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HIGHLIGHTS

o The stage-resolved scavenging efficiency of BC particles is firstly reported.
o Scavenging efficiency (SE) is dominantly controlled by liquid water content (LWC).
o Key factors influencing the in-cloud SE of BC-containing particles are assessed.

ARTICLE INFO ABSTRACT

Keywords: Interactions between clouds and black carbon (BC) represent a significant uncertainty in aerosol radiative
Black carbon ) forcing. To investigate the influence of cloud processing on the scavenging of BC, concurrent measurement of
In-cloud scavenging individual cloud droplet residue particles (cloud RES) and interstitial particles (cloud INT) throughout a cloud

Scavenging efficiency
Liquid water content
Particle size
Mixing state

event was deployed at Mt. Tianjing (1690 m a.s.l.) in southern China. An aethalometer (AE-33), a single particle
aerosol mass spectrometer (SPAMS) and a scanning mobility particle sizer (SMPS) were used to investigate the
mass concentration of equivalent BC (EBC), size-resolved number of BC-containing particles, and size-resolved
number concentration of submicron particles in real-time, respectively. The number-based SEs of the submi-
cron particles varied between 2.7 and 31.1%. Mass scavenging efficiency (MSE) ranged from 4.7% to 52.6% for
EBC, consistent with the number-based SE (from 11.3% to 59.6%) of the BC-containing particles throughout the
cloud event. Several factors that may influence the SEs of the BC-containing particles are considered and
examined. SEs are most likely determined by a single factor, i.e., liquid water content (LWC), with R?>08ina
power function throughout the cloud event. Stage-resolved investigation of SEs further reveals that particle size
matters more than other factors in the cloud formation stage, whereas there is an increasing role of the mixing
state in the development and stability stage. We also observed lower SEs for the BC-containing particles inter-
nally mixed organics, consistent with previous literature.

1. Introduction biomass, black carbon (BC) shows remarkable impacts on global climate
(Bond et al., 2013; Koch and Del Genio, 2010; Nordmann et al., 2014).
Primarily originating from incomplete combustion of fossil fuel and BC can be removed via dry deposition and wet scavenging, including
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in-cloud and below-cloud processes. On a global scale, wet scavenging
towards the ocean surface is five folds higher than dry deposition for BC
aerosols (Jurado et al., 2008). Previous studies have shown that BC is
ubiquitous in liquid cloud (Bi et al., 2016; Lin et al., 2017; Liu et al.,
2018) and below-cloud processes usually contribute smaller in particle
scavenging (Emerson et al., 2018; Ervens, 2015).

In-cloud scavenging mechanisms are generally represented as
impaction/coagulation and nucleation (Ervens, 2015). Impaction/coa-
gulation scavenging dominates in a size range of <50 nm whereas
nucleation plays a crucial role for larger size particles (>140 nm) (Hoose
et al., 2008; Levin et al., 2003). Croft et al. (2016) found that the
coagulation/impaction scavenging sharply lower the number concen-
tration of particles smaller than 200 nm. Taking this mechanism into
account, the number concentration of particles larger than 10 nm would
decrease 15-21% globally, whereas particles larger than 80 nm (a proxy
for cloud condensation nuclei, CCN) only drop 10-12% (Pierce et al.,
2015). Although numerous studies stated that nucleation is the domi-
nating scavenging mechanism for BC (Schroder et al., 2015; Taylor et al.,
2014), Baumgardner et al. (2008) revealed that impaction/coagulation
is of great importance to scavenge BC in upper tropospheric or cirrus
cloud.

Scavenging efficiency (SE), defined as the mass/number fraction
(MSE or NSE) of components in cloud droplets, reflecting the ability of
species to form cloud droplets.

CRES

SE= ————— x 100% (€8]
Cres + Civr ‘

where Crgs and Ciyt denote the mass or number concentration of BC or
detected number of BC-containing particles in cloud droplet residues
(RES) and interstitial particles (INT), respectively.

Most current studies focused on the mean MSE of BC (Herckes et al.,
2013; Yang et al., 2019). The reported MSEs varied from 6% at urban
city (Hallberg et al., 1992) to ~ 80% at a remote marine site near the
Arctic (Heintzenberg and Leck, 1994), showing significant regional
discrepancies ((Yang et al., 2019) and references therein). For NSE,
Zhang et al. (2017) reported a 5-45% of NSE at Mt. Tianjing, southern
China, while the NSE was only 1-10% for BC at Mt. Jungfraujoch
(Schroder et al., 2015). Ding et al. (2019) found that 80% of
BC-containing particles were removed through coagulation in
mixed-phase cloud at the north of Taihang ridge. The discrepancy may
originate from the cloud types (liquid, mixed-phase, or ice cloud) and
the environmental conditions.

The metrological conditions, including supersaturation of water
vapor, liquid water content (LWC), temperature, and physicochemical
properties of BC (e.g., size, mixing state, thickness of coating, chemical
composition, and so forth), play complex roles in the SE of BC (Browse
et al., 2012; Ching et al., 2012; Cozic et al., 2007; Moteki et al., 2012;
Motos et al., 2019b; Ohata et al., 2016; Schroder et al., 2015; Zhang
et al., 2017). Generally, SE increases with growing particle size, LWC,
and supersaturation (Ching et al., 2018; Hitzenberger et al., 2001;
Matsui, 2016; Motos et al., 2019a; Sellegri et al., 2003; Wu et al., 2019).
Nevertheless, key factors and mechanisms remain ambiguous and may
differ under various conditions. Zhang et al. (2017) revealed that mixing
state is the key factor in in-cloud scavenging of BC under low LWC
conditions (<0.1 g m~3). An investigation in Chile revealed that the MSE
of BC varied dramatically (13-50%) with different air masses (Heint-
zenberg et al., 2016).

Considering the ever-changing environmental conditions, under-
standing the evolution of SE of BC in a cloud event is crucial to evaluate
their impacts on climate properly. Targino et al. (2009) found that the
SE of aerosol particles at the Mt. Areskutan in Swedish is not identical
even in just one day during a cloud event. By and large, a cloud event can
be divided into stages including formation, development, stability and
dissipation (Dupont et al., 2012; Koracin et al., 2005).

Therefore, the aims of the present study are (1) to reveal a more
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detailed evolution of the SE of BC throughout a complete cloud event,
(2) to recognize the key factors influencing the in-cloud scavenging of
BC particles in different stages. Besides, discrepancies between BC-
containing and submicron particles are also discussed.

2. Method
2.1. General characterization

Field observation was carried out from 30 May to 3 Jun 2017. The
sampling site is located in National Air Background Monitoring Station
at Mt. Tianjing (112°53'56" E, 24°41'56” N; 1690 m a.s.l.) in southern
China (Lin et al., 2017). It is surrounded by a national forest park (273
km?) and scarcely affected by anthropogenic activities.

During the sampling period, southwestern air mass was dominated
(Fig. S1 in the Supplementary Material). The cloud event, identified by a
ground-based counterflow virtual impactor (GCVI), started at 19:00 on
30 May and ended at 14:00 on 3 Jun, was marked by black rectangle in
Fig. 1. The hill cap cloud we focused on is likely to be a product of
orographic lifting of air parcels. The cloud event was roughly divided
into three stages based on estimated LWC (Table 1) similar to Motos
et al. (2019a). Other parameters (e.g., vapor pressure (~830 hPa),
temperature, RH) didn’t show remarkable variations during the cloud
event (Fig. 1). While there are other microphysical parameters (e.g.,
cloud-base height, cloud reflectivity, Doppler velocity) used in other
studies (Dupont et al., 2012; Koracin et al., 2005), they are not available
in the present study. Here, the formation stage and dissipation stage
were characterized by low LWC (<0.1 g m~>), and the development and
stability stage by LWC higher than 0.1 g m 3. The time periods for three
cloud stages are: (1) formation (from 19:00 on 30 May to 12:00 on 31
May), (2) development and stability (from 17:00 on 31 May to 20:00 on
2 Jun), and (3) dissipation (from 20:00 on 2 Jun to 14:00 on 3 Jun),
respectively.

The trend of the mass concentration of PM5 5 indicated that it can be
used as a supporting parameter to divide cloud stages. At the cloud
formation stage, the mass concentration of PM, 5 decreased from 75.9
pg m~3 to 0.5 pg m~ from 19:00 on 30 May to 07:00 on 31 May and
rebounded back to 39.1 pg m~3 until 17:00 on 31 May. When it came to
the development and stability stage, PMy 5 was effectively scavenged
and remained at a low level (<4 pg m’s), whereas a weak bounce to
15.8 pg m~3 at 11:00 on 3 Jun was observed when the cloud event
tended to dissipate.

2.2. Instrumentation

In the present study, particles were introduced into the instruments
via two parallel sampling inlets. Cloud residue particles (cloud RES)
were sampled by GCVI while cloud INT and ambient (cloud-free) par-
ticles by a PM; 5 cutoff. A timer switch was connected between sampling
inlets and parallelly-connected downstream instruments to measure
cloud RES and INT alternately with identical time episodes. Fig. S2
shows a schematic plot of the instrument connections.

The GCVI (model 1205, Brechtel Mfg., Inc., USA) was applied to
collect cloud droplet, larger than a certain cut size (Lin et al., 2017), at
which the transmission efficiency (TE) is 50%. The size is set to be larger
than 8.5 pm in the present study. The collected droplets are subse-
quently dried in an evaporation chamber (with an airflow temperature
at 40 °C), leaving residues to be analyzed by downstream instruments.
The GCVI employs a compact wind tunnel upstream of the CVI inlet to
accelerate cloud droplets into the CVI inlet tip, resulting in an
enhancement of collected droplets (Shingler et al., 2012). The mass and
number concentrations that measured quantitatively were calibrated by
such enhancement (Lin et al., 2017). An upper limit visibility threshold
of 3 km and a lower-limit relative humidity (RH) threshold of 95% were
set in the GCVI software to identify the presence of cloud events and
trigger the sampling of the cloud RES particles.



Y. Yang et al.

I —
25 — RS>\,

Atmospheric Environment 244 (2021) 117883

Il Cloud event ] Cloud free

100
)
)
L 40

Temperature [
—_—— - 20
T T T T 0

RH (%)

10

-8

Wind Direction | 2
— Wind Speed

Wind Direction (°) Temperature (°C)
=

T
S
Wind Speed (m s™)

T T T I-0

Pl\12.5
visibitity [ 15

T
=
Visibility (km)

31 May

1 Jun

2 Jun 3 Jun

Local time (Day-Month)

Fig. 1. Time series of hourly average values of metrological parameters (temperature, relative humidity (RH), wind direction, wind speed, visibility), and PM;s.
During the sampling period, the temperature and RH generally varied between 16.3 and 20.9 °C and 67.5-99.8%, respectively. Before the cloud formed, the RH
increased from 71.1% to 92.6% and visibility decreased from 15.1 km to 2.7 km rapidly within 3 h. Throughout the cloud event, PM, 5 was significantly scavenged.

Table 1

Variation of LWC during the cloud event.
Sampling period LWC (g m™>)
19:00, 30 May - 12:00, 31 May 0.03
0:00-7:40, 1 Jun 0.13
7:40-11:00, 1 Jun 0.29
11:00, 1 Jun - 1:00, 2 Jun 0.22
1:00-9:00, 2 Jun 0.13"
9:00-20:30, 2 Jun 0.15
20:30 2 Jun - 14:00, 3 Jun 0.08

@ The online data was not available during the period.

Aethalometer (model AE-33, Magee Scientific., USA) measures the
variation of mass concentration of BC by determining the variation of
light absorption at the wavelength of 880 nm, which is typically rep-
resented as equivalent BC (EBC) (Petzold et al., 2013). Given the “filter
loading effect” in BC measurement, AE-33 compensates the light
attenuation utilizing dual spot technology (Drinovec et al., 2015).

A scanning mobility particle sizer (SMPS, MSP Cooperation) was
used to measure the size distribution of submicron particles (20-620 nm,
electrical mobility diameter, Dy,). Although most studies measure CCN
by cloud condensation nuclei counter (CCNC) (Motos et al., 2019a;
Psichoudaki et al., 2018), particles measured by SMPS during cloud RES
sampling can represent CCN for numerous CCN distribute in submicron
range.

The vacuum aerodynamic diameter (D,,) and the chemical compo-
sitions of the individual particles were analyzed by single particle
aerosol mass spectrometer (SPAMS, Hexin Analytical Instrument Co.,
Ltd.). Detailed instrumentations can be found in Supplementary Mate-
rial and a detailed description of the performance and the calibrations of
the SPAMS can be found elsewhere (Li et al., 2011). The mass spectra for
~130000 cloud RES particles and 70000 INT particles with D, values in
the range of 0.1-2.0 pm were obtained by the SPAMS throughout the
cloud event. The average number fractions of BC-containing particles in
the cloud RES and INT particles were 77.3% and 78.8%, respectively.

An active strand cloud water collector (CASCC2) was used to collect
cloud water. Detailed procedures of cloud water collection can be found
elsewhere (Demoz et al., 1996; Guo et al., 2012). Briefly, the air is
introduced into the rectangular inlet via the suction force provided by
the downstream fan. The cloud water droplets are condensed on the
Teflon strands, which are inclined at 35° from vertical and then flow into
a 250 mL polyethylene (PE) bottle through the connected Teflon tube.
The bottle was weighted by a balance before and after sampling to
obtain the mass of the cloud water. The value of LWC (g m’3) then could
be roughly estimated (Guo et al., 2012).

M

IWC= — 2
we TXVairXﬂ ()

where M is the mass of the cloud water (g), T is the time period of
sampling (min), Vg and 5 are air volume rate (5.8 m® min™!) and
collection efficiency (0.86) of CASCC2, respectively (Demoz et al.,
1996).

2.3. Different types of BC-containing particles

Particles detected by SPAMS were firstly classified by an adaptive
resonance theory neural network algorithm (ART-2a) method based on
the presence and intensities of ion peaks and then combined manually.
BC-containing particles were characterized with obvious carbon cluster
ions in the positive/negative mass spectrum. Three types of BC-
containing particles were identified based on the similar criteria in our
previous study (Zhang et al., 2017): (a) BC-Sull: the mass spectra of
particles with more carbon cluster ions (Cﬁ, n > 5) and sulfate (m/z —97
HSO0;); (b) BC-Sul2: those with obvious carbon cluster ions (CF, n < 5,
but more pronounced in positive mass spectrum) and remarkable sulfate
and nitrate (m/z —62 NO3, and m/z —46 NO; ), and (c) BC-OC-Sul: those
with an abundance of both sulfate and obvious fragment ions of organics
(m/z 27 CoHj, m/z 37 CsH, m/z 43 CoH30™, m/z —26 CN—, etc.). Type
BC-Sul2 dominated in the three types of BC-containing particles (>95%
on average by number) (Fig. S3).
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3. Results and discussion

To characterize the evolution of SEs, Fig. 2 displays the time series of
(a) number concentration and NSE of submicron particles by SMPS, (b)
mass concentration and MSE of EBC by AE-33 and (c) number concen-
tration and NSE of BC-containing particles by SPAMS, respectively.
Three kinds of SEs show a similar trend with the cloud stages. In the
formation stage of the cloud event, visibility dropped dramatically from
18 km to 200 m and bounced back to 800 m at about 12:00 on 31 May. In
the development and stability stage, the SEs gradually increased and
then kept stable as the highest. The SEs reduced gradually during the
dissipation stage.

3.1. Stage-resolved in-cloud scavenging of submicron particles during the
cloud event

The number concentration of submicron particles in cloud RES and
INT are in ranges of 86-522 cm ™ and 602-3286 cm™>, respectively
(Fig. 2 (a)). NSEs of submicron particles were in a variety of 2.7-31.1%,
with a mean value of 17.2% throughout the cloud event. The stage-
averaged NSEs for submicron particles are 9.4% for the formation
stage, 21.1% for the development and stability stage and 15.1% for the
dissipation stage, respectively.

The variations of stage-resolved of NSEs with size-resolved submi-
cron particles are shown in Fig. 3. Since the variations are quite similar
after the formation stage of the cloud, we merged data of these two
stages (the development and stability stage and the dissipation stage), as
“after-formation stage” here. The NSEs decrease from 20 nm to 50 nm
and then increase gradually in rest size bins, quite similar to that
observed at Mt. Areskutan in Swedish (Targino et al., 2007). They
revealed a parabolic-like relationship between SE of bulk aerosols and
size during a cloud event, indicating size-dependent scavenging mech-
anisms (Hoose et al., 2008; Levin et al., 2003). For 20-50 nm particles,
the decreasing NSE could be attributed to the decreasing effect of
coagulation/impaction, whereas the increasing NSE towards larger
particles (for particles larger than 50 nm) suggests the increasing effect
of nucleation (Hoose et al., 2008). The lowest SEs for particles in
~40-50 nm may be a result of weak impacts from both scavenging
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mechanisms. However, the inflection size slightly varies with the cloud
stages, with the lowest NSEs at 50 nm and 38 nm for the formation stage
and after-formation stage, respectively. The decreasing of the inflection
sizes reflects a lower critical activation (nucleation) diameter at higher
LWC (Table 1) (Henning et al., 2002). This is also supported by fitting
the size-resolved NSEs of submicron particles versus LWC, according to a
power function (NSE = a x LWCP), as shown in Fig. S4. The fitting in-
dicates that the NSEs of the 30-50 nm particles are independent on LWC,
while the NSEs in other size bins generally increase with LWC. This
phenomenon may also indicate that both the coagulation/impaction
scavenging of the 20-30 nm particles and the nucleation scavenging of
>50 nm particles could be well predicted with LWC.

3.2. Stage-resolved in-cloud scavenging of BC-containing particles

As shown in Fig. 2 (b) and (c), the mass concentration of BC varies
from 0.032 pg m > to 0.37 pg m~> in cloud RES and from 0.083 pg m >
to 1.32 pg m° in cloud INT. The MSE and NSE varies from 4.7% to
52.6% and 11.3%-59.6%, with a mean value of 35.1% and 37.3%,
respectively. The results are quite similar to our previous study at the
same site (Zhang et al., 2017). The mean MSE is also comparable to
other studies in regions with similar altitudes (Acker et al., 2002; Sell-
egri et al., 2003). Generally, the MSE of EBC increases with the increase
of altitude, which may be a result of the hygroscopic aging of
BC-containing particles (Yang et al., 2019). The lowest MSE and NSE of
BC with a mean value of 17.3% and 15.4% were observed at the for-
mation stage. In the development and stability stage, the average MSE
and NSE increase to 42.5% and 45.3% while the values decreased to
33.7% and 37.6% in the dissipation stage. Furthermore, it is noted that
the NSE of BC was much higher than NSE of submicron particles, which
could be explained by the fact that a lot of small submicron particles
with low NSE cannot be detected by SPAMS. Detailed comparison of size
distributions between the two instruments could be found in Supple-
mentary Material (Fig. S5).
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Fig. 2. Time series of SEs for (a) number concentration of submicron particles, (b) mass concentration of EBC and (c) detected number of BC-containing particles,
respectively. Dash lines are used to separate each period, which are marked as Formation, Development and stability, and Dissipation, respectively. From 12:00 to
17:00 on 31 May, the cloud was unstable and thus the data was not divided into any stage.
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references to color in this figure legend, the reader is referred to the Web version of this article.)

3.3. Influencing factors on SE of BC-containing particles

3.3.1. LWC and concentration of unactivated particles

To investigate the relationship between LWC and SE, Fig. 4 shows the
relationships between LWC and SEs of different types of BC-containing
particles after a power fitting (SE = a x LWCD). It can be seen that SEs
showed a strong correlation with LWC for EBC, and all types of BC-
containing particles (R2 > 0.8). This result is in accordance with the
result obtained at Mt. Jungfraujoch (Cozic et al., 2007), where there is
an exponential increasing relationship between SE and LWC. Besides,
Hitzenberger et al. (2000) revealed a log-linear increasing relationship
between them at Mt. Sonnblick. As reported in many previous studies,
the influence of LWC on SE of BC would somewhat reach a plateau and
keep flat at a threshold (Cozic et al., 2007; Hitzenberger et al., 2001;
Hitzenberger et al., 2000; Kasper-Giebl et al., 2000), the decreasing
slope (ASE/ALWC) of the fitting curves may indicate the similar trend
(Fig. 4). However, Schneider et al. (2017) reported an opposite tide

(@)
1.0,

0.84
= 0.6
7]

0.0 0.1 0.2 03
LWC (g m?)

+  All detected

BC-Sull
*  BC-Sul2
1 BC-OC-Sul

between them, which might be a result of conspicuous differences in
environmental conditions among cloud events. While there are some
studies reporting the similar dependence of MSE and NSE of BC on su-
persaturation (Matsui, 2016; Motos et al., 2019a; Wu et al., 2019), the
relationship between LWC and supersaturation is fairly complicated
(Motos et al., 2019a; Pinsky et al., 2013).

Fig. 5 shows the correlations between the MSE of EBC and the EBC
concentration, and between the NSE of BC and the number of BC-
containing particles in cloud INT, respectively. Under a specific LWC
condition (dots with the same color in Fig. 5), NSE to some extent
decreased with the increasing number concentration of cloud INT,
suggesting high concentration of particle hindered the incorporation
into droplets due to the competition for the limited water vapor (Cozic
et al.,, 2007). The trend became more obvious when we displayed an
overview throughout the cloud event (R? are 0.66 and 0.88). Similar
decreasing trend for MSE with increasing mass concentration of particles
(or BC) was widely observed (Cozic et al., 2007; Gieray et al., 1997;

+ EBC —— MSEg.=0.909 x LWC™2 R%=0.86

+ BC-containing —— NSEyc containing = 1-38 X LWC'7, R?=0.93

—— NSEqpgeeerea = 1.15 X LWC™7, R?=0.88

NSEpcgun = 1.38 x LWC™¥, R2=10.88

NSEpc.quz =141 X LWC*28 R?=0.93

NSEpc.oc.sur = 0.756 x LWC**0, R? = (.84

Fig. 4. Power fitting curves between LWC and SE of (a) mass of EBC by AE-33 and (b) and (c) particles by SPAMS, respectively.
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Hallberg et al., 1994; Hallberg et al., 1992). Some exceptions, for
instance, were found with no correlation between MSE and mass con-
centration of BC at Mt. Sonnblick (Hitzenberger et al., 2000; Kas-
per-Giebl et al., 2000) and Mt. Rax (Hitzenberger et al., 2001).

3.3.2. Particle size and chemical composition
Generally, fresh BC particles distribute in submicron range, however,
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aging processes can make them grow and internally mix with many
compounds (Bond et al., 2013). It’s better to understand the intrinsic
relationship between MSE of EBC and particle size by using the core
diameter than the diameter of cloud droplets (Motos et al., 2019a).
Herein, stage-resolved relationships between NSEs of different types of
BC-containing particles and Dy, of cloud RES particles are shown in
Fig. 6. The NSEs of all types of particles increase with the growing D,,,
indicating that larger particles are preferentially to be scavenged than
smaller ones and nucleation was the primary mechanism of wet scav-
enging in this study in a size range of 0.4-1.2 pm, as discussed in our
previous study, in which the size range is broader (0.1-1.6 pm) (Zhang
et al., 2017). Hence, despite that the fraction of BC in the range of
smaller than 40 nm (Dy,) is unclear (Fig. 3), the impact of impaction/-
coagulation processes on scavenging BC-containing particles detected
by SPAMS can be ignored. The average D,, of three stages (ranging from
0.69 to 0.79 pm) is the largest in the formation stage, followed by the
dissipation stage and the development and stability stage (Fig. S7).
Regarding the highest LWC in the development and stability stage, it’s
reasonable to infer that sufficient water vapor facilitated smaller parti-
cles to enter cloud droplets (Hoose et al., 2008). However, in the for-
mation stage and the dissipation stages, low LWC did not facilitate the
scavenging of smaller particles.

The influence of chemical compositions on the SEs of the BC-
containing particles can be well reflected in Fig. 4 (c). While all the
particle types of the BC-containing particles show a similar increasing
trend towards LWC, the difference between SEs of different types can be
as large as 30%. The maximum extent of increase was observed for BC-
Sull, followed by BC-Sul2 and BC-OC-Sul. Such a remarkable different
dependence of NSEs on LWC could be attributed to the discrepancies of
hygroscopicity. BC in type BC-Sull and BC-Sul2 have coatings with more
water-soluble species (sulfate, nitrate, etc.) than the BC-OC-Sul type,
with more organics. The hygroscopicity parameter kappas (x) of sulfate
(0.51-1.01) are considerably larger than those of organics (0.006-0.44)
under sub-saturated conditions (Clegg and Brimblecombe, 1998; Koeh-
ler et al., 2006; Petters and Kreidenweis, 2007; Prenni et al., 2003). As
BC-containing particles are highly aged, they become more hydrophilic
than fresh emitted ones, and the hygroscopicity is highly dependent on
the chemical compositions that are internally mixed with BC. There are
studies reporting that the increased hygroscopicity of BC-containing
particles could result in a similar scavenging behavior like bulk aero-
sols (Cozic et al., 2007; Zhang et al., 2017), and such phenomenon is also
observed in the present study (Figs. 4 (b) and Fig. 6).

The NSE order is the same for three cloud stages but the discrep-
ancies among various types are different (Fig. 6). Regarding BC-OC-Sul
and BC-containing particles, the average NSE discrepancy is the lowest
in the formation stage (0.1%) and the highest in the dissipation stage

BC-OC-Sul —— BC-containing —— All detected

Dissipation

0.8+

T 0.0 T . . s

» 0.0
1.2 04 0.6

0 . :
04 06 08 1.0

0:8 1.0 12 04 06 08 1.0 1.2
D,, (nm)

Fig. 6. Stage-resolved variation of NSEs of different types of detected particles with D,,. The error bars denote the standard deviation of NSE based on the hypothesis

the NSE followed a Poisson’s distribution.
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(8.6%) while the largest discrepancy was observed at size bin of
~0.6-0.8 pm for each stage (with highest value of ~13% in the dissi-
pation stage). The more considerable discrepancy may be attributed to
slightly higher organics content existing at the size bin of 0.6-0.8 pm in
cloud INT particles, hampering the particles to incorporate into cloud
droplets (Fig. S6). Furthermore, the opposite trend between particle size
and NSE was observed for three types of BC-containing particles
(Fig. S7).

Considering organics are ubiquitous in the atmosphere and usually
mixed with carbonous aerosols (namely BC-OC-Sul in the present study),
we compared the SEs of organics with that of BC-OC-Sul. During the
campaign, organic compounds (OC) and high molecular organic com-
pounds (HMOC) were detected. OC particles were dominated by frag-
ment ions of organics (m/227 CoHy, 37 C3H', 43 C3H30", —26 CN', ...)
while HMOC by some other organic peaks (m/z77 CcHZ , 91 C;H; ) apart
from those present in OC particles. Further, HMOC particles were
distinguished from OC particles by marked ion fragments of m/z > 100
(Fig. S8) (Fu et al., 2020). OC and HMOC made up of 2.4% and 0.1% in
cloud RES during the cloud event, respectively. It can be seen the
size-resolved SEs of OC and HMOC were lower than BC-OC-Sul, sug-
gesting that increasing organics would hinder particle scavenging
(Fig. S9).

Besides, the variations of NSE of organics were also estimated. The
NSE of organics (OC and HMOC) was lower than BC-containing parti-
cles, ranging from 2.1% to 65.0% with an average value of 16.0%
throughout the cloud event. The average NSE was 7.6%, 33.0% and
13.3% for the three continuous cloud stages, respectively. It should be
noted that the values may be overestimated for in-cloud formation of
organics is prevalent.

The influence of convection on the in-cloud scavenging of particles
have been considered in recent studies (Motos et al., 2019a; Xu et al.,
2019). Xu et al. (2019) pointed out that convection scavenging shows
the largest influence on BC mass concentration at mid-altitude region
over tropics than the others. Motos et al. (2019a) revealed that updraft
influence BC scavenging through the peak supersaturation (SSpeax). It’s
found that SSyeai is positively corelate with updraft velocity and the
increasing updraft velocity with increasing vertical distance from cloud
base leads to higher SSyeak above the cloud base than that at the cloud
base (Hammer et al., 2015; Romakkaniemi et al., 2017). However, the
relationship between LWC and SSpeax remains unclear (Motos et al.,
2019a; Pinsky et al., 2013), which limits us to estimate the impact of
convection on BC scavenging.

Cloud boundary information might affect the interactions between
ambient particles and LWC, since the hygroscopicity of ambient parti-
cles to a large extent determines whether they can serve as CCN
(Vaisanen et al., 2016). Besides, the mass concentration, size distribu-
tion and chemical composition for aerosols may be different outside
(above, below and vicinity) and inside the cloud. Crumeyrolle et al.
(2013) found the fraction of sulfate in aerosols markedly increased when
approaching the cloud layer, facilitating them to incorporate into cloud.
However, it remains a challenge to obtain cloud boundary information
during the orographic cloud observations (Pratt et al., 2010; Roth et al.,
2016). Also, in our in-situ measurements, we didn’t get information
about cloud boundary and such issue calls for further investigation.

Apart from the factors mentioned above, morphology may be a
momentous factor, either. Generally, BC undergone cloud processing
would become more compact (Bhandari et al., 2019), whereas our
morphology study on soot (BC) during cloud events at this site showed
that interstitial particles were more compact and less branched than
cloud residue particles (Fu et al., 2020). These phenomena may impact
BC scavenging but need further investigations.
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3.4. Key influencing factor on SE of BC-containing particles in different
cloud stages

As discussed above, the SEs of submicron particles and BC-containing
particles are strongly dependent on LWC. At a specific size bin, the NSE
varied significantly with the cloud stages, which also meant a good
correlation with LWC. Thus, it’s reasonable to infer LWC is the most
critical factor in determining the SE of BC-containing particles
throughout the cloud event.

Considering that the increase of NSE with particle size was
commonly observed even for type BC-OC-Sul, and that chemical
composition didn’t show considerable variation throughout the cloud
event, the influence of size on NSE may dominate over chemical
composition. At the formation stage, LWC was relatively low, and the
smallest difference was observed among three types of particles
compared to the other two stages, indicating a limited influence of LWC
and chemical composition on SE. At this stage, mass/number concen-
tration of the INT particles was dramatically high, hence those particles
with larger sizes take more chances to incorporate into the cloud. In
other words, particle size takes an overwhelming advantage in influ-
encing the SE of BC-containing particles.

When the cloud was stable, sufficient LWC made particle size to be a
minor contributor for in-cloud scavenging. We noted that during
0:00-8:00 on 1, Jun, the SEs increased remarkably (ASE was 39.5% for
mass and 31.1% for number, respectively) while the LWC was not the
highest (0.13 g m™3). Oppositely, smaller variations of SEs were
observed (ASE is 11.9% for mass and 24.8% for number, respectively)
when LWC varied from 0.13 to 0.29 g m > (Fig. 2), indicating that LWC
was not the decisive factor in this stage. Besides, the discrepancies of
NSEs among three types of BC-containing particles became increasingly
evident throughout the cloud event (Fig. 6), highlighting the increasing
role of chemical composition.

When the cloud tended to dissipate, the fact that SEs fell gently and
the LWC decreased dramatically indicates a light impact of LWC on SE.
Furthermore, the NSEs increased fastest with particle size, and the dis-
crepancies of NSEs among different types are the largest in this stage
(Fig. 6), indicating that size and chemical composition may be
momentous at the dissipation stage.

4. Conclusions

The evolution of SE of BC and the stage-resolved main influencing
factors were firstly investigated. The MSE of EBC and NSE of BC-
containing particles varied from 4.7% to 52.6% and 11.3%-59.6%,
with a mean value of 35.1% and 37.3%, respectively. The SEs were the
highest in the development and stability stage, followed by the dissi-
pation stage and the formation stage, respectively. The NSEs of different
types of particles increased with particle size (0.4-1.2 pm) and LWC,
despite the fact that organics coated type particles were less scavenged
compared to sulfate coated types. Submicron particles (20-620 nm)
scavenging was dominated by coagulation/impaction for 20-30 nm size
bin and nucleation for > 50 nm size bins. Based on the stage-resolved
and comprehensive analysis, we infer that LWC is the predominant
factor in determining the SEs of BC-containing particles throughout the
cloud event. Other key factors influencing SE of BC are particle size for
the formation stage, chemical composition for the development and
stability stage, both particle size and chemical composition for the
dissipation stage, respectively. The present results may provide a crucial
constrain for wet scavenging of BC in modelling investigations.
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