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1 Air mass backward trajectories and meteorology conditions

The backward trajectory and the height (above sea level) of air masses during sampling were calculated
by the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model
(http://ready.arl.noaa.gov). During three cloud events, the sampling site was greatly influenced by air
masses from Southeast Asia, northern China and the South China Sea. Compared with the cloud event
#1, the air masses of cloud event #2 and #3 passed through a relatively low path on the way to the
sampling site. Thus, the air masses of cloud event #2 and #3 were affected more by the ground
anthropogenic emissions. The ambient temperature at the sampling station varied from 12.1 to 18.6 °C
during three cloud events, which means the generation of liquid cloud droplets. All samples were
collected during the stable period of cloud events, when the mass concentration of PM, s was less than 5
pg m and visibility was less than 100 m. The concentrations of PM» s during cloud event #1 were lower
than those during cloud event #2 and #3. Consistently, the mean concentrations of O3, SO, and NOx were

higher in the cloud event #2 and #3 (Table S3).

2 ldentification of several components within RES and INT

Base on various element spectra, residual particles (RES) and interstitial particles (INT) were mainly
classified as sulfate-rich (S-rich), carbonaceous material, mineral, metal, and fly ash (Twohy and
Anderson, 2008;Li et al., 2016). Elemental compositions of S-rich were dominated by S, O, and some of
them were associated with minor N, K and Na. Low intensity of N could be due to the evaporation of
ammonia nitrate under the high energy electron beam (Smith et al., 2012). This led to the bubbly
appearance of S-rich. It was found that the characteristic peaks of sulfate (m/z —97HSO4") and nitrate
(m/z —46NO, / —=62NO3") often coincide in the mass spectra of single RES and INT by SPAMS (Lin et
al., 2017). In this case, S-rich represented secondary inorganic particles. The proportion of sulfate-
containing particles was similar in the RES and INT (93% vs 94%). The elemental compositions of
carbonaceous materials were characteristics of abundant C and minor O. Carbonaceous materials were
divided into soot and OM according to different morphology. Soot were composed of tens to hundreds
of carbon spheres ranging from 21 to 108 nm in diameter (average diameter was 47.7 nm), which often

displayed botryoidal aggregates. OM did not have chain-like structure, which generally exhibited
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amorphous state and spherical or irregular shapes. Mineral particles were consisted of Si, Al, Ca, O and
minor Fe. Mineral were mainly clay, feldspar, calcite and gypsum, usually showing irregular shapes.
Metal particles were represented as Fe, Zn, Ti, Mn, or Ni. Metal particles were characteristic of spherical,
rectangular or irregular morphologies. They were largely from natural dust and industrial combustion
(Silva et al., 2000;Ye et al., 2018). The presence of spherical metal particles indicated that they
experienced melting at high temperature (Giere et al., 2003;Giere et al., 2006). Fly ash particles mainly
contained Si, Al and O. Fly ash particles tended to be spherical in morphology and they were generally

produced from the process of coal combustion (Chen et al., 2012; Henry and Knapp, 1980).

3 Influence of air masses on the distribution of particle types in the RES

The different air masses are expected to affect the distribution of particle types. The distribution of
several types of particles in the RES were observed to be divergent in different cloud events,
corresponding to different air masses, as shown in Figure S1 and Figure S2. The number fraction of OM-
containing particles was the highest (81%) in cloud event #2, which might be partly attributed to the
higher concentration of O3 during cloud event #2 (Table S3). Higher solar radiation at the sampling time
might also promote heterogeneous photochemical oxidation reactions during the cloud process and
increased the generation of OM within cloud droplets (Xu et al., 2017). Aged metal particles accounted
a similar percentage (7-12%) for three cloud events. The proportion of aged mineral during cloud event
#1 (14%) was nearly four times those in the other two cloud events. Aged fly ash particles had the highest
proportion (10%) in cloud event #3 compared with the other two cloud events, which is most probably
influenced by the different air masses (Figure S2). Aged mineral particles of cloud event #1 may be
influenced by the long-distance transportation of dust from Southeast Asia (Salam et al., 2003). Clearly,
aged fly ash particles of cloud event #3 are associated with the air masses from the PRD region with a

dense distribution of industrial facilities there (Cao et al., 2006).

4 The size distribution of RES and INT

In this study, a PM> 5 cyclone inlet and a GCVI (ground-based counterflow virtual impactor) inlet were
used to collect INT and RES, which is similar to (Cozic et al., 2007). Additionally, the particle size in

this study is ECD (equivalent circle diameter) obtained from TEM images, which is larger than ESD
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(equivalent spherical diameter). Liu et al. (2018) showed that the ECD of individual dry particles on the
substrate is 0.4952 times that of the ESD.

The size distribution data shows a higher median diameter of RES (1.20 pm) than INT (0.63 pm)
(Figure S6), which are higher than those (0.8 and 0.45 pum, respectively) at Mount Tai in northern China
(Li et al., 2011). This could be due to that Mount Tai is located in an industrial area, whereas our site
represents a background region mainly influenced by long-range transport. Additionally, the formation

of secondary compounds during cloud events increase the size of RES (Zhang et al., 2017).

5 SPAMS analysis

A single particle aerosol mass spectrometry (SPAMS, Hexin Analytical Instrument Co., Ltd.,
Guangzhou, China) was used to analyzed chemical composition and size distribution of individual
particles. Particles entering SPAMS were first focused into a beam of particles, and then their vacuum
dynamic size were measured by two continuous diode Nd:YAG laser beams (532 nm). Next, the pulsed
laser (266 nm) was precisely excited to ionize target particle according to the intrinsic velocity of each
particle. Finally, we obtained the information of individual particles including vacuum dynamic particle
size and the positive and negative ion mass spectrometry. The SPAMS is quite different from Aerodyne
aerosol mass spectrometers (AMS). The latter can quantify the bulk chemical composition and size
distribution of submicron nonrefractory aerosols (i.e. organic aerosol, sulfate, ammonium, nitrate and
chloride), which obtain mass concentration of detected aerosols (Jimenez et al., 2003). Number fraction
of several type particles can be known by SPAMS, which cannot gain mass concentration of several
chemical compounds. However, for studying the chemical composition and mixing state of individual
particles, the SPAMS is more useful.

All particles with bipolar mass spectra and the size range of dva 0.1-1.9 pm were classified several
clusters by an adaptive resonance theory neural network (ART-2a) with a learning rate of 0.05, a
vigilance factor of 0.8 and 20 iterations, and merged similar clusters manually. Ten characteristic particle
types (Figure S3) were obtained including BC (black carbon)-containing, OC (organic carbon), HMOC
(highly molecular organic carbon), Dust, K-rich, Metal, Na-K, Amines, SS (sea salt) and Others. BC-
containing particles are characterized by elemental carbon cluster ions (m/z 12C*, 24C,*, 36Cs",

48Cy4*, ...). OC particles mainly contain fragment ions of organics (m/z 27C,H;*, 37C;H", 43C,H;07, -



89  26CN,, ...). The mass spectra of HMOC particles show the presence of peaks of OC particles and some
90  other organic peaks (such as m/z 77C¢Hs*, 91C7H7*). Furthermore, HMOC particles are distinguished
91 from OC particles by marked ion fragments detected in range of m/z > 100. Dust particles present
92  significant ions at m/z 27Al*, 40Ca* and 56CaO*/Fe*. K-rich particles are identified according to the
93 strong signal at m/z 39K™* only in positive mass spectra. Metal particles show the presence of metal ion
94 peaks (such as Fe* (m/z 54 and 56), Mn* (m/z 55), Pb* (m/z 206, 207 and 208)) in positive mass spectra.
95 Na-K particles are characterized by peaks at m/z 23Na*, 39K*, and less intense peaks at m/z -46NO;’, -
96 62 NOg3, -97 HSO4. The mass spectra of amines particles contain ions signals at m/z 59N(CHs)3",
97  86CsHi12N*, 101CsH1sN*. SS particles are mainly composed of ions peaks at m/z 23Na*, 46Na,*, 62Na,O*,
98 63Na,OH* and 81Na,CI*. Most particles are observed to internally mixed with sulfate and nitrate (m/z -
99 46, -62, -97). Particles with unconspicuous mass spectrum characteristics are named others. Specific

100  classification criteria were described in detail elsewhere (Zhang et al., 2015).
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102 Figure S1. Number fraction of different particle types in the RES during three cloud events.
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Figure S2. HYSPLIT back trajectories (72 h) for air masses arriving at our sampling site at the height of 1700
m (a) and 1800 m (b) hourly during the three cloud events. The HYSPLIT back trajectories at the height of
1800 m during sampling periods and heights (above sea level) of the air masses during transport (d). The

horizontal axis represents several time points (0-72 h) before the time point input into the HYSPLIT model.
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Figure S3. Average positive and negative mass spectra of main nine types particles (BC-containing, OC,

HMOC, Dust, K-rich, Metal, Na-K, Amines, SS) measured by SPAMS.



(a) Cloud #2-RES (b) Cloud #3-RES

5.97% 0.84%

I BC-containing
I oc

| |HMOC

[ Dust

I K-rich

[ Metal

[ Na-K

[ Amines

I ss

I Others

111

112 Figure S4. The chemical composition of RES during cloud event #2 and #3 measured by SPAMS.



B Others [ S I Amines [ Na-K [0 Metal [l K-rich [ Dust [ | iMOC [l oC Il BC-containing

(a) Cloud #2-RES (b) Cloud #2-INT
1.0 10

08 08

g
206 06
5
&
=
3
<
S04 0.4
Z

0.2 02

0.0 0.0
Wy s <y, <l <y, <O, <O, <O, <O, <0 Cps  ps 0, S0y, S0y, Sy, S0y, 20, 20,
e A R Uy K e e e N e O O Oy
22) “"9‘9 REYEN ?"‘?) 232 2, ET AN 2‘!2) 2 23} 2‘?\) b K 2 = g‘?_} % %
g o g g Ty TRy TR TRy TR TR ey Ty gy Sl Sy Sl Sl Sy Mo, Y
(¢) Cloud #3-RES (d) Cloud #3-INT
10 10
08
=
206
5
a
5
=
04
z
02
00 00
2 2 2 2, 2 2, % 2 2 2, 2, <0 0, <0 0, <0 <0, Wy <0,
7 2 7 2 ' 7 % 7 'y 7 ’ 7 7 '’ 7, 7 7, ’
Yoo, Ton, iy, oo, iy, Ty, 6o, iy, g, o, 7/6/9, EE ’/6/9/ 7/6@/ 7/6/91 7/6@1 Ty Y y
., ., ", 3 ' 3 ), ), .. 3 a- (3 . a: (7 . a: a: (2 a.,
113 Sap Mg By TRus Mo, Map Bay Ry Mg, My, g g Ty TRe s Mg Yy Wy ML Mg

114 Figure S5. Time series of chemical composition of RES and INT during sampling periods of cloud event #2

115  and #3 measured by SPAMS.



116

117 Figure S6. Typical TEM images of soot particles in the RES (a-d) and INT (e-h).
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119 Figure S7. The size distribution of S-rich and S-OM particles. There are few S-rich particles with the size of

120 less than 0.2 pm, and the median size are 0.56 pm and 0.76 pm for S-rich and S-OM particles, respectively.
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122 Figure S8. Size distribution of RES and INT during cloud event #2 and #3. There are more INT particles

123 when the size is less than 0.8 pm, and more RES particles when the size is larger than 0.8 pm.
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125 Figure S9. Average positive and negative mass spectra of OM particles (OC and HMOC) of RES and INT

126 particles during cloud event #2 and #3 measured by SPAMS.



127  Table S1. The information of cloud events and samples, including starting and ending time of each cloud event, the number and type of analyzed particles, the

128 mean value of visibility and number concentration of RES or INT during sampling time.

Cloud event Starting Time* Ending Time* Particles Type Visibility/m Number Concentration/cm™
Cloud #1 2017/5/20 18:19 2017/5/21 8:34 190 RES 66 195
161 INT 50 99
Cloud #2 2017/5/23 20:35 2017/5/25 6:35
162 RES 88 299
132 INT 44 996
Cloud #3 2017/6/8 18:30 2017/6/10 17:30
135 RES 33 111

129 * The time is the local time and that is Chinese Standard Time, UTC+8.



130  Table S2. The average value of O/C ratio of OM-containing particles with core-shell and coating mixing
131  structures.

132

133 coating core-shell

RES 0.106 0.232

INT 0.076 0.056




134  Table S3. The concentration of NOx, SO, O3, PM1g and PM 5 during three cloud events.

135
cloud event NOx (ppb) SO: (ppb) O;s (ppb) PMjo (ug m) PMas (ug m~)
#1 2.6 0.4 30.5 3.6 1.1
#2 35 1.2 39.1 4.8 1.9
#3 43 0.6 344 11.4 4.7

136



137  Table S4. The ratios of relative peak area between organics (m/z 27, 29, 37, 43, 50, 51, 61, 63) and sulfate
138 (m/z -97) of OM particles (OC and HMOC) during in-cloud (RES and INT) and pre-cloud (Ambient)
139  periods.

140

141 RES INT Ambient

Organics/Sulfates 1.676 1.566 1.594
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Table S5. Morphological descriptors of soot particles within RES and INT.

parameters Ap dy Lynax N Dy kg
RES 1658(175)  43(2)  255(12)  66(8)  1.820.12)  3.5(0.08)
INT 1842(133)  46(2)  316(16)  68(6)  2.11(0.09)  2.72(0.05)

Ap, mean projected area of the monomer; d,, monomer diameter; L., maximum length of soot
aggregates; N, number of monomers in a soot aggregate; D, mass fractal dimension; kg, structural

coefficient. In parentheses are the standard error of 4,, dp, Linax, N, Dyand k.
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Table S6. Overlap (0), constant (ka) and empirical exponent (o).

parameters 0 ka a
RES 1.54 1.52 1.13
INT 1.4 1.44 1.11
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