmospheric particles have critical impacts on climate and the

environment. They affect climate by directly interacting with sunlight and changing the energy

balance of earth’s atmosphere (Facchini et al., 1999:.L.ohmann and Feichter, 2005). Aerosol
particles also act as cloud condensation nuclei or ice nuclei and impact cloud formation

(Lohmann and Feichter, 2005). Aerosol particles provide surfaces for heterogeneous reactions

to occur and act as the sink for many atmospheric reactions (Gard et al., 1998:Qiu and Zhang,

2013), which are of significance to air quality, visibility and human health. The climate-relevant
and other properties of aerosols are largely determined by their hygroscopicity. In atmospheric

conditions the hygroscopic growth transform particles into micro droplets and their optical

effects are altered importantly (Cheng et al., 2008:Qu et al., 2015), which further impacts

particle aging processes and visibility degradation (Qu et al., 2015:Liu et al., 2012:Qiu and
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Zhang, 2013:Chen et al., 2012).

Atmospheric particles are a mixture of a complicated variety of chemical compounds. The bulk+—— [ Formatted: Line spacing: 1.5 lines

chemical composition of particulate matter (PM) usually refers to its dry composition. However,

in ambient eenditienconditions the particulate water is also an important constitution of PM
which has not been accounted for in conventional gravitational analysis. The mass of particulate
water may be tmes—highermuch larger than the total mass of dried PM at elevated RHs
Swietheki-etal—2008)(Swietlicki et al., 2008). The factors that affect water contents in

particles include the particle hygroscopicity, the particle size distributions and ambient RH.
PartieleThe hygroscopicity parameter determines the particle’s ability to hyereseepie-growth:

H—direelty_in their sizes in humidity environment, which is directly relates to particle

composition and size. To accurately predict particulate water content, a detailed knowledge on
beth-efparticle hygroscopicity and composition is needed (Gyseletal2007Sjosren—etals

2008:Laberde-et-al2043:Healyet-al52044)-(Gysel et al., 2007;Sjogren et al., 2008;Laborde
etal., 2013:Healy et al., 2014).
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Only-afewpreviens-Aerosol hygroscopicity can be quantitatively measured by techniques such

as the Hygroscopic Tandem Differential Mobility Analyzer (HTDMA) (Swietlicki et al., 2008).

Previous studies measured aerosol hygroscopicity and chemical composition simultaneously

by deploying HTDMA and chemical composition measurements in parallel (Gysel et al.,

2007:Sjogren et al., 2008:Laborde et al., 2013). The measured hygroscopicity was compared

with the reconstructed values using the mixing rules of variant compositions (Gysel et al., 2007).

The hygroscopicity reconstructed in this way is representing the averaged hygroscopicity of

ensembled particles and therefore could not reflect the mixing states of particles (Healy et al.

2014). However, the HTDMA measurements suggested that several hygroscopicity modes exist

simultaneously, which evidenced the external mixing state of atmospheric particles. HTDMA

hygroscopicity modes were generally fell into four categories: nearly hydrophobic (NH), less-

hygroscopic (LH), more-hygroscopic (MH), and sea-salt mode, with their center GFs (90% RH)

lie in 1.0-1.11, 1.11-1.33, >1.33 and >1.8 ranges, respectively (Swietlicki et al., 2008). To

investigate the chemical nature of these hygroscopicity modes, it is better to connect HTDMA

and composition measurement techniques in tandem, since more direct connection between

hygroscopicity and composition could be established in this way (Buzorius et al.,

2002:Zelenyuk et al., 2008:Herich et al., 2008:Laborde et al., 2013). For composition
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measurement techniques, single particle mass spectrometers are preferred since they are

sensitive to analyze particles of low concentrations in the HTDMA outflow (Herich et al.

2008:Herich et al., 2009), and that the particle mixing state information is preserved during

analysis (Healy et al., 2014).

Only a few studies have reported simultaneous characterization of hygroscopicity and<
composition using the tandem method

2002 Zelenyuket-al5 2008 Zelenyuketal{Zelenyket-al52008)(Herich et al., 2008;Herich
et al., 2009:Buzorius et al., 2002:Zelenyuk et al., 2008). Zelenyuk et al. connected HFPMA

and-a single particle mass spectrometer SPLAT in-serieswith HTDMA to perform—multiple

measurementdemonstrate the capability of this system to derive quantitative information on

aerosol eempesition;-hygroscopicity-, composition, and effective density—Herich-et-al—have

(Zelenyuk et al., 2008). Herich et al. firstly applied the tandem HTDMA-ATOFMS system to

2008)—and-then—in—a—subaretiecharacterize particle composition of different hygroscopicity

(Herich et al., 2008:Herich et al., 2009). A large portion of the less hygroscopic modes were

found to be contributed by organics and combustion species both in the urban and remote site

Herich-et-al52009)ta—=a, while the sulfates and nitrates were present in almost all particles

independent of hygroscopicity. Similar findings were also observed in our preliminary stady;
we-apphiedcharacterization using HTDMA-ATOFMS te-characterize-chemical-compositions-of

Shanghai city (Wang et al., 2014), except higher nitrate and sulfate intensities were found in

hygroscopic particles in our study. However, the preliminary dataset iswas not sufficiently large

hesince only

a few GF were characterized in that study (GF 1.05-1.1, 1.3, 1.4 and 1.5 at 85% RH). The

primary objective of the present study is to establish thereugh-more complete connections

between hygroscopicity and single particle signatures, which could be further utilized to predict

hygroscopicity of ambient particles. Here—weWe conducted a comprehensive

HFMBAHTDMA-ATOFMS eharaeterization-experiment with the particle GF varied in a more

complete GF-range (G£-0.9~1.7, 85% RH), which aeeeuntsaccounted for athe main number

8
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fraction of atmospheric particles in urban atmosphere

2043y Moereoverwe(Liu et al., 2014:Liu et al., 2011:Ye et al., 2013) . Based on the HTDMA-

ATOFMS data, we further developed and tested a method thatutilize-the-established-dataset-to

estimate the hygroscopicity of ambient particles analyzed by ATOFMS.

2. EXPERIMENTAL SECTION

2.1. HTDMA

The custom-built HTDMA

humidifier(Ye et al., 2009) consists of two DMAs and a humidifier connected in series (Figure

1). Aerosol was dried before entering HTDMA (RH ~10%) by a diftusional silica gel tube. The
dried aerosol reached its-charge equilibrium in a Kr-85 neutralizer. The DMA1 (Model 3081,
TSI Inc.) selected particles based—en—theirby electrical mobility size as Dgry. Fhen—theThe
monodisperse particles from DMA1 grew in a Nafion humidifier (RH=85%). The sizes of
humidified particles Drn Was seanneddetermined by the second DMA andconnected by a CPC

to measure their concentrations. The sheath flow rate in DMA2 (3 I/min) was regulated by mass

flow controller. The RH of the DM A2 sheath flow was managed to match the humidifier (85%
RH)-by-adjusting-the-water-saturated-air.). The PMAs;the-humidifierand-otherpartsHTDMA
were installed in thermostatic chamber in which temperature was controlled to 25+0.1°C. The
total aerosol flow was 0.4 L/min (the sum flow rate of the CPC, 0.3 L/min and the ATOFMS,
0.1 L/min). Aerosol residence time in humidifier was ~10 s. PSL spheres of known size and

(NH4)2SO4 salt were used to calibrate the HTDMA. The HTDMA uncertainty in GF

determination is +0.05 (Ye et al., 2009;Swietlicki et al., 2008).

2.2. ATOFMS

The prinetplefunetional-partsschematic of ATOFMS (Model 3800-100, TSI. Inc) is illustrated

in Figure 1. Afterparticles—entered-the—inletParticles were drawn into ATOFMS through a
0.lmm orifice ef AFOEMS,—they—wereand focused into narrow beam through successive

expansions and contractions in the aecrodynamic focusing Lens (AFL). Particles leaving the

AFL have—driftingobtain velocities which—are—dependeddepending on their vaeuum

aerodynamic sizes. In the ATOFMS sizing region the-particles pass through two orthogonally
9



191  oriented continuous lasers (Nd:_YAG, 532 nm) te-seatterand laser light-_was scattered. The
192 scattered light generates twe-pulses in two photomultiplier tubes (PMT) and the signal delay
193 between the two pulses is used to calculate particle velocity-censideringthe-distance-between
194 twelasersisknewn:. Particle velocity infermation-was also used to trigger ionization laser (Nd:

195 YAG, 266 nm) at apprepriatecxact time to ionize ndividualparticles. The negative and positive

196  ions generated from particles—Fhe—ions are recorded by a dual polar time-of-flight mass

197  spectrometer-to-generate-positive-and-negative-mass-speetra-for-eachparticle-. More details of
198 ATOFMS were described elsewhere (Gard-et-al;1997:Su-et-al2004)(Su et al., 2004).

199 The ATOFMS data was analyzed within the YAADA toolkit (http://www.yaada.org/). Particles

200  showing similar composition were classified by the adaptive resonance theory-based clustering

201 algorithm (ART-2a) (Song et al., 1999). The ART-2a algorithm parameters were set to: vigilance

202 factor = 0.85, learning rate = 0.05 and number of iterations = 20. The clusters generated by the

203 ART-2a were manully regrouped into major types by considering their common composition

204 patterns. The obtained particle types were labelled by refering previous single particle

205 characterization studies (Spencer et al., 2006:Silva et al., 1999:Sullivan et al., 2007:Gaston et

206 al., 2011:Qin et al., 2012).

207 2.3. Field-samplingSampling description -« [ Formatted: Line spacing: 1.5 lines

208  During—Feb-26—to—Mar7—2014,—the—The HTDMA-ATOFMS characterization was

209  perfermedcarried out at the building of department of environmental science and technology in

210  Fudan university (31°18'N, 121°29'E):) from Feb-26 to Mar-7. 2014. Aerosol inlet was installed

211  at the building roof about 6 m above the ground. The Fudan campus was influenced by local
212  emissions sources from transportation, residential, business and cooking activities from
213 surrounding areas which can be viewed as an-urban environment. A period of ambient ATOFMS
214 data, which persisted from Sep-12 to Sep-28, 2012, was ebtainedrecorded at the same site in

215 Fudan campus._ Ambient air quality data of pollutants concentrations (PM,s, O3, and SO;) in

216 Shanghai city were provided by Shanghai Environmental Monitoring Center (SEMC).

217

218
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The sampling procedure was similar to our previous study (Wang et al., 2014). The typical

HTDMA GF distributions in this site showed two separated hygroscopicity modes. In 85% RH

condition, the two modes were present with respective center GF of 1.05 and 1.45, which were

g
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conventionally classified as Near-Hydrophobic (NH) and More-Hygroscopic (MH) modes,

respectively (Swietlicki et al., 2008). These modes were normally present elsewhere in China

and other areas (Liu et al., 2011;:Swietlicki et al., 2008). The HTDMA data suggest that the

majority of particles (>97 %) were of GF in 0.9-1.7 range. Consequently, particles in this GF

range were characterized by HTDMA-ATOFMS with a GF step of 0.1.

To characterize the desired GFs, the two DMAs in HTDMA were set at certain diameters Dary

and Dry according to GF=Dru/Ddry. The HTDMA-ATOFMS system was kept sampling until a

sufficient number of particles (> 200) were analyzed by ATOFMS for each GF setting (Table

1). We fixed the DMA1 (Dg) diameter to 250 nm, while the DMA2 diameter (Dry) was set as

shown in Table 1. The number of particle spectra in ATOFMS was affected by ambient particle

concentrations of certain GF. Since particle concentrations in the downstream of HTDMA were

very low, longer sampling were maintained to record sufficient number of spectra in ATOFMS

(See the CPC concentrations in Figure S1). The ATOFMS instrument used in this study has size

detection range of 100-3000 nm. Considering this, the detection efficiency for 250 nm is

expected to be low, as 250 nm is on the lower end of ATOFMS detection range. However, in

HTDMA-ATOFMS experiment we selected 250 nm particles, because the concentrations of

larger particles were found to decrease further in SMPS size distributions. Therefore, the

selection of Dgn as 250 nm is a compromise between detection efficiency and particle

concentrations (Wang et al., 2014:Herich et al., 2008). With the measured ATOFMS particle

numbers and CPC concentrations, the detection efficiency of ATOFMS were calculated to be

~1.6x107 at the dry size. In Figure S2 we presented ATOFMS detection efficiencies together

with the particle hit rate (hit particles/total sized particles) at different growth factors. Generally,

the detection efficiencies suggested variations at different GFs. We found higher detection

efficiencies in moderate GF range (1.2-1.4) and higher hit rates in GF<I.3 range, which is

probably caused by variations of compositions with GF (Hatch et al., 2014).
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2.4. Estimation of ambient particle hygroscopicity

happened-in-each-diserete- GE-groupsParticles in HTDMA-ATOFMS dataset is comparable to

ambient ATOFMS particles. Particle types typically present in HTDMA-ATOFMS study were

also preset in ambient ATOFMS studies. Therefore, it is possible to assign similar GF to ambient
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particles if they have similar composition. The estimation method was firstly performed by

evaluating spectra similarities between ATOFMS and HTDMA-ATOFMS dataset (dot products
of normalized spectra). The ATOFMS is known to have higher detection efficiencies toward

some metals (such as Na, K, Fe), resulting inappropriately large peaks in particle spectra. We

solved the bias by taking the 0.5 power treatment to peaks intensities (Rehbein et al., 2012). In

this treatment the larger peaks were suppressed in some degree while smaller peaks increased

their weigh relatively. The 0.5 power treatment to peaks intensity was applied because it offered

better results in the estimation of hygroscopicity than without it, as discussed in the
supplemental information (Figure S3). In the second step we searched matched particles from
the HTDMA-ATOFMS dataset showing the best similarities with the ambient particle (dot
products in 95-100% range of the maximum dot product). In this study we set a threshold

similarity (0.7 dot product) in matching particles, as was required in ART-2a algorithm (Song

et al., 1999). Ambient particles with matching dot products <0.7 were excluded from analysis

of the estimated GF. The similarity data suggests that 96.2% of the matching similarities are >
0.7 and 79% of them are >0.8 (Figure S4). Since each of the matched particles in HTDMA-

ATOFMS dataset was associated with a GF, we obtained a collection of the matching GFs (0.9

-1.7 in 0.1 step). The estimated GF of the ambient particle was determined to be the weighted

average of the matched GFs, with the weights being the number percentage of matched particles

in each GF bins:

S GF; - F;

where: GFpreq= the estimated GF of atmesphericambient particle, GF;= GF value from 0.49
to 1.7 interspaced by 0.1, F;= number percentages of the eandidatematched particles in each

GF greupbin.

Eromthe—deseriptions—abeve—this—methed—is—a-The estimation process relied on statistical

approach te-find-in estimating the most probable hydrescopicity-hygroscopicity for each-single

predietingambient particles, rather than by inferring particle compositions of single particles

(Healy et al., 2014). The latter method derived quantitative concentrations of various

14
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compositions from peak intensities, which were then applied to predict particle hygroscopicity

using the

approach—is—based-en—Zdanovskii-Stokes-Robinson mixing reles;—and-it-needs—to-assume—a

infer-partielerules. Some assumptions including material densities were needed in that method.

As a comparison, we inferred hygroscopicity by eemparing—the—mass—speetra—of
ambientmatching particles with partieles—whose—hygeroseopieity—has—already—been
experimentally—determined—by—HTDMA:-ATOFMS particles of known hygroscopicity.
Therefore, thismethod-derives- GFEthe estimated GFs were derived from the measured GF vaties

and the pessible—artifacts—eaused—by—assumptions of composition densities and detection

sensitivities in ATOFMS are obviated. ,

The uncertainties in the GF prediction in this method were estimated. The uncertainties in

eventual GF may stem from the intrinsic uncertainties in HTDMA-ATOFMS techniques. For

the estimation algorithm itself, only few parameters exist that are capable to affect the estimated

GF. With the 0.5 power treatment to peak intensities, the only parameter that could influence

the estimated GF would be the matching criteria of particles. We have adjusted the matching

criteria of 95-100% maximum dot products to 90-100% and 98-100% and the variations in

particle GFs were inspected (Figure S5). Based on the variations of the obtained GF, we

estimated that the uncertainty in GF estimation is within +0.15.

3. RESULTS AND DISCUSSIONS “

3.1. Single particle composition and hygroscopicity in HTDMA-ATOFMS experiment

3.1.1 Hygroscopicity distribution of particle-types

Jparticle types-

[Formatted: Font color: Auto
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The particles in the HTDMA-ATOFMS dataset were classified into major types based on their«

mass spectra. The ART-2a algorithm was applied to particle clustering and then similar clusters
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345  were combined. The majority of analyzed-particles were eventually greupedclassified into 9
346  types;—namely_including Biomass, Fresh EC, Aged EC, Dust/Ash, HMOC, Amine-rich,
347  Ammonium/OC, Cooking and Sea salt-types-. In Figure 2 preseatswe present the average mass
348  spectraspartiele of each type and their numbers detected at-ditferent-GE stagesforeachtypes:
349  Sinece-thenumbers-of analyzed-partiele-in each GF bin-are-. Since the total number of detected

350 particles in GF bins were not acenstantequal (Table 1), the-we also present the particle numbers

351  normalized particle-numbers-by the total particle-numbers to indicate their detection probability
352  in each GF bin were-calewlated-to-show-their-occurrenceprobabiity-(Fig—2)-(Figure. 2). The

353 hygroscopicity of particle types showed different distribution patterns with GF. The

354  hygroscopicity characters of Biomass, EC, Dust/ash, HMOC and Amine-rich types were

355 described previously and their hygroscopicity have shown consistent trend with the previous

356 characterization (Wang et al., 2014).

357 344 Particle-typesand-GFE- distributions

358  As-illustratedinFis—2-The Biomass type-particles haveproduced characteristic peaks atof -+ [ Formatted: Line spacing: 1.5 lines

359  26(CN), -42(CNO), -59(C2H30»), -73(C3Hs0;) inrnegativespeetra—and dominant petassin
360  peak at 39K and elustersrelated peaks at 113(K2Cl) or 213(K3SO0s) (Stva-et-al1999)-During

361  thisstadythe HFPMA-ATOEMS-systen-detected-547-biomass(Silva et al., 1999;Zauscher et
362 al., 2013;Pratt and Prather, 2009). Biomass particles which-aceountfor 2.9%of total-analyzed
363 ts-displayed low #

364  thatthe-hygroscopicity since majority of biemass-particles{87%)them were deteetedpresent in

365  GF <1.2 range-
366 membersin-this-Glranee-. with he peak numberfracion-oceurredat GE A9 -asshown

367  inFigure —StnHarhygrescopietty—pattern—ot-biomass—partieles—is—reported—previod

368 Rissleretal;2006:Martin—et-al52043)-detection probability at GF 1.1 (Figure 2 (a)). The

369  hygroscopicity of Biomass particles is consistent with other HTDMA measurement of biomass

370 particles (Rissler et al., 2006;Laborde et al., 2013). The hygroscopicity of biomass particles in

371 ambient environment were similarly detected in the HTDMA-SP2, which suggested the center

372 GF of 1.1~1.2 of biomass particles (at 90% RH), corresponding to the GF of 1.06-1.13 at 85%
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RH (Laborde et al., 2013).

The EC particles were detected by a series of elemental carbon peaks at C, (n=1,2, 3 ...) in the

negative and positive spectra (Ault et al., 2010:Spencer et al., 2006:Toner et al., 2008). EC
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particles distributed broadly from nearly-hydrophobic (NH) mode to more-hygroscopic (MH)

mode. However, the mass spectra of hydrophobic and hygroscopic EC particles were different

in their mass spectra. As shown in Figure 2 (b-c), The mass spectra of hygroscopic EC particles

produced stronger secondary peaks (-62NO;, -97HSOs, 18NH4") than hydrophobic EC

particles, consistent with the significant fractions of secondary matters in hygroscopic EC

(Laborde et al., 2013). According to their hygroscopicity distributions, the general EC type was

divided into Fresh EC and aged EC type. The mass spectra of Fresh EC suggested they were

freshly emitted without significant secondary coatings (Weingartner et al., 1997:Laborde et al.,

2013:Herich et al., 2009). Peak intensity trends of 62NOs", -97HSO4, 18NH4" and other related

peaks at different GF were summarized for EC particles (Figure S6). Based on the statistics of

peak intensities, we found clear increasing trends of secondary peak intensities in GF 0.9-1.2

range, but not in all GFs (Laborde et al., 2013:Herich et al., 2008).

Dust/ash type particles produced inorganic peaks of salts and metals (Gaston et al., 2017;Ault

etal., 2011:Sullivan et al., 2007). Most of dust/ash particles were detected in hygroscopic range

(GF>1.3). Most of Dust/ash particles were internally mixed with nitrate. Within the general

Dust/ash type there are many sub-clusters according to specific association of metal peaks in

particle spectra. Some of the clusters showed characteristic hygroscopicity distributions which

offered values in the source apportionment of these particles. As an illustration, we presented

the mass spectra and hygroscopicity distribution of the Al-Si cluster in Figure 3. The mass

spectra of Al-Si particles showed stronger aluminum (27A1") and silicate (-76Si0O5’) peaks in

their positive and negative spectra, respectively. Particle number distribution of Al-Si particles

suggested that they were detected with the highest probability at GF 1.1. In the preliminary

study we identified the similar Al-Si particles exclusively in NH mode (Wang et al., 2014).

Based on their hygroscopicity distribution, we assumed the Al-Si particles are soil dusts

according to their reported low hygroscopicity (Koehler et al., 2009).

(>150).

type;—H0% particles—have—identifiableSome HMOC particles produce obvious polycyclic

aromatic hydrocarbons (PAH) peaks in theipositive spectra and 7%-produece-high mass signals
18
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in negative spectra-(Penkenbergeret-al5 200 Mestof HMOC partieles{95%)showed-. The

mass_spectra of HMOC suggested they were generated from combustion including traffic

emissions (Dall'Osto et al., 2013;Toner et al., 2008). The majority of HMOC particles displayed

low hygroscopicity (GF<1.2};—with-peaknumberfractonsof15%at-GE10-) (Wang et al.,
2014:Herich et al., 2008).

Amine-rich type particles produeeproduced amine peaks at +59(CsHoN), +86(CsHi2N) and

+101(C6H15N)

generally-very-hydrophilie- (Angelino et al., 2001;Pratt et al., 2009). Particulate amine formation

was favored in low temperatures and higher humidity conditions (Huang et al., 2012;Zhang et

al., 2012). The elevated amine particle fractions may be related to the low temperature (6 °C)

and high humidity (78% RH) condition during this experiment. Both the preliminary and

present study identified the hydrophilicity of Amine-rich particles, with the highest deteetion

probability-eceurred-within GE>1-5range-—number contributions to GF>1.5 range (Wang et al.,
2014). Short alkyl chain aliphatic amines are basie-andknown to have relatively high vapor

pressuress-therefore and basic in nature, their presence in particles indicates they are most likely
occur in the form of aminium salts, whose formation is greatly favored in the presence of

particulate water (Ancehno-ctab2005:Chen-ctal 20093 tistound-that 77% -Amine-rich
partieles(Angelino et al., 2001;Chen et al., 2019). Mass spectra of Amine-rich particles suggest

that 77% of them were internally mixed with sulfate or nitrate.
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With the expanded GF range and sampling durations, we identified other particle types of

specific hygroscopic patterns, including Ammonium/OC, Cooking and Sea salt particles in this
study. The Ammonium/OC particles demonstrated some similarities with biomass particles.

There was predominant potassium peak 3K and many organic peaks in the positive mass

spectra, as shown in Figure 2. Additionally, stronger 18NH4" peaks for ammonium and sulfate

(-97HSO4) were also present in these particles. The typical -26CN- and -42CNO" peaks

observed for biomass particles were absent or very weak, suggesting the composition

differences between Ammonium/OC and biomass particles (Silva et al., 1999:Zauscher et al.,

2013:;Pratt and Prather, 2009). The hygroscopicity of the Ammonium/OC particles was unique

since they have the largest contributions to moderate GF range (GF 1.1-1.3), with the maximum

contribution found at GF=1.2. The GF of Ammonium/OC particles suggests that they can be

categorized as LH mode (Swietlicki et al., 2008). A prior ATOFMS study identified that

Ammonium/OC particles were from agricultural sources, and found most of them were present

in higher photochemical oxidation periods (Qin et al., 2012), consistent with the prominent

secondary peaks of ammonium found in this study. It is likely the organics in this type is

secondary since the GF 1.2 is close to the hygroscopicity of SOA (GF=1.24 at 90% RH) (Gysel

et al., 2007:Sjogren et al., 2008). We inferred that ammonium was not contributing major

fractions to Ammonium/OC particles, since ammonium salts was very hydrophilic while




477 Ammonium/OC demonstrate only moderate hygroscopicity.

478  Cooking is a-signifieantan important source of primary organic aerosol (POA) in urban regions+ | [ Formatted: Line spacing: 1.5 lines

479  (Crippa—etal;2013:Rebinsen—etal;2006)—~Zhang—etak(Crippa et al., 2013;Dall'Osto and

480  Harrison, 2012). Zhang et al. estimated that up to 35% of POA are attributed to cooking aerosol

481  during meal hours (Zhang-et-al;2007)(Zhang et al.. 2007). Cooking particles around the site

482  was likely to be significant considering that the Fudan campus is located in a heavily populated

483  area. The ATOFMS characterization of cooking particles have been performed previously

484  (Silva;2000:Dall'Oste-et-al2043)-The-markers(Dall'Osto et al., 2013). The marker peaks at
485  -255(Ci6H320,, palmiticy;) and -281 (Ci7H340, oleic acid) in the negative spectra were used to

486  identify Cooking

487 861-(%4-6-of tetab-cooking particles-particles (Dall'Osto and Harrison, 2012;Silva, 2000). As
488  shown in Figure 2(h), this-particletypehad-extremeCooking particles demonstrated very low
489  hygroscopicity and 99%ef-them-were detected exclusively in GF<1.1 range. Based-on-the
490

491  medewith-its-peakeontribution-ocenrred-at- GE-0-9(49%)It is noted that GF 0.9 does not

492  necessarily indicate a particle shrinkage in iameter85% RH. Cooking particles might become
493  more spherical in elevated RH, resulting in smaller mobility diameters. This phenomenon was

494  alse-observed for other organic particles (Shi-et-al—2642)-(Shi et al., 2012:Pratt and Prather.

495  2009). The low hygroscopicity of cooking particles is consistent with theirthe enriched organic
496  compesitionas indicated by the fatty acids (-171, -255, -279:-, -281) and HOA (+55, +57) peaks
497  in the spectra. The detection of cooking particles in NH mode is—a—complementto—the
498

499  2008:Laberde-etal; 2013 :Herichetal;2009).complemented to the conclusion that combustion

500 processes are mainly responsible for NH particles (Swietlicki et al., 2008:Laborde et al.

501 2013:Herich et al., 2009).
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3.2.—EstimatingWith particles of higher GF being analyzed in this experiment, we also

identified the Sea salt particle which constitutes an important particle type in ambient air in

coastal areas (Herich et al., 2009:Gard et al., 1998). Sea salt mass spectra contain dominant
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549  sodium peak 23Na” and other sodium cluster peaks at 62Na,O", 63Na,OH", 81Na,CI” (Gaston

550 etal., 2017). The hydrophilicity of Sea salt is clear that they were mostly detected in the largest

551 GF bins (>1.5), with their number fractions increased from GF 1.5 to 1.7 (Figure. 2). HTDMA

552 studies in marine environment shown that sea salt particles constitute a separated

553  hygroscopicity mode of the largest GF (Swietlicki et al., 2008), which is generally consistent

554 with the observed GF range in the experiment. However, the observed sea salt particle

555  hygroscopicity is somewhat different from the HTDMA-ATOFMS characterization in a

556 subarctic region, where sea salt particles were found mainly detected in GF 1.3-1.5 range at 82%

557  RH (Herich et al., 2009). We inferred that sea salt hygroscopicity properties are variant with

558 locations and other factors (organics in seawater, marine microbiological conditions, aging)

559  should be considered (Facchini et al., 2008;:Randles et al., 2004).

560  3.1.2 Peak intensity variations with GF

561 Apart from particle number distributions, the HTDMA-ATOFMS dataset provided another

562 aspect of information regarding peak intensities with GF. In this study, we used relative peak

563 intensities (peak areas normalized by the total areas in spectrum) to investigate its relation to

564  GF. Generally, the responses of peak intensity to GF variation were found to be nonlinear, since

565 they were correlated only within specific GF ranges. A simple trend applicable to whole GF

566  range was not observed.

567 We presented the statistics of peak intensity of nitrate (46NO,, 62NO;~, 125H(NOs),) and

568 sulfate (80SO;7, 97HSO4) which were known to be critical to particle hygroscopicity (Figure

569  4).Aspreviously observed, the nitrate and sulfate peaks were present in the majority of particles

570 in all GF bins (Herich et al., 2009;Herich et al., 2008:Wang et al., 2014). However, peak

571 intensities of nitrate and sulfate were indeed stronger in hygroscopic particles than hydrophobic

572  particles. In Figure 4 we observed positive correlation between nitrate and sulfate intensities

573 and GF in GF <1.2 range, suggesting contribution of nitrate and sulfate to particle

574 hygroscopicity in low GF range (Figure 4). However, in higher GF range (GF 1.3-1.5), nitrate

575 and sulfate peaks seem to reach a plateau with unclear dependence on GF. Nitrate and sulfate

576  were known to contribute large fractions of particle mass in MH particles (Swietlicki et al.,
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2008:Laborde et al., 2013:Liu et al., 2014). The unclear trend of nitrate and sulfate with GF

seem to suggest that nitrate and sulfate were in stable ratios since nitrate and sulfate peaks were

dominating peak areas in negative spectra. For particles of even higher GF, differences were

observed between GF 1.3-1.5 and GF 1.5-1.7 range in that stronger nitrate and weaker sulfate

peaks were detected in the GF 1.3-1.5 range. Particles classification suggests that this general

characteristic is also at variance for different particle types. The same statistics for EC and

Dust/ash particles were presented in Figure 4. Compared with EC particles, smaller sulfate and

stronger nitrate peaks were found in Dust/ash spectra, and the observed trend in total particles

were less obvious in Dust/ash. These facts highlight the nonlinearity between peak intensities

and GF and that particle types should also be considered in describing peak intensities.

The analysis of peak intensities with GF can disclose some atmospheric processes happened on

acrosol. We take the Sea salt as an illustration. Sea salt particles were known to react with

atmospheric nitric acid, with NaCl in fresh sea salt be transformed into NaNO; in the reacted

sea salt (Gard et al., 1998). This composition transformation is indicated in corresponding

changes of NaCl and NaNOs peak intensities in particle spectra. The unreacted sea salt particles

tend to produce larger peaks of Na,CI* and NaCl," in spectra (Gaston et al., 2011:Prather et al.,

2013). In particle spectra of reacted sea salt, the NaCl peaks (Na,Cl", NaCly) decrease while

NaNO; peaks (Na,NOs*, Na(NOs),) increase. We presented peak intensities of sea salt in GF

1.5-1.7 range where sea salt particles were detected with largest numbers (Figure 5). We found

that the positive correlation between NaCl peak intensity and GF, and the negative correlation

for NaNOs peaks. Therefore, the HTDMA-ATOFMS data supported that reacted sea salt have

reduced hygroscopicity (Herich et al., 2009;Gaston et al., 2018). Laboratory HTDMA study

suggested that NaCl and NaNOs have deliquesced at 85% RH and that the NaNOs (GF ~1.8) is

less hygroscopic than NaCl (GF ~2.2) (Hu et al., 2010). The reduced hygroscopicity of sea salt

is in line with the GF of sodium salts. However, the sea salt hygroscopicity (GF 1.5-1.7) was

smaller than pure NaNO; salt (supposing fully reacted), suggested that the chemical

transformation alone is not sufficient to account for the observed hygroscopicity of sea salt. We

hypothesize that other compositions as organics were mixed into sea salt and contributed to the

reduction of sea salt hygroscopicity (Gaston et al., 2011:Randles et al., 2004:Facchini et al.,

25



606  2008).

607 3.2 Predictability of hygroscopicity from particle mass spectra

608 The GF of a particle can be estimated based on HTDMA-ATOFMS data for two reasons. First,

609 different particle types had distinct GF distributions. Second, particles in different GF bins had

610 different mass spectra. The GF estimation from particle spectra requires that the HTDMA-

611 ATOFMS data is capable to represent the major particle types normally presented in atmosphere

612  whichis evidenced in the preceding discussions. In another aspect, the GF prediction from mass

613 spectra also demands that HTDMA-ATOFMS data are sensitive to reflect the composition

614  differences with GF variations.

615  To test the sensitivity of HTDMA-ATOFMS data, we evaluated the average spectral similarities

616  between each pair of GF groups. The average similarities were calculated from the similarities

617 between every possible pairs of particles from the two GF groups. The self-comparing of

618 particles within the same GF group were excluded. As shown in Figure S7, we observed a

619 general trend that particles in the same GF bins tend to produce the highest similarities. As the

620  GF differences increase, the mass spectra similarity between two GF bins tended to decrease.

621 This result is an evidence that the particles with different GFs are more likely to have

622 discriminable mass spectra, which suggests that the HTDMA-ATOFMS dataset are capable to

623 estimate hygroscopicity just from particle mass spectra.

624 3.3 Estimated hygroscopicity of ambient particles ‘. — ( Formatted: Line spacing: 15 lines
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3.2A case study of the hygroscopicity estimation were carried out based on a period of ambient

ATOFMS measurement. The ATOFMS data was collected at the same Fudan site from Sep-12

to Sep-28. 2012. During this period the ATOFMS recorded 538.983 mass spectra of individual

particles. With the described estimation method, the GF value (corresponding to 85% RH) was

generated for each particle based on individual particle mass spectra. A fraction of the estimated

GF (4%) were excluded from analysis since their maximum similarities failed to exceed the
threshold value (dot product > 0.7) between ATOFMS and HTDMA-ATOFMS particles.

Particle mixing states in this period were analyzed by clustering particles using ART-2a

algorithm (Song et al., 1999). After merging the clusters of similar composition and temporal

trends, the majority of particles were finally grouped into the same general types as discussed

in HTDMA-ATOFMS dataset (Fresh EC. Aged EC. Dust/Ash, HMOC, Amine-rich

Ammonium/OC, Cooking and Sea salt), which account for 90.8% of the total analyzed particles

in this period.

3.3.1 Hygroscopicity modes in-estimated-GFand contributions from particle types =

[ Formatted: Line spacing: 1.5 lines
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SineeThe estimation method determined that the GF of ATOFMS particles were restricted

within the GF range in HTDAM-ATOFMS dataset (0.9-1.7). Within this GF range, the

ATOFMS particle GF distribution suggested several hygroscopicity modes similar to the

HTDMA measurement. As shown in Figure 6, three hygroscopicity modes were clear in the

GF-number distributions, with particle GF centered at about 1.05, 1.42, and 1.6, respectively

(85% RH). Prior HTDMA studies suggested the regular presence of the nearly-hydrophobic

mode with center GF in 1.05~1.1 range in Shanghai area (Ye et al., 2011), consistent with the
GF 1.05 mode in this study. The second mode at GF 1.42 mode in ATOFMS particles

corresponds to the MH mode (GF 1.43~1.47) in Shanghai and other sites using HTDMA (Ye et

al., 2013:Ye et al., 2011:Liu et al., 2011). The sea salt mode in HTDMA GF distribution is not

28



680 always clear because of the larger size of sea salt particles. However, the sea salt particles were

681 readily detected by ATOFMS because of the detection range of ATOFMS. The particles in GF

682 1.6 mode contained rich sodium content and their mass spectra suggest typical sea salt peaks

683 (Figure S2). In marine areas the sea salt particles were found to constitute hygroscopicity mode

684 of the largest GF (about 2.0 at 90% RH, corresponding to 1.76 at 85% RH) (Swietlicki et al.

685 2008).
686  The ATOFMS measured particle aerodynamic diameters simultaneously for eaehindividual<- [ Formatted: Line spacing: 1.5 lines

687  particles. Together with the estimated GF, we presentinspected particle number distribution as

688  abivariate function of the estimated GF and particle-diameter (aerodynamic diameter-reasured

689 by ATOEMS)—in—, d..) (Figure 6:7). The three—particlehygroscopicity modes were alse
690  apparentclearer in the GF-d. diagram-—We-also-noticed-the-gradually-inereased-GF-of Jarger

691 partieles;whiehs-, which suggest the increasing trend of particle diameter with increasing GF,

692  a very consistent with-HTDMA—ebservations{Ye—et-al;—20H;Ye—et—al—2043)result with
693  HTDMA studies (Ye et al., 2011:Ye et al., 2013). Healy et.al.-hawve applied a different method

694  to estimate particle hygroscopicity from single particle data using ZSR mixing rule (Healyet

695  als 2044 —In—thatstady(Healy et al., 2014). The particle aerodynamic diameter dv. was

696  transformed to equivalent mobility diameter din by assuming a particle density-—Pespite in that

697 study. Although the differences—inmethedmethods are different, the estimated-GE-and-their

698 ersidentified

699  hygroscopicity modes were similar between the preseree—eftwo studies, except the sea salt

700 mode which was absentinnot found by Healy et al(Healy-etal-2644)-. (Healy et al., 2014).

701 Based on the GF of hygroscopicity modes, prior HTDMA studies conventionally classified the

702 observed modes into categories as nearly-hydrophobic (NH), less-hygroscopic (LH), more-

703 hygroscopic (MH) and sea salt (SS) modes respectively (Swietlicki et al., 2008:Liu et al.,

704 2011:Sjogren et al., 2008). However, the chemical nature of these hygroscopicity modes was

705 not clear since the HTDAM technique is based on particle numbers and the particle composition

706 information was not obtainable. With the ATOFMS single particle data, particle composition

707 and hygroscopicity was connected directly. To facilitate comparison, we similarly divide the

708 estimated GF into four bins (<1.1, 1.1-1.3, 1.3-1.5 and >1.5) to roughly represent the NH, LH,
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MH, SS particles according to the conventional classification of hygroscopicity modes

(Swietlicki et al., 2008). As shown in Figure 6, particle types were distributed differently in GF

modes. For example, the organic particles including HMOC, Biomass and Freshly emitted EC

particles were mainly enriched in NH mode, which suggests directly that combustion sources

are mainly responsible for NH particles in the ambient (Herich et al., 2008;Herich et al.

2009:Ye et al., 2011).

In Table 2 we made the statistics on average number contributions of particle types to the NH

LH, MH and SS mode. The presented statistics were based on the temporal contributions of

each particle types in daily resolution. It is noted that particle number contributions presented

in Table 2 may be different from HTDMA-ATOFMS dataset (Figure 2). For example, the

Cooking particles contributions to NH mode was significantly lower in the ATOFMS dataset

(3%) than HTDMA-ATOFMS dataset (19%). This result is understandable because particle

concentrations are variant with particle size and HTDMA-ATOFMS only analyzed a narrow

size bin from the total particle size distribution. For each hygroscopicity mode, there were

multiple particle types contributing significant number fractions, suggesting that even within

the same hygroscopicity mode there were still some heterogeneity in particle composition.

Particles in the same hygroscopicity mode may share some common features in compositions

but their differences are distinguishable in single particle data. In another respect, the

contributions of each type also suggest the existence of a predominant type that accounts for

major fractions in respective modes compared with other types, such as Aged EC in MH mode,

Ammonium/OC in LH mode. The comparison between Table 2 and Figure 2 suggests that,

although their absolute contributions may be different, the hygroscopicity patterns of particle

types in the two datasets are in good agreement. Based on this fact, we concluded that the

composition-hygroscopicity connections contained in HTDMA-ATOFMS dataset was

successfully reflected into the predicted GF.

3.3.2. Temporal variations of estimated hygroscopicity

The temporal variation of particle estimated GF from Sep-12 to Sep-28 was illustrated in Figure

8. Four distinct periods (P1-P4) were identified based on their different hygroscopicity
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distributions. Generally, the P1 and P3 periods were characterized by elevated MH mode which

dominated the ATOFMS particles numbers, while in P2 and P4 the MH particles decreased

significantly and sea salt mode was pronounced. Back trajectories during P1-P4 were analyzed

using HYSPLIT mode (Draxler, R. R. and Rolph, G. D. As-iHustrated—inFigure-5;-different

322 Hygroseopiecity—and—_2003) to inspect the airmass that influenced the sampling site

(Figure S9). The 24-hour back trajectories suggests that the airmass in P1 period mainly

circulated in local regions from northwest direction to Shanghai. The local circulations brought

regional aerosol pollution to the sampling site, resulted in elevated concentrations of particles,

especially the MH particles. During P2, the airmass originated from the ocean in northeast

direction with less continental influence. The cleaner air from the ocean almost wiped out the

accumulated particles observed in P1 and the concentrations of sea salt particles increased. In

the majority of time during P3, the airmass stayed over continental areas. The MH particles

dominated particle numbers in this period and the sea salt mode were barely present. During

Sep-18 to Sep-20 in P3, the LH particles showed increased concentrations and gradually

decreased after Sep-20. Similar to P1, the origin of airmass in P4 shifted to the ocean in eastern
directions and SS mode emerged again. Both the particle spectra and the back trajectories

supported that the GF mode of 1.6 can be mainly attributed to sea salt particles.
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Except meteorological conditions, other differences exist in the temporal trends for each

hygroscopicity modes. Generally, the NH mode showed relatively stable trends irrespective of

different periods of P1-P4, as indicated in Figure 8. Closer inspection of NH particles suggests

a notable feature that obvious sharp spikes were present in NH particle temporal concentrations

(Figure 8). This character is typical for particles from local emission sources, with undissipated

plumes at the time of detection. With the combined information from particle composition in

Table 2, we inferred that the NH particles were fresh emitted particles from local sources with

high organic or elemental carbon content (Laborde et al., 2013;Herich et al., 2008:Weingartner

et al., 1997). The mass spectra of NH particles indicated low nitrate and sulfate signals,

suggesting that secondary matters have not accumulated significantly on these particles,

consistent with negligible coating thickness on NH particles (Laborde et al., 2013). We tend to

ascribe the organics in NH particles to be primary organic carbons (POA) considering their

relatively fresh emission state (Sjogren et al., 2008:Liu et al., 2011:Gysel et al., 2007).

Some characters of LH particles were noticed. Similar to the particles in MH range, the LH
particles mainly presented in continent influenced periods (P1 and P3) (Figure 8). However, the

temporal concentrations trends suggested differences between LH and MH particles. For

example, MH mode dominated particle numbers in the entire P3, while the LH particles were

only pronounced from Sep-17 to Sep-21, with peak concentrations observed on Sep-19. The

particle contributions showed that Ammonium/OC is the main contributor to NH particles

(Table 2). This conclusion is also correct in temporal basis since the Ammonium/OC

contributions to LH range were always much larger than other types of particles in all the

studied period. We investigated the nature of the Ammonium/OC particles by comparing its

concentration with ambient pollutants levels. As shown in Figure 9, the number fractions of

Ammonium/OC particles showed strong connections to ambient O3 concentrations. During

Sep-17 to Sep-21 there were daily oscillations of Os levels, which were followed by the same

pattern of Ammonium/OC particles with lags of several hours. The maximum Oz concentrations

was found on Sep-19 (219 ugm™) in the period, the same day when the highest Ammonium/OC

particle contribution was observed. HTDMA studies suggested that LH mode became

ronounced in new particle formation (NPF) periods with high atmospheric reactivit
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(Swietlicki et al., 2008). Based on these facts, we think the Ammonium/OC particles were

related to the oxidation processes of organics vapors by oxidants such as Oz (Varutbangkul et

al., 2006). The moderate hygroscopicity of Ammonium/OC agrees with the hygroscopicity of

ambient secondary organic aerosol (SOA) (Gysel et al., 2007:Sjogren et al., 2008). During

periods of higher Ammonium/OC contributions (Sep-17 to Sep-21), increased SO, levels were

also encountered, which coincided with high sulfate signals in mass spectra of Ammonium/OC

(Figure 2). Compared with the organic compositions, the sulfate was inferred to have minor

contributions to mass fractions because of the moderate hygroscopicity of Ammonium/OC.

Particles in MH mode dominated the particle numbers for the majority of time in P1 and P3

(60%) compared with the average fraction of 25% in P2 and P4. Inspection of the temporal

trends of MH particles also suggest some diurnal variations with higher concentrations in

nighttime (Figure 8). As illustrated in Figure 4 and Figure S6., mass spectra of MH particles

were dominated by sulfate, nitrate peaks, suggested that MH particles were mixed with

significant fraction of secondary inorganic matters (SIA). The coating thickness of the

secondary matters was determined by HTDAM-SP2 at different GF (Laborde et al., 2013). The

coating thickness of secondary coating was measured to 40-80 nm (Dgn=265 nm) in GF 1.2-

1.7 range, being equivalent to 55-76% of hygroscopic particle volume was attributed to

secondary matters (Laborde et al., 2013:Healy et al., 2014).

3.3.3 Peak intensity variations with estimated GF

Particle hygroscopicity and peak intensities in particle mass spectra were correlated to show

their connections. The correlation was illustrated similarly to the analysis of the HTDMA -

ATOFMS dataset, as shown in Figure 10. In addition to the statistics on peak intensities of

different GF, the number distributions ATOFMS particles with GF and peak intensities were

presented for nitrate (46NO,", 62NO5", 125H(NOs),) and sulfate peaks (80SOs”, 97HSOy’,) in

the lower panels in Figure 10. The general trends of peak intensities with GF in HTDMA -

ATOFMS dataset was preserved in estimated GF of ambient particles. The trends of nitrate and

sulfate peak intensities showed increases from NH to LH range and remained constant in the

MH mode. Similar to HTDMA-ATOFMS particles, stronger nitrate peaks were detected in SS
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819  particles compared with the MH particles, while an opposite trend was observed for sulfate

820  intensities. These results highlight the nonlinearity between GF and peak intensities of

821  ATOFMS particles.

822  The nonlinearity of peak intensities with GF was also suggested by the different particle types

823 presented in ATOFMS data. As shown in the lower panels in Figure 10, the distribution of

824 ATOFMS individual particles showed enrichment in different areas in the GF-peak intensity

825 diagram, suggesting the presence of particle groups of different compositions. To illustrate this

826 character, we selected two areas with clear particle enrichments in GF-peak intensity diagram

827 and their particle composition were analyzed (denoted as A and B in lower left panel in Figure

828 10). Obviously, particles in area A produced much larger nitrate signals than particles in area B.

829 Particle numbers in the two areas suggested that Dust/ash dominated particles in area A (59%)

830  while in area B the Dust/ash only accounted for 14% of particles (Figure S10). As a contrast,

831 particles in area B were dominated by Aged EC type (53%) followed by 25% Dust/ash. Table

832 2 suggests that Aged EC and Dust/ash are the major types presented in the same MH mode.

833 However, peak intensity responses to GF were indeed different for different particle types,

834  suggesting the importance of particle types in describing peak intensities.

835 The particle distribution with sulfate intensities showed similar enrichment patterns to nitrate

836 (lower right panel in Figure 11). Sulfate peak intensities were found to correlated with

837  hygroscopicity in GF <1.2 range but in MH range no correlated with GF was observed. We note

838  that except the larger peaks of nitrate and sulfate, some smaller peaks were also found to

839 correlated with GF within specific particle type. We correlated peak intensities of Na>Cl* and

840  NO; with the estimated GF of sea salt particles (Figure S11). The Na,CI* peaks were positively

841 correlated with GF while the nitrate peaks were negatively correlated with GF. The observed

842 correlation in sea salt particles are consistent with discussed trends in the HTDMA -ATOFMS

843 dataset. These results demonstrate that the GF estimation method have effectively reflected the

844 minor changes in particle mass spectra into the estimated hygroscopicity.

845  3.3.4 Comparing the estimated hygroscopicity with visibility— - [ Formatted: Left, Right: 0.15 cm, Line spacing: 1.5 lines ]
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properties were closely connected to hygroscopicity (Liu et al., 2012;Qu et al., 2015;Chen et

al., 2012). The hygroscopic growth increases particle volumes and cross sections and is

contributing to the visibility degradation. With the estimated hygroscopicity of ATOFMS

particles, we correlated atmospheric visibility with particle concentrations to study their

contributions to the visibility variation. The ATOFMS particle volume concentrations were

calculated for hygroscopicity modes of NH, LH, MH and SS based on ATOFMS particle

diameter and numbers. The particle volume concentrations was used because hygroscopic

growth change particle sizes rather than numbers (Chen et al., 2012). The visibility data was

obtained from (https://www.wunderground.com/) logged in the Honggiao airport (31°12' N,

121°20" E) and Pudong airport (31°9.3' N, 121°49' E) during the study period (see the map in

Figure S12). The temporal variations of visibility in two sites correlated strongly (Figure S12),

despite the 45 kilometers distance between two airports. The Fudan site is located roughly

between the two airports, and the two sets of visibility data were averaged to represent the study

site. In P2 and P4 the site was under the influences from ocean, resulting visibilities larger than

10 km (Figure 8). Apart from ATOFMS particles, contemporary PM, s volume concentrations

were also correlated with visibility. The PM» s volume concentrations were derived from PM, s

mass concentrations using particle density (1.4 gem™). A strong correlation between ATOFMS

particle numbers and PM, s was found (R?=0.80).

An exponential relation between visibility and PM concentrations was found by the previous

study (Qu et al., 2015). After applying the exponential fitting to the visibility and particle

volume concentrations, we found a moderate correlation for ATOFMS particles (R?>=0.45) and

better correlations for PM» s concentrations (R*=0.64) (Figure S13). However, the fitting errors

were clearly dependent on ambient RH, with larger errors in higher humidity, indicating that

hygroscopicity might affect visibility degradations, which were consistent with other studies

(Chen et al., 2012:Liu et al., 2012). To further examine the effect of particle hygroscopicity on

visibility, we derived particle volumes in different RH using estimated x values (Petters and

Kreidenweis, 2007). The x values were calculated using the GF of individual particles at 85%

RH for ATOFMS data and the average GF of 1.36 for PM, s volume data. With hygroscopicity
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being considered. we found notable improvements of the correlations between PM

concentrations and visibility, with the improved correlation observed for PM» s concentrations

(R?=0.82) after applying correction for hygroscopicity (Figure 11). However, this improvement

was barely the case for NH particles, probably due to the negligible hygroscopic growth. For

the ATOFMS particles in different GF modes, we found the highest R> (0.65) for the MH

particles. The correlation between SS particles and visibility was distorted due to the visibility

reached its limit (10 km) when sea salt mode was pronounced (Figure 8). The R between MH

particles and visibility suggests that the variation of MH particles accounted for the major part

of visibility changes (65%) during this period, which coincided with the major contribution of

nitrate and sulfate to light extinction (61%) in eastern China areas (Qu et al., 2015). These

results indicate the importance of discriminating particles by hygroscopicity in explaining the

measured visibility.
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958  The hygroscopicity and composition of submicron particles were simuttaneousty-characterized

959  in urban—atmesphere—(Shanghai)a megacity in castern China. A single particle mass
960  spectrometer; ATOEMS; was connected to the dewnstreamdownflow of an HTDMA to analyze

961  particle composition of different hygroscopicity segregated-particles—A-datasettinking-at 85%
962 RH. Direct connections between hygroscopicity and single particle eempesitions-andsignatures

963  were established. The HTDMA-ATOFMS dataset suggested that particle types were distributed

964  differently in various hygroscopicity was—ebtainedranges. Generally, biomass—particles;

965 freshFresh EC particles;-erganie—_ and organic particle types including Biomass, Cooking and

966 high molecular organic carbon (HMOC) were enriched in nearly-hydrophobic (NH) mode

967 (GF<1.1). The majority of particles in NH mode suggested characters of freshly emitted

968  particles from combustion sources. Particle types in the more-hygroscopic (MH) range (GF1.3-

969 1.5) include Aged EC, Amine-rich and Dust/ash particles-with-high-meleetlarweisht-(HMOC)
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970
971  rieh-. The mass spectra of MH particles;usually-have-a-GE>13-Cooking particles suggested
972  that they were mixed with significant fractions of secondary matters. The sea salt particles were
973 exelustvely-detected in the higher GF<+4-trange—Seasalt— range (GF 1.5-1.7), with increasing

974  detection probability at larger GF. In the moderate hygroscopicity range (GF 1.1-1.3), the

975  Ammonium/OC particles were—present—in—very—hygroseopierange(GF>15)—Atmespherie
976  preeessing-was-shownwas identified with peak detection probability at GF 1.2.

977 Single particle spectra peak intensities were correlated with GF to reduee-the-disclose their+— [ Formatted: Line spacing: 1.5 lines

978 possible connections. The peak intensities were nonlinearly correlated with GF. The peak

979 intensities of nitrate and sulfate showed gradual increase from GF 0.9 to 1.2 while in larger GF

980  range the same trends were not observed. Peak intensities showed opposite directions for nitrate

981 and sulfate in GF 1.5-1.7 range with stronger nitrate peaks and smaller sulfate peaks. Except

982 the general nonlinearity of peak intensities is subjected to variations with different particle types.

983  The peak intensity analysis suggested the reduced hygroscopicity of sea salt particles—A-unique

984
985  assummed-to-originatefromcoal-combustion-after atmospheric aging.

986  Inthis—study,—basedBased on the ebtained-hysroseopieity-established connections between

987  composition relationsand composition, we developed a newstatistieal-method to estimate

988  particle hygroscopicity just-from its-single particle mass spectra. Iadividual-The method was

989  tested in a period of ATOFMS data in Shanghai. The estimated GF of individual particles

990  suggested that ATOFMS particles were differentiated-by—the—estimated-hysroseopieity—into

991  various-medes—Ceonsistent-with-the HFDMApresent in similar hygroscopicity measurements;

992  eurestimatedmodes as HTDMA measurement on ambient aerosol. We discriminated particles

993 into NH, LH, MH and SS mode by the GF of individual particles. Particle type contributions to

994  the these hygroscopicity distribution-shews-three-modes; namely-near hydrophobie- (NH)meode;
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consistent results with HTDMA-ATOFMS dataset. Based on the combined information on

particle composition, hygroscopicity distributions—ean—explain—the—variations—ofvisibilities:

Thisand airmass back trajectories, we inferred that the POA/EC, SOA, SIA and salts are the

characteristic compositions for particles in the NH, LH, MH, SS modes, respectively. The

proposed method is a novel way of single particle mass spectrometry data analysis, which

would provide eritieal-newadditional information en-partietlate—watereententto the study of

particle mixing states, source appertionment-and-aging process—
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TABLES

Table 1. Statistics of the DRH, GF, sampling duration and the number of chemically analyzed+ :

particles by ATOFMS (Dgr, =250 nm, RH = 85%).
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Table 2. Statistics on particle number contributions of ATOFMS particle types to different GF

Dru (nm) 225 250 275 300 325 350 375 400 425 %Formatted: Font: 11 pt, Not Bold, Not Italic
[ Formatted: Font: 11 pt, Not Bold
Growth Factor 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 {gogmafmted: Font: 11 pt, Not Bold, Not Superscript/
ubscrip
Duration (hours) | 42 | 67 | 11 | 20 | 8 1| 34 [ 2 | 1 ( Formatted: Font: 11 pt, Not Bold
[Formatted: Font: 11 pt, Font color: Black
Number of particle | 742 | 1665 | 709 | 1401 | 2330 | 4469 | 6399 | 723 262 { Formatted: Space After: 0 pt, Line spacing: 1.5 lines,
Widow/Orphan control
spectra [Formatted: Font: 11 pt, Font color: Black
(

modes. The statistics are the average contributions and variation ranges (in brackets) based on

temporal data in daily resolution.

NH LH MH ss
Contribution (%)

(GF<1.1) (GF1.1-1.3) | (GF1.3-1.5) (GF >1.5)

Fresh EC 14 (7-17) 2(1-4) 0(0-3) 0(0-1)

Cooking 3(0-7) 1 (0-3) 0 (0-0) 0(0-0

Biomass 18 (7-35) 9(2-17) 0(0-1) 0(0-0)

HMOC 40 (30-68) 8(2-15) 0 (0-1) 0(0-0

Ammonium/OC 11 (3-21) 32 (20-45) 2(1-5) 0(0-0
Aged EC 2(1-5 12 (5-20) 47 (15-72) 13 (1-42)
Dust/ash 3(1-6) 13 (9-22) 27 (13-53) 26 (4-44)
Amine-rich 3(-5 12 (2-41) 13 (4-39) 11 (1-44)
Sea salt 0 (0-1 0 (0-1) 1(0-4) 40 (7-78
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Figure 1. The schematic of HTDMA-ATOFMS characterization setup showing the major parts< [ Formatted: Line spacing: 1.5 lines

of HTDMA (left), ATOFMS (right). The humidifier in HTDMA was maintained at 85% RH.



455

Relative peak area

x10"

I Particle number
= Number fraction (%>

33
_ NO3 NO, CN- 1K* ; 20
a) H 3 N2
(a) Hso; i = CHe Biomass 061
0.5 e /  CsHy Kl K,S0,* 10
0.0 ST bl e L ik \I\m.nh al . . AN . b
-150 -100 -50 0 50 100 150 200 250 08 10 1.2 14 16 1.8
GE
150
0.2 (b) Cic G | Fresh EC 10 5
i 3 3]
0.1 ,c—C5J ‘ { s 50 3
C; e | + l 4G5 Ciey ¥
00 Tl DOEe el “ : 0 o
-150 -100 -50 0 50 100 150 200 250 08 1.0 12 14 16 1.8
GF
HSQO; .
e c; 2000 o
0.24 NO; NO, Aged EC
c* CiCi 20
0.0 | I.| . 1 L\I L ; . . o
-150 -100 -50 0 50 100 150 200 250 0.8 1.0 1.2 14 16 1.8
o 800 GF
2
034 (d) K Dust/Ash s
NO; L 0 Fe . 400
OfOH & J Pb 4
0.0 il B D I ) . , ; 0
-150 -100 -50 0 50 100 150 200 250 0.8 1.0 1.2 14 16 1.8
GF 20
, r--=x5 C,H.0"
02 (8) HSO: ; |z . HMOC 200
. NO; | G| g, Cas 0
| NO; cN- h ‘ / CH PAH peaks
0.0 . .‘l" X Il Al bt . .
-150 -100 -50 0 50 100 150 200 250 0.8 1.0 1.2 14 1.6 1.8
GF
40
034 f) NO; CHN Amine-rich 2000
)
. 20
H(NO,), \‘ CsHiN CeHisN*
0.0 | 1 |I T Lo ol ) T T T 0 0
-150 -100 -50 0 50 100 150 200 250 08 1.0 12 14 16 1.8
400 i 30
044 (@) H3040 K Ammonium/QC 20
NO; . 200
0.2 NO, NH; OC peaks 10
0.0 ¢ | — ? . T T 0 o
-150 -100 -50 0 50 100 150 200 250 10 12 14 16
x107 400 GF
HSO,| NO; cr .
104 (h) 4 .l enor Cooking 40
0.5+ 255 ) 2 20
NEY] L
0.0 ; ; — ol 1 T . 0 o
300 -250 -200 -150 100 -50 O 50 100 150 200 250 300 10 12 14 16
GF
o8 G) Nar = 20
NO; Sea salt
037 Na(NOy), NO; ‘cr o N0 20 10
£}
0.0 T | A - ) Ll T T 0 )
-150 -100 -50 0 . 100 150 200 10 12 14 16

GF



1456

1457

1458

1459

1460

I Paricle number
—db— Number fraction (%)

p ) 20
Biomass 200
K,CI" K,S0," 10
! N
T T T T 0 0
-150 -100 -50 0 50 100 150 200 250 0.8 1.0 1.2 14 16 1.8
150 GE

0z4 (0 - Fresh EC . 6

0.1 C; ) G 3
I T N “

0.0 NIV : b r - T 0 o
-150 -100 -50 0 50 100 150 200 250 0.8 1.0 1.2 1.4 16 1.8

GF
HS0, N
c (or1 2000
0.2 ( ) NO; NO; Aged EC 40
| (o3 hc;cg 20
0.0 o . Ly Tt ; : ; 0
-150 -100 -50 0 50 100 150 200 250 0.8 1.0 1.2 1.4 16 1.8
3 NO. 800, LLIF
2
< 034 (d) K Dust/Ash 8
2 NO: .| Fe 400
& 5| oiow Na \ | Pb* R
2 00 it A W : . . o
& 150 -100 -50 0 50 100 150 200 250 08 10 12 14 16 18
GF 20
! - .

0al (€) HSO: N P HMOC 200
“1 NO; © CHy" CeH* CeHs’ 10

| NO; CLN' l h .L{ C,H;" PAH peaks

0.0 T —l Ll 1 — o 0
-150 -100 -50 0 50 100 150 200 250 0.8 1.0 1.2 1.4 16 1.8

GF

0.3 NO; 2000] e

: (f) c] CEH\BN‘ Amine-rich "
H(NO,); L J i CS{-'WN CgHisN
0.0 +—+——»_ S — — ‘ r o 0
-150 -100 -50 0 50 100 150 200 250 08 1.0 12 1.4 16 1.8
GF
=, 400, 30
044 (9) 4 o K* Ammonium/0C 20
e
0.2+ ENO' NH; QOC peaks L 10
[, Lod——

0.0 ? T T t T T T 0 0
-150 -100 -50 0 50 100 150 200 250 10 12 14 16
X107 GF

400,
HsO,| NO; cr .

104 (M) & " Cooking 40

cHy | GO

e Lo J‘ N4 20

0.0 E : — i e | il fU..H_ . ) : : o o
-300 -250 -200 -150 -100 -50 O 50 100 150 200 250 300 10 1.2 14 18

GF
0.6 (l) ] Na® 180 20
NO; Sea salt

0.39 Na(NO,); NG; . Na,0" 90 10

| cr K Nagcr

0.0 T S L L T 0 0
-150 -100 -50 0 50 100 150 200 10 1.2 14 186

miz F
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HTDMA-ATOFMS characterization. Peaks of significance were labelled. Right panels show

the particle numbers of each type (left-axis) and their relative number fractions in total particles

(right-axis) as a function of GF.
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