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H I G H L I G H T S

• The effect of wet scavenging by clouds is overall much larger than cloud chemistry.
• But low-level thin clouds have increased chances of forming secondary aerosols.
• The presence of fog increases sulfate formation up to a rate of 1.5 μg m−3 h−1.
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Clouds play two contrasting roles in the fate of aerosols as a sink through wet scavenging and a source as a
medium for aqueous-phase secondary aerosol formation. The contrasting contributions of clouds to near-surface
particulate matter with a diameter less than 2.5 μm (PM2.5) are quantitatively examined with a particular focus
on boundary-layer aerosols and clouds using the Weather Research and Forecasting model coupled with
chemistry (WRF-Chem). Overall, the net contribution of wet scavenging to daily-mean PM2.5 is much larger (−5
μg m−3 to −22 μg m−3) than that of cloud chemistry (~0.9 μg m−3). The effects of wet scavenging are found over
a large spatial extent even over no-rainy regions and last for a long time (~2 days). The amount of aerosols
scavenged by clouds and rainfall varies greatly, but it increases as the liquid water path (LWP) increases in a
general sense. So, aerosols are mostly removed when clouds have large LWPs. For thin clouds with LWPs of
30–80 g m−2, the net reduction in PM2.5 due to wet scavenging is barely sensitive to LWP and the role of cloud
chemistry becomes non-negligible. A relatively large increase in sulfate mass is found when cloud base height
(CBH) is lower than ~1.2 km for thin clouds, and the occurrence fraction in which cloud chemistry plays a
dominant role over wet scavenging increases up to ~30% as CBH becomes lower. These results highlight that fog
and/or non-precipitating stratus clouds likely play a substantial role in the formation of aqueous-phase sec
ondary aerosols. A case study reveals that the presence of fog can contribute to increasing sulfate formation at a
maximum rate of 1.5 μg m−3 h−1.

1. Introduction
It is well known that wet removal by clouds and precipitation is the
major sink of aerosols in the atmosphere. Meanwhile, clouds serve as a
medium for the formation of secondary aerosols via aqueous-phase
chemistry and cloud processing and thus act as a source of aerosols
(Ervens, 2015). An increasing number of observational and laboratory
studies in recent years have indicated the importance of aqueous-phase

chemistry in the formation of sulfate (Ding et al., 2021; Liu et al., 2019)
and aqueous secondary organic aerosols (aqSOA) (Lamkaddam et al.,
2021; Petters et al., 2021). Overviews of secondary aerosols formed by
aqueous-phase chemical reactions and cloud processing are well pre
scribed in the review articles of Ervens (2015) and McNeill (2015). A
recent observational study by Eck et al. (2020) showed that aerosol
optical depths and particulate matter with a diameter less than 2.5 μm
(PM2.5) were increased when clouds and/or fog were present during the
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Korea-United States Air Quality (KORUS-AQ) field campaign over South
Korea. Li et al. (2021) found higher mass fractions of secondary inor
ganic aerosols (sulfate, nitrate, and ammonium) and of SOA during high
humidity and fog episodes compared to low humidity periods from
another field campaign over the North China Plain (NCP) during
2017–2018. Duan et al. (2021) reported that mass fraction of
aqueous-phase-processed oxygenated organic aerosols (aq-OOA) to
organic aerosols increased from 2% during non-fog-rain days to 19%
during fog-rain days. All these observational studies indicate that sec
ondary inorganic and organic aerosols likely increase when clouds
and/or fog are present.
From the perspective of wet scavenging, there have been numerous
studies that addressed large influences of wet scavenging by clouds and
precipitation on aerosols through theoretical (Bae et al., 2010; Scott,
1982), observational (Emerson et al., 2018; Xu et al., 2019), and
modeling (Berg et al., 2015; Croft et al., 2010; Luo et al., 2020) ap
proaches. For example, Bourgeois and Bey (2011) examined the sensi
tivity of wet scavenging of sulfate and black carbon aerosols to their
transport to the Arctic using a global chemistry transport model and
showed that wet deposition accounts for 97% and 92% of total deposi
tion of sulfate and black carbon aerosols, respectively. A comprehensive
review of wet scavenging by Yang et al. (2019) provides the current
understanding and progress of wet scavenging processes for black car
bon aerosols.
Previous studies on the roles of clouds in aerosols have focused on
one aspect: a sink or a source. A number of studies indicated a negative
correlation between sulfate and clouds due to the wet removal of sulfate
by clouds (Koch et al., 2003; Plaude et al., 2012; Tai et al., 2010). On the
other hand, several studies showed that the in-cloud sulfate formation is
the main global sulfate source (>70%) (e.g., Barth et al., 2000; Textor
et al., 2006). Yet, few studies have attempted to quantitatively assess
such contrasting roles of clouds jointly. It is not well known what kinds
of and under which conditions clouds play a dominant role as a sink or a
source; how much aerosols can be removed and formed due to clouds;
and ultimately what the net effects of clouds are. It is critical to un
derstand and quantify cloud properties because large uncertainties in
predicting in-cloud sulfate formation lie in the cloud parameters such as
liquid water content, cloud processing time and precipitation rate rather
than the in-cloud sulfate formation mechanisms that are quite well
established (Ervens, 2015; Pandis and Seinfeld, 1989; Rasch et al.,
2000). For a comprehensive understanding of the roles of clouds, we
employ the Weather Research and Forecasting model coupled with
Chemistry (WRF-Chem) in which wet scavenging processes are recently
updated by Ryu and Min (2022). Section 2 describes the numerical
experiment setups and observation data used in the model evaluation.
The WRF-Chem performance for wet deposition fluxes and surface PM2.5
concentration is evaluated in section 3.1. The individual roles of clouds
that are examined through sensitivity experiments are quantified and
their overall roles are presented and discussed in sections 3.1 through
3.5. Summary and conclusions are made in section 4.

developed by Emmons et al. (2010) and updated by Knote et al. (2014) is
used with the MOSAIC aerosol module (Zaveri et al., 2008). In the
current version of the model, the formation of aqSOA involving
cloud/fog water is not explicitly included; however, SOA formation from
glyoxal on deliquescent particles is considered (Knote et al., 2014) and
wet and dry deposition of gaseous semi-volatile organic compounds is
updated by Knote et al. (2015). Thus, the secondary aerosol formation
by cloud chemistry and cloud processing mostly aims at the sulfate
formation in the present study. For aqueous chemistry, the mechanism
of Fahey and Pandis (2001) is used, which includes oxidation of dis
solved S(IV) by hydrogen peroxide, ozone, trace metals and radical
species in WRF-Chem (Chapman et al., 2009). The pH of cloud droplets
is determined by solving the electroneutrality equation using a bisection
method, with an assumption that aqueous equilibrium and electro
neutrality are continuously maintained (Pandis and Seinfeld, 1989). For
aerosol activation the parameterization by Abdul-Razzak and Ghan
(2002) is used, which predicts the number and mass fractions of aerosol
particles activated for each size section using updraft velocity, aerosol
size, number concentration and composition of each size section. It
should be noted that considerable updates on wet scavenging processes
of aerosols in the MOSAIC module are made by Ryu and Min (2022), and
a brief description of the updates can be found in Supplement.
2.2. Sensitivity experiments
To investigate the effects of wet scavenging and cloud chemistry
separately, we designed four experiments (Table 1). The effect or
contribution of each factor can be calculated through Eqs. (1)–(3) ac
cording to the factor separation method by Stein and Alpert (1993).
f wetscav = Fwetscav − F0 ,

Eq. (1)

f cldchem = Fcldchem − F0 ,

Eq. (2)

f wetscav+cldchem = Fcontrol − Fwetscav − Fcldchem + F0 ,

Eq. (3)

where fwetscav, fcldchem, and fwetscav + cldchem are the contribution of wet
scavenging, that of cloud chemistry, and that of the interaction between
wet scavenging and cloud chemistry, respectively. The contribution of
each factor targets near-surface PM2.5 in this study.
2.3. Observation data
Three regions are considered for PM2.5 evaluation: the Seoul
Metropolitan area (hereafter, SMA), the North China Plain (NCP), and
the Yangtze River Delta (YRD), which are the most polluted regions
within the model domain (see Fig. 3a for the regions). The gridded
surface PM2.5 data constructed by Ryu and Min (2021) are used for the
evaluation over the SMA. These data are constructed based on the
routine hourly PM2.5 station data (available from https://airkorea.or.kr)
using the inverse distance weighted interpolation at 0.25◦ × 0.25◦ res
olutions. For NCP and YRD regions, the surface reanalysis data at hourly
intervals by Kong et al. (2021) are used as pseudo-observations for the
model evaluation. The area-averaged daily PM2.5 is computed and used
for the model evaluation over the three regions. In this study, PM2.5 is
referred to as near-surface PM2.5.
The wet deposition fluxes of soluble inorganic ions, i.e., sulfate
(SO42−), nitrate (NO3−), and ammonium (NH4+), measured at the Acid

2. Experimental design and observation data
2.1. WRF-Chem modeling
The WRF-Chem modeling setups in the present study are similar to
those used in Ryu et al. (2021), and so only essential parts are described
here (the full model configurations are given in Table S1). The study
period is from 1 May to 26 May 2016, covering the early period of the
KORUS-AQ campaign. All the simulations are initialized at 15 UTC 24
April 2016, and the first six-day results are not used for analysis. Note
that the simulations are re-initialized at 15 UTC 23 May 2016 to better
capture the meteorology during 24–26 May especially for clouds. The
horizontal resolution is 20 km and the ERA-5 reanalysis data are used as
initial and boundary conditions for meteorology. For gas and aerosol
chemistry, MOZART-4 gas-phase mechanism that was originally

Table 1
List of sensitivity and control experiments.
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Experiment

wet scavenging

cloud chemistry

F0
Fwetscav
Fcldchem
Fcontrol

No
Yes
No
Yes

No
No
Yes
Yes
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Deposition Monitoring Network in East Asia (EANET) stations are uti
lized in this study (see Fig. S1 for station locations) and the non-sea-salt
SO4 flux data are used. The EANET data are available from http
s://www.eanet.asia/. Some stations that are located near lakes or over
mountains are excluded. The deposition fluxes are summed over the
study period (1–26 May 2016), and wet deposition of gaseous species
(SO2 for sulfate, HNO3 for nitrate, and NH3 for ammonium) are included
in the wet deposition computation with an assumption that the dissolved
gas species are ultimately present as ions in raindrops.
The Global Precipitation Measurement (GPM) datasets (Huffman
et al., 2017) are utilized and compared to the simulated rainfall over the
model domain. The Final Run GPM datasets at hourly intervals and at
0.1◦ × 0.1◦ resolutions are used in this study.

3. Results and discussion
3.1. Evaluation of wet deposition fluxes
To quantitatively examine the role of wet scavenging, a numerical
model that reasonably well reproduces wet deposition fluxes is required.
The simulated total wet deposition fluxes during the study period are
therefore evaluated against the observed fluxes at the EANET stations
(Fig. 1). Overall, the model well reproduces nitrate wet deposition flux
but underestimates sulfate and ammonium wet deposition fluxes. It has
been quite commonly reported that many numerical models underesti
mate wet deposition fluxes, (e.g., the Model Inter-Comparison Study of
Asia (MICS-Asia) phase III reported by Itahashi et al. (2020)). For some
stations, the underestimated wet deposition fluxes can be partly

Fig. 1. Comparison of total (a) sulfate (SO4), (b) nitrate (NO3), (c) ammonium (NH4) wet deposition fluxes, and (d) precipitation simulated and observed at EANET
stations (see Fig. S1 for station locations) during the period of 1–26 May 2016. The OBS, WRF, and RMSE indicate the observation mean, simulation mean, and rootmean-square-error, respectively. The small numbers above or below markers denote the station number with the same color representing countries. The dashed and
dotted lines are 3:1 (OBS:WRF) and 1:3 ratio lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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attributed to the underestimated precipitation (e.g., CN08, CN10, and
JP12 stations). However, the discrepancies in precipitation do not
explain all of the biases in deposition fluxes (e.g., KR02 station). The
errors in local emissions and in the transport of gaseous and aerosols are
presumably responsible for the errors in deposition fluxes as well. Thus,
a more comprehensive comparison of atmospheric concentrations of
SO4, NO3, and NH4 with observed ones will be required in the future to
see whether the discrepancies are due to the underestimated concen
trations or underestimated precipitation or both. Despite the discrep
ancies, however, the performance of our model simulation is reasonably
good as compared to that reported in the MICS-Asia phase III project. For
example, in our simulation the normalized mean error (NME) is 42.6%
for sulfate, 23.3% for nitrate, and 53.4% for ammonium wet deposition
flux, and these are smaller than the NMEs reported in the previous study
of Itahashi et al. (2020); the median NME reported in the MICS-Asia
phase III project is 67.7% for sulfate, 72.1% for nitrate and 77.7% for
ammonium wet deposition flux. Note that the contribution of
subgrid-scale wet scavenging by parameterized clouds and precipitation
is included in the deposition fluxes but is much smaller than that by
resolved clouds and precipitation, which is also shown in Ryu and Min

(2022). It is noteworthy that the updated wet scavenging processes
improve the model performance by increasing wet deposition fluxes as
compared to the previous version. For example, the station-wide aver
aged wet deposition flux is increased by 17.5% for sulfate, 6.2% for
nitrate, and 14.1% for ammonium, leading to closer agreements with the
observations (not shown). A detailed analysis comparing the previous
and updated version of wet scavenging schemes can be found in Ryu and
Min (2022).
3.2. Effects of wet scavenging on PM2.5
The daily variations of PM2.5 from the observations and four exper
iments are compared in Fig. 2. In the control experiment, daily PM2.5 is
generally well captured over the three polluted regions except on the
days influenced by Asian dust. It is noteworthy that dust loading can be
underestimated especially when the GOCART dust emission scheme is
used (Zeng et al., 2020) in WRF-Chem. Zeng et al. (2020) and Ryu and
Min (2022) also showed the default dry deposition schemes underesti
mate dust concentration. Even though Ryu and Min (2022) updated dry
deposition velocities for coarse-mode particles, the updates are not
Fig. 2. Daily-mean near-surface PM2.5 over (a) the
Seoul Metropolitan area, (b) North China Plain, and
(c) Yangtze River Delta during 1–26 May 2016. The
vertical bars on the top of the x-axis in light blue and
light purple indicate daily-mean rainfall and
boundary-layer liquid water path (LWP), respectively,
over the three regions. The yellow circles marked on
observed PM2.5 indicate the days that are influenced
by Asian dust. The numbers on the right bottom
corner of each subfigure indicate the average PM2.5
concentration over the study period, except for Asian
dust day, in the same colors representing the indi
vidual experiments and observation. (For interpreta
tion of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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applied in the present study. It is evident that the contribution of wet
scavenging on PM2.5 is much larger (cf. Fwetscav and F0, fwetscav in Eq. (1))
than that of cloud chemistry (cf. Fcldchem and F0, fcldchem in Eq. (2)). For
example, for the SMA, the contribution of wet scavenging is computed as
Fwetscav – F0 = 23.7 μg m−3 – 31.1 μg m−3 = −7.4 μg m−3. Likewise, the
contribution of cloud chemistry is 0.6 μg m−3 (= 31.7 μg m−3 – 31.1 μg
m−3). Among the three polluted regions, the effects of wet scavenging
are largest over the YRD where frequent and relatively large amounts of
rainfall are observed with a maximum contribution of −55 μg m−3 for
daily PM2.5 and −16.5 μg m−3 for the study-period average. The effects
of wet scavenging (cloud chemistry) relative to the study-period aver
ages in the F0 experiment are −24% (1.9%) over the SMA, −16%
(0.34%) over the NCP, and −31% (1.3%) over the YRD. These values are
computed as the ratio of each contribution to the average value in the F0
experiment; for example, the effect of cloud chemistry over the SMA is
fcldchem/F0 (= 0.6 μg m−3/31.1 μg m−3 × 100%) and equals to 1.9%. The
degree of wet scavenging roughly increases as the amount of rainfall
increases (Fig. S2). However, it is not always proportional to the rainfall
amounts over that region. For example, the rainfall amount on 2 May
over the YRD (41.5 mm) is much larger than that on 10 May (10.2 mm);
however, the fwetscav on 2 May (−9.9 μg m−3) is much smaller than that
on 10 May (−35.9 μg m−3). In addition, substantial contributions of wet

scavenging are often found even in no-rain days (e.g., 12 May over the
SMA and 25 May over the NCP). The reason for this is explained in the
next paragraph.
The simulated rainfall amounts as well as distributions are generally
in good agreement with the GPM rainfall estimates (Fig. 3a and c). The
spatial distributions of rainfall and fwetscav also support that they are not
always directly linked. The region exhibiting a large degree of fwetscav
over southern China roughly corresponds to the region with large
amounts of rainfall. However, the region of the largest fwetscav is shifted
to the north of the largest rainfall region, i.e., the region between
Sichuan and Chongqing provinces. In addition, the regions with little
precipitation (e.g., Henan and Hebei, parts of the NCP) even show
remarkable influences of wet scavenging. The reason for this non-trivial
relationship is that the amount of aerosols scavenged in the precipitating
region (serves as the upwind region) greatly affects the aerosols in the
downwind. In other words, if the effects of wet scavenging are ignored,
the aerosols that should have been removed by clouds and precipitation
are transported to the downwind. So, the effects of wet scavenging can
be significant not only in the precipitating region but also in its down
wind region. These effects can last a considerably long time (~2 days).
Fig. S3 illustrates an example showing that the effects of wet scavenging
are accumulated along the pathway of a low-pressure system. The large

Fig. 3. Spatial distributions of (a) rainfall and (b) liquid water path in the Fcontrol experiment, (c) Global Precipitation Measurement (GPM) rainfall, (d) contribution
of wet scavenging to near-surface PM2.5 computed as a difference between Fwetscav and F0 experiments (fwetscav), (e) contribution of cloud chemistry computed as a
difference between Fcldchem and F0 experiments (fcldchem), and (f) contribution of the interaction between fwetscav and fcldchem computed as Fcontrol – Fwetscav – Fcldchem
+ F0. All spatial maps shown here are time-averaged ones over the study period of 1–26 May 2016, and the numbers in the right corner in (d)–(f) are the domain-wide
averages. Note that the color bar legends in (d) are six timess larger than those in (e) and (f). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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amount of aerosols that should have been scavenged continues to move
following the system from mid-north China (15 UTC 13 May), westernto-northeastern China (09 UTC 14 May), southern China (06 UTC 15
May), and finally South Korea (22 UTC 15 May). This is the reason why
the effect of wet scavenging is so large on 16 May 2016 without rainfall
over the YRD.
It is noteworthy that there are several aspects to be improved or
included in the wet scavenging processes in the future, which could
serve as some sources of uncertainty in our findings. As an example,
cloud-borne (activated) aerosols are assumed to be immediately
removed during the in-cloud scavenging processes. That is, such an
assumption does not consider the growth of cloud-borne aerosols into
larger cloud-borne aerosols and also does not consider their transition to
other types of aerosols that are attached to other hydrometers (e.g., rain,
ice, graupel, and snow). Because of the immediate wet removal, the
resuspension of aerosols from the evaporation of precipitating hydro
meteors is not included, which certainly deserves follow-up studies. The
multiple evaporations and condensation cycles of aerosols associated
with hydrometeors are expected to considerably influence their physical
and chemical properties as well as lifetime. Aerosols as ice nuclei are
also not treated and so is in-cloud scavenging by solid hydrometeors in
the present study, although the wet removal by precipitating snow is
included in the below-cloud scavenging process.

study, our conclusions would not change if other factorization methods
are applied.
3.4. Overall effects of clouds
Because the effects of wet scavenging and cloud chemistry are
opposite and thus act to cancel each other out, the net changes in PM2.5
and sulfate aerosol due to wet scavenging and cloud chemistry are
examined with respect to LWPs or CBHs (Fig. 4). The net change is
computed as the difference in aerosol concentration between Fcontrol and
F0 (= fwetscav + fcldchem + fwetscav + cldchem). So, a net positive (negative)
change means that the effects of cloud chemistry (wet scavenging) play a
dominant role and overcome the opposite contribution of the other
factor and that of their interaction. Here, the LWPs are total column
LWPs because these LWPs are more representative of LWPs for precip
itating clouds and thus more appropriate to examine the contribution of
wet scavenging. The extremely scattered distribution of net negative
changes in PM2.5 with respect to LWPs in Fig. 4a indicates that the ef
fects of wet scavenging are very variable. The distribution of net change
in PM2.5 in a given LWP bin is positively skewed in terms of magnitude,
and so the median values are closer to the 25th percentile values than to
the 75th percentile values. Such characteristics are also found in the
distributions of the net change in sulfate with respect to LWP (Fig. 4b)
and to CBH (Fig. 4c). The median values and interquartile ranges for net
positive changes in PM2.5 and sulfate are shown in Fig. S4. The degree of
wet scavenging measured by the median values generally increases as
LWP increases from −5 μg m−3 (on average when LWPs are less than 10
g m−2) to −22 μg m−3 (when LWPs are greater than 360 g m−2). On the
other hand, the median values of net positive changes do not signifi
cantly increase with LWPs once LWP is greater than 30 g m−2, showing
about 0.9 μg m−3. Such a weak sensitivity of cloud-borne aerosols to the
amounts of cloud water was also found by Ervens et al. (2008), and they
showed that the in-cloud aerosol formation is less sensitive to cloud
liquid water content than to cloud-contact time.
Interestingly, the median values of net negative changes barely in
crease in magnitude when LWP ranges from 30 to 80 g m−2 (the plateau
seen in the median line in Fig. 4a). Additionally, we present the occur
rence fraction that is the ratio of the number of samples in which cloud
chemistry plays a dominant role in PM2.5 changes (so the net change
becomes positive) relative to the total number of samples in a given LWP
range (the purple dashed line in Fig. 4a). For example, when the LWPs
are 32–36 g m−2 the total number of samples is 3978 in the bin; the
number of samples that have net positive changes in PM2.5 is 334; and
this means that a fraction of 8.4% (= 334/3978) among the total sam
ples gains mass due to clouds. At the same time, this indicates that the
fraction of about 92% among the total samples experiences a net mass
loss due to clouds because the effects of wet scavenging are dominant
over those of cloud chemistry. Overall, the fraction in which wet scav
enging plays a dominant role is always much larger than that of cloud
chemistry. However, for LWPs of 30–80 g m−2 the fraction in which the
effects of cloud chemistry surpass those of wet scavenging can be nonnegligible. This suggests that when clouds with low LWPs (30–80 g
m−2) are present, which are highly likely non-precipitating clouds due to
their low LWPs, the cloud chemistry has enhanced chances to increase
PM2.5 mass with a maximum occurrence fraction of about 8–9%. How
ever, for clouds with moderate-to-high LWPs, the contribution of wet
scavenging is much greater than that of cloud chemistry and the ma
jority of the samples show net mass losses.
Because the increase in aerosol mass due to cloud chemistry is mostly
confined to sulfate aerosol in the present study, the net change in sulfate
aerosol is also examined (Fig. 4b). Similar to PM2.5, the fraction in which
cloud chemistry plays a dominant role is relatively high when LWPs are
smaller about 80 g m−2 with a maximum value of 17%. For sulfate, the
median values of net negative change are smaller than for those for
PM2.5 (e.g., about −3 μg m−3 for sulfate versus −22 μg m−3 for PM2.5
with LWPs of 380–440 g m−2). In other words, the contribution of wet

3.3. Effects of cloud chemistry on PM2.5
The effects of cloud chemistry on PM2.5 are found to be much smaller
than those of wet scavenging with a maximum contribution to daily
PM2.5 of 3.9 μg m−3 over the YRD and with the study-period average of
0.7 μg m−3 (Fig. 2c). The spatial distribution of fcldchem also exhibits its
smaller magnitude (Fig. 3e) as compared to that of fwetscav (Fig. 3d).
However, cloud chemistry shows a non-negligible contribution when
boundary-layer LWPs are larger than ~20 g m−2 (Fig. 2). Note that in
Fig. 2 cloud water content is integrated from the surface to the top of the
boundary layer, so it is called boundary-layer LWPs. The noticeable
contribution of cloud chemistry is found mostly over the YRD where
moderate-to-thick clouds with cloud base heights (CBHs) within the
boundary layer are often found. The largest contribution of fcldchem
exceeding 5 μg m−3 for daily PM2.5 is found over Chizhou and
Chongqing provinces (Fig. 3e) where clouds with high boundary-layer
LWPs are present (Fig. 3b).
The contribution of the interaction between the two factors in Fig. 3f
shows overall negative values and their magnitudes are in general
smaller (much smaller) than those of cloudy chemistry (wet scav
enging). The negative contribution can be interpreted as 1) the wet
removal of cloud-borne aerosols that are produced by cloud chemistry
and 2) the wet removal of precursors (e.g., SO2, HNO3, and NH3), which
in turn reduces in-cloud aerosol formation. The small magnitude of the
interaction contribution implies, however, that the contrasting roles of
clouds as a source and sink act in a rather independent way. It is worth
emphasizing that we examine and compare the sole contributions of the
two factors in this study by excluding the contribution of the interaction
term. For example, the sole contribution of cloud chemistry is computed
as Fcldchem – F0, and this is different from the control simulation (that
includes both factors) minus the simulation without cloud chemistry (i.
e., Fcontrol–Fwetscav). For the SMA, the sole contribution of cloud
chemistry is 0.6 μg m−3 (= Fcldchem – F0), and this is smaller than the
value computed as Fcontrol – Fwetscav (= fcldchem + fwetscav + cldchem = 0.4
μg m−3). The former does not include the interaction term, but the latter
does. There are other ways to quantify individual contributions of fac
tors, for example, linear-sum, shared-interaction, and scaled-residual
factorizations (Lunt et al., 2021). These factorizations do not explicitly
represent interaction terms between factors; rather, contributions of
interactions are shared and distributed to contributions of individual
factors (see Lunt et al., 2021 for details). Because the interaction be
tween wet scavenging and cloud chemistry is found to be small in this
6
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Fig. 4. (a) Scatter plot of the net change in near-surface daily PM2.5 (Fcontrol – F0) with respect to daily-mean liquid water path (LWP) at all land grids. The thick solid
lines in dark orange (cyan) are the median values of net positive (negative) change in PM2.5 in a given LWP bin. The thin-cyan solid lines indicate the lower and upper
interquartiles (25th and 75th percentiles) for net negative change in PM2.5. The LWP bins are at intervals of 2 g m−2 when LWPs are up to 8 g m−2, 4 g m−2 for LWPs
of 12–36 g m−2, 10 g m−2 for LWPs of 40–100 g m−2, 20 g m−2 for LWPs of 120–260 g m−2, and 60 g m−2 when LWPs are greater than or equal to 320 g m−2. The
dashed lines in purple (blue) indicate the occurrence fraction of net positive (negative) change in PM2.5 for a given LWP bin. Read the right y-axis for the fraction
values. (b) is the same for (a), but for sulfate (SO4) aerosols with a diameter less than 2.5 μm. (c) is the same for (b), but with respect to daily-mean cloud base height.
The intervals of cloud base height are 200 m. Note that only land grids in which the absolute magnitude of the net change in PM2.5 is greater than 0.1 μg m−3 and that
in SO4 greater than 0.05 μg m−3 are considered. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

scavenging is much larger for PM2.5 than sulfate. This is because the
individual species of PM2.5 other than sulfate barely undergo cloud
chemistry/processing in the current version of the model, so those
species experience almost wet scavenging only. These results underscore
a greater potential of cloud chemistry to secondary aerosol formation if
additional mechanisms such as aqSOA formation are included in the
model. Even though additional mechanisms are considered, however,
the conclusions drawn in this study would not change and conclusions
with additional mechanisms are expected to be similar to those drawn
for sulfate aerosols. That is, cloud chemistry would have increased
chances of increasing secondary aerosol mass when LWP is low (30–80 g
m−2) but its role would become much smaller than the role of wet
scavenging as LWP increases.
The contribution of cloud chemistry to sulfate formation shows a
meaningful link to CBH (Fig. 4c). The fraction that shows dominant
contributions of cloud chemistry increases up to 30.8% as CBH decreases
particularly for CBHs lower than ~1.2 km. The maximum median value
of net positive contribution for sulfate is 0.62 μg m−3 when CBHs range
from 0.2 to 0.4 km. On the other hand, the relationship between CBH
and net negative contribution is less clear. The median values of net
negative changes range from −1.3 μg m−3 to −2.0 μg m−3 when CBHs
are lower than 1.6 km, and decrease in magnitude as CBH increases.
Thus, sizable sulfate formation by cloud chemistry can be expected
when clouds have a low base height within the boundary layer.
Considering the growing negative contribution of wet scavenging with
increasing LWPs, the occurrence fraction that shows enhanced PM2.5
mass due to cloud chemistry would become relatively high when the
LWPs of clouds range from 30 to 80 g m−2 and their base heights are
close to the surface. These cases correspond to fog or non-precipitating
stratus clouds. It is worth noting that LWPs for fog typically range from
20 to 100 g m−2 (Dupont et al., 2018; Gultepe et al., 2009). The clouds
with low CBHs indeed serve as an ideal medium for secondary aerosol
formation because considerable amounts of precursors (e.g., SO2) can be
transported upward from the boundary layer to the clouds.

transboundary transport of pollutants from China. The hourly time se
ries of observed PM2.5 clearly shows its increasing concentration after a
cold front passage (after 09 local time on 24 May) (Fig. 5a). The model
reasonably well reproduces the timing of the cold front passage and the
low PM2.5 concentration while rainfalls were recorded (06–09 local
time). The contribution of wet scavenging reaches a peak during the cold
front passage, which reduces hourly PM2.5 by up to 23 μg m−3 (Fig. 5b).
Similar to the example shown in Fig. S3, the significant effects of wet
scavenging last for ~1.5 days (from 06 local time on 24 May up to 18
local time on 25 May) even though the rainfall duration is short (~6 h).
The contribution of cloud chemistry is found to be largest for sulfate
followed by ammonium aerosols as expected (Fig. 5c). The largest rate of
sulfate formation by cloud chemistry is about 1 μg m−3 h−1 on 24 May.
This is in line with the missing sulfate formation with rates of 0.3–5 μg
m−3 h−1 from model simulations for severe haze events in Beijing in
January 2013 (Liu et al., 2020; Zheng et al., 2015). The sulfate forma
tion rate during the later period (e.g., nighttime hours on 25–26 May) is
rather lower than that on 24 May. However, this can be significantly
high locally near clouds/fog (up to 1.5 μg m−3 h−1, Fig. 6i). In fact, the
higher sulfate formation rate on 24 May is likely due to the clouds with
the large horizontal extent that covers entire South Korea (i.e., a cold
front with the horizontal extent of 300–400 km). The clouds/fog simu
lated on 25 and 26 May are rather small, and the SMA is only partially
covered by the clouds/fogs (Fig. 6). Note that the clouds simulated
during nighttime on 25 and 26 May can be classified as a fog because
their depths are shallow and base heights are near the surface (not
shown). In Fig. 6g–i, the large sulfate formation is found near the
southern edge of the clouds where SO2 concentration and LWPs are both
moderately high, suggesting the necessity of co-location of precursors
and clouds. Thus, during the transboundary transport that brought a
significant amount of pollutants, the presence of non-precipitating
low-level clouds/fog plays a substantial role in increasing sulfate con
centration with a maximum rate of 1.5 μg m−3 h−1.
As shown in Fig. 3f, the contribution of the interaction between the
two factors is found to be generally small (Fig. 5d). We showed our
model’s reasonable capability of simulating wet deposition fluxes
(Fig. 1) and surface PM2.5 (Fig. 2). Nonetheless, the near-surface PM2.5
over the SMA is underestimated during 25–26 May (Fig. 5a). Tsui et al.
(2019) showed that the formation rate of isoprene epoxydiol SOA is
~0.4 μg m−3 h−1 for cloud droplet pH of 4. Ervens et al. (2011)

3.5. Case study during 24–26 May KORUS campaign period
High PM2.5 concentrations were observed during 25–26 May over
the SMA (Fig. 2a). According to Peterson et al. (2019), the increase in
PM2.5 concentration over the SMA during this period is attributed to the
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Fig. 5. (a) Hourly time series of PM2.5 from surface observations over the Seoul Metropolitan area (SMA) and from the four WRF-Chem experiments during 24–26
May 2016. The observed PM2.5 values at multiple sites in the SMA are averaged. The blue bars on the top x-axis indicate the hourly rain rate over the SMA in the
control experiment (Fcontrol). (b) Hourly time series of the contribution of wet scavenging to PM2.5 and its chemical composition. In the legend, SS is the sea salt, BC is
the black carbon, OC is the organic carbon, and OIN is the other inorganic aerosols. (c) Same as in (b), but for the contribution of cloud chemistry. The pink bars on
the top x-axis in (c) are the liquid water paths integrated within the boundary layer. (d) Same as in (b), but for the contribution of the interaction between wet
scavenging and cloud chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

demonstrated that about 1 μg m−3 of aqSOA (sum of oxalic, glyoxylic,
glycolic, and pyruvic acid masses) remains after a 4-h simulation of
cloud processing and evaporation, yielding a roughly 0.25 μg m−3 h−1
formation rate. A regional-scale modeling study of Fahey et al. (2017)
showed that the inclusion of aqSOA formation from biogenic epoxides
increases surface PM2.5 concentration over the eastern US with a
maximum increase in the monthly mean value of ~20 ng m−3. It is
doubtless that including aqSOA formation will resolve at least partially
the discrepancies between observed and simulated PM2.5. Given that the
formation rates of aqSOA are lower than or comparable to that of sulfate
aerosol, however, more attention should be paid to under-/
mis-representation of clouds in terms of location, duration, horizontal
extent, and LWP.

to LWPs ranges from −5 μg m−3 to −22 μg m−3 and the positive one of
cloud chemistry is about 0.9 μg m−3. The degree of wet scavenging is
very variable, and the effects of wet scavenging are found over a large
spatial extent even over non-precipitating regions and for a long dura
tion (~2 days). This is because the amount of wet scavenging depends
not only on rainfall amounts or LWPs but also on aerosol concentrations
along with the footprint of cloud systems. Although the contribution of
cloud chemistry is small compared to that of wet scavenging in a general
sense, an increase in the probability of which cloud chemistry plays a
dominant role over wet scavenging is found when low-level clouds/fog
with low LWPs of 30–80 g m−2 are present (at least their base heights are
within boundary layer). For sulfate aerosol, the maximum probability of
which the effects of cloud chemistry surpass those of wet scavenging
thus resulting in increases in sulfate mass is about 17%. In other words,
in the presence of low-level thin clouds or fog we can expect increases in
sulfate mass in roughly 1 out of 5 cases. The SMA episode also confirms
the larger contribution of wet scavenging than cloud chemistry during
the rainfall period and up to ~1.5 days after rainfall. After the effects of
wet scavenging phase out, the presence of low-level clouds/fog over the
SMA is found to increase sulfate formation at a maximum rate of 1.5 μg
m−3 h−1. As aqSOA formation mechanisms are not explicitly included in
the current version of the model, the effects of aqSOA formation on
aerosols deserve a follow-up study and are expected to increase sec
ondary aerosol concentrations when low-level clouds/fog are present.

4. Summary and conclusions
The WRF-Chem modeling in this study shows a satisfactory perfor
mance in reproducing near-surface PM2.5 as well as wet deposition
fluxes over East Asia. Overall, the negative role of clouds as a sink of
aerosols is more dominant than their positive role as a source of aerosols.
For example, the sole contribution of wet scavenging to daily mean
PM2.5 is up to −55 μg m−3 over the YRD, while the maximum contri
bution of cloud chemistry is about 4 μg m−3. These are the sole contri
butions of individual roles and so when these two are considered
together, the net effect of clouds becomes smaller than those of indi
vidual roles. The contribution of the interaction between the two factors
is smaller than those of the two factors. For domain-wide averages, the
net negative contribution of wet scavenging to daily PM2.5 with respect
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Fig. 6. Liquid water path (LWP) in the Fcldchem experiment (a) at 18 UTC 25 May 2016, (b) 19 UTC 25 May 2016, and (c) at 20 UTC 25 May 2016. (d–f) Near-surface
SO2 concentration in the F0 experiment at the same times shown in (a–c), respectively. (g–i) Difference in sulfate aerosol concentration with a diameter less than 2.5
μm between Fcldchem and F0 experiments at the same times shown in (a–c), respectively. The gray contours indicate the difference in sulfate concentration in an hour;
for example, the contours in (g) indicate the sulfate concentrations at 18 UTC minus those at 17 UTC. The levels of the contours are 0.5, 1.0, and 1.5 μg m−3 h−1.
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