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In this study, we contrasted major secondary inorganic species and processes responsible for submicron particle
formation (SPF) events in the boundary layer (BL) and free troposphere (FT) over the Korean Peninsula during
Korea-United States Air Quality (KORUS-AQ) campaign (May-June 2016) using aircraft observations. The
number concentration of ultrafine particles with diameters between 3 nm and 10 nm (N¢n3-10) during the entire
KORUS-AQ period reached a peak (7606 + 12,003 cm™>) at below 1 km altitude, implying that the particle
formation around the Korean Peninsula primarily occurred in the daytime BL. During the BL SPF case (7 May
2016), the SPF over Seoul metropolitan area was more attributable to oxidation of NO; rather than SO»-to-sulfate
conversion. From the analysis of the relationship between nitrogen oxidation ratio (NOR) and temperature or
relative humidity (RH), NOR showed a positive correlation only with temperature. This suggests that homoge-
neous gas-phase reactions of NO, with OH or O3 contributed to nitrate formation. From the relationship between
Nens-10 (> 10,000 cm~2) and the NOR (or sulfur oxidation ratio) at Olympic Park in Seoul during the entire
KORUS-AQ period, it was regarded that the relative importance of nitrogen oxidation was grown as the N¢n3-10
increased. During the FT SPF case (31 May 2016) over the yellow sea, the SO,-to-sulfate conversion seemed to
influence SPF highly. The sulfate/CO ratio had a positive correlation with both the temperature and RH, sug-
gesting that aqueous-phase pathways as well as gas-phase reactions might be attributable to sulfate formation in
the FT. In particular, FT SPF event on 31 May was possibly caused by the direct transport of SOz precursors from
the continent above the shallow marine boundary layer under favorable conditions for FT SPF events, such as
decreased aerosol surface area and increased solar radiation.

as sulfate, nitrate, and ammonium made up a substantial part (about
47%) of PMy s in Seoul during the Korea-United States Air Quality

1. Introduction

Many regions in East Asia, like China or the Korean Peninsula, have
suffered from extreme haze events brought on by elevated concentra-
tions of PMj 5 (particulate matter with diameters <2.5 pm) (Liu et al.,
2019; Park et al., 2021). Particularly, secondary inorganic species such
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(KORUS-AQ) campaign (May—June 2016), suggesting that the formation
of submicron particles can play a significant role in the occurrence of
haze events (Wang et al., 2016; NIER and NASA, 2017; Chu et al., 2020).
Because such frequently occurring haze events are widely known to

Received 13 May 2021; Received in revised form 14 September 2021; Accepted 14 September 2021

Available online 16 September 2021
0169-8095/© 2021 Published by Elsevier B.V.


mailto:sangwookim@snu.ac.kr
www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2021.105857
https://doi.org/10.1016/j.atmosres.2021.105857
https://doi.org/10.1016/j.atmosres.2021.105857
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2021.105857&domain=pdf

D.-H. Park et al.

create adverse effects on human health (Hanafi et al., 2019; Jiang et al.,
2020; Zeng et al., 2020), it is crucial to determine the characteristics of
submicron particle formation (SPF) that are associated with the domi-
nant precursors or possible physical and chemical mechanisms to
establish efficient mitigation strategies for secondary inorganic species.

Numerous types of observational evidence have indicated that sub-
micron particles can be produced in the boundary layer (BL) by various
precursor gases through complex chemical mechanisms. The formation
of sulfate is largely fulfilled in the aqueous surface of aerosol particles or
cloud droplets (He et al., 2014; Hung and Hoffmann, 2015; Cheng et al.,
2016; Liu et al., 2020b), although the formation of sulfuric acid via gas-
phase reactions of sulfur dioxide (SO3) with hydrogen oxide (OH) can
also be important for generating sulfate (Sander and Seinfeld, 1976; Ji
et al., 2018). Recently, several studies have analyzed new particle for-
mation (NPF) events driven by sulfuric acid (HSO4) precursors at a
molecular level. Yao et al. (2018) observed initial clusters of NPF and
suggested that HySO4-dimethylamine (DMA)-water (H20) nucleation
has a crucial role in NPF in megacities of China. Myllys et al. (2019)
introduced a molecular-level explanation for nanoparticle production
through HySO4-DMA-ammonia (NH3) cluster formation. For nitrate,
dinitrogen pentoxide (N2Os) can act as a reservoir of NOy during the
nighttime, and nitric acid (HNOg) is subsequently formed by heteroge-
neous hydrolysis of NyOs, which is thermally decomposed and photo-
lyzed during the day (Russell et al., 1986; Liu et al., 2020a). While the
nighttime chemistry of nitrate episodes can be relatively well under-
stood, the dominant pathways during the daytime are controversial (Tao
et al.,, 2018; Tian et al., 2019). In addition to the typical gas-phase
oxidation of nitrogen dioxide (NO;) with OH or O3 (Richards, 1983;
Khoder, 2002; Alexander et al., 2009; Liu et al., 2020b), more compli-
cated reactions such as nitrate formation in cloud water have been
proposed (Tao et al., 2018).

Given the favorable conditions for SPF (e.g., reduced surface area or
increased solar insolation), the free troposphere (FT) can be a significant
origin of the newly formed particles (Song et al., 2010; Rose et al., 2017;
Qietal., 2019; Takegawa et al., 2020). Furthermore, particles formed in
the FT can be entrained to the BL, thereby influencing on the air quality
of the BL (Kerminen et al., 2018; Takegawa et al., 2020). However,
despite the importance of SPF in the FT, few observations in the FT
actually exist since they can only be conducted through limited
methods, such as mountain-top observations (Bianchi et al., 2016; Shen
et al., 2018; Lv et al., 2018). Although SPF events captured by ground-
based observation in the mountain-top site can be related to the FT
(Rose et al., 2017), they are also often associated with the airmass
originated from the BL following the daytime valley wind (Rodriguez
et al., 2009; Shen et al., 2016). The characteristics of FT SPF can be
similar to the that of BL SPF under the daytime valley breeze, but
relatively small amount of condensable vapors can result in the active FT
SPF under above-mentioned favorable conditions compared to BL
(Takegawa et al., 2020).

Various optical, physical, and chemical properties of aerosols related
to SPF in the FT as well as BL were observed through the synergetic use
of continuous ground-based observations and twenty research flights
over the Korean Peninsula during the KORUS-AQ campaign. Based on
the airborne and ground-level observations, we contrasted the major
secondary inorganic species and possible processes responsible for SPF
events in the BL and FT during the KORUS-AQ campaign. An overview of
SPF characteristics based on the vertical profile of the number size dis-
tribution during the KORUS-AQ campaign is provided in the Section 3.
An analysis of the possible causes during the BL and FT SPF cases of the
KORUS-AQ and a characterization that extends to the entire period of
KORUS-AQ over the Korean Peninsula are given in Section 4.

2. Measurements and data

In this study, we used measurements collected onboard twenty
research flights of the NASA DC-8 aircraft and at a ground station
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located in Seoul during the KORUS-AQ field campaign. The measured
parameters and uncertainties of the instruments are given in Table 1.
For the airborne observations, the number concentrations of aerosols
with diameters greater than 3 nm and 10 nm were observed by the
condensation particle counter (CPC)-3776 and CPC-3010, respectively,
by projecting light onto the aerosols and detecting the scattered-light
pulses (Park et al., 2020). The size distributions of 10-199.5 nm
mobility diameter aerosols were obtained from a scanning mobility
particle sizer (SMPS) by counting the number of aerosols segregated in
the differential mobility size analyzer (DMA) column according to their
electrical mobility (Jeong and Evans, 2009; Kim et al., 2013, 2016).
Sulfate and nitrate concentrations with diameters less than 1 pm were
measured by an aerosol mass spectrometer (AMS) that classified ionized
species according to their nominal mass and quantified the concentra-
tion of non-refractory particulate masses of chemically speciated sub-
micron aerosols (DeCarlo et al., 2006). For the gas species, Caltech and
Georgia-Tech chemical ionization mass spectrometer (CIMS) were used
to measure the HNO3 and SO, mixing ratios, respectively (Huey et al.,
2004; Slusher et al., 2004; Crounse et al., 2006). Also, the NO, mixing

Table 1
Descriptions for the instruments and measured parameters in this study.
Platform Instrument Parameter Uncertainty ~ Reference
Aerosol
number
Condensation concentration park et al
Particle Counter with diameters ~ 10% (2020) ’
(CPC) greater than 3
nm and 10 nm
[em 3]
Jeong and
Evans
Scanning mobility Particle size (2009)
particle sizer distribution 20% Kim et al.
(SMPS) [em 3] (2013)
Kim et al.
(2016)
Airborne Sulfate and
Aerosol mass Icltl):i(teitration Variable DeCarlo
spectrometer (AMS) (diameter < 1 et al. (2006)
pm) [pg m %]
Sulfur dioxide Huey et al.
e (SOy) and (30%) for (2004)
igi?;;ilcif:g::::" Nitric acid S0, (30%  Slusher et al.
(CIMS) (HNO3) + 50 pptv) (2004)
mixing ratio for HNO3 Crounse
[pptv] et al. (2006)
Nitrogen
4-cha.r1nel‘ dioxige (NO2) 30% + 50 Weinheimer
chemiluminescence .. .
instrument mixing ratio pptv et al. (1993)
[pptv]
Aerosol
number .
. X Kim et al.
Condensation concentration
particle counter with diameters ~ 10% (2.020b)
(CPC) greater than 3 Kim et al.
(2020c¢)
nm and 10 nm
[em™3]
Sulfate and
nitrate
Concentration Choi et al.
Ground MARGA ADI2080 (diameter < 5% (2019)
2.5 pm) [pg
m~3]
SO, analyzer S;l (l)fur d{m.(lde 1% Kim et al.
(MEZUS-110) (802) mixing ’ (2020a)
ratio [ppbv]
Nitrogen
Teledyne T500U dioxide (NO,) 10% Nowlan
CAPS analyzer mixing ratio et al. (2016)

[ppbv]
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ratio was obtained from the NCAR 4-channel NO4;O3 chem-
iluminescence instrument, which induces a chemiluminescent reaction
by adding reagent O3 to the sample flow (Weinheimer et al., 1993).

Ground observations were conducted at Olympic Park (37.52°N,
127.12°E; 26 m above mean sea level) in Seoul. The number concen-
trations of aerosols with diameters greater than 3 nm and 10 nm were
derived from the same instruments (CPC-3776 and CPC-3010) used for
the airborne measurements (Kim et al., 2020b, 2020c¢). The concentra-
tions of inorganic species such as sulfate and nitrate in PMy 5 were
measured by the Monitor for Aerosols & Gases in Ambient Air (MARGA
ADI2080), which takes advantage of ion chromatography to separate
ions according to their charges (Choi et al., 2019). The SO, mixing ratio
was obtained from the KENTEK SO analyzer (MEZUS-110) by applying
an ultraviolet fluorescent method (Kim et al., 2020a). Lastly, the NOy
mixing ratio was estimated by the Teledyne T500U CAPS analyzer using
a cavity attenuated phase shift (CAPS) technique (Nowlan et al., 2016).
More details related to the instrumentation mentioned above can be
found in the literature listed in Table 1.

We also used the three-dimensional global chemical transport model,
GEOS-Chem (Bey et al., 2001; Oak et al., 2019), for the East Asian region
(27.5°N-47.5°N, 107.5°E-137.5°E) to identify the migration of pre-
cursors attributable to the SPF events at high altitudes. The model was
driven by Goddard Earth Observing System-Forward Processing (GEOS-
FP) assimilated meteorology data with a spatial resolution of 0.25° x
0.3125° produced by the NASA Global Modeling and Assimilation Office
(GMAO;  https://gmao.gsfc.nasa.gov/GMAO products/). For the
anthropogenic emissions, the KORUS-AQ v5 emission inventory was
applied, which is based on the Comprehensive Regional Emissions for
Atmospheric Transport Experiment (CREATE) inventory developed by
Konkuk University (Woo et al., 2012).
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3. Results and discussion

3.1. Vertical distribution of aerosol number concentration during the
KORUS-AQ campaign

To elaborate on the overall SPF characteristics during the KORUS-AQ
campaign, the vertical profile of the number concentration of ultrafine
particles with diameters between 3 nm and 10 nm (N¢n3_10) was
examined. Ncns_190 generally decreased with increasing altitudes,
showing a peak of around 7606 + 12,003 cm > below 1 km altitude
(Fig. 1a), suggesting SPFs around the Korean Peninsula were primarily
regarded to occur in the BL rather than the FT. Previous studies reported
that NPF frequency in the BL was highest during the springtime in the
polluted urban area (Park et al., 2015) as well as relatively clean
regional background sites (Kim et al., 2013). Furthermore, NPF occur-
rence rate during the KORUS-AQ campaign (~63%) was higher than the
springtime seasonal mean (Lee et al., 2021), contributing to the BL peak
of N¢ns_10 in this study. Although the SPF event was observed in the FT
over the polluted areas such as urban Beijing and Yangtze River Delta
region (Quan et al., 2017; Qi et al., 2019), the averaged vertical profile
of Ncns-10 over Korean Peninsula was more consistent to the results from
the literatures that reported the active SPF in the BL (Vaananen et al.,
2016; Altstadter et al., 2018).

Ncn3_10 was generally above 6000 cm ™2 up to the daytime BL height
(~1 km) and rapidly decreased to about 3000 cm ™ in the vicinity of 1
km altitude. N¢n3_10 decreased even more from an altitude of about 4
km, down to ~1000 cm 3. The number densities of aerosols with di-
ameters from 10 nm to 199.5 nm were maintained over ~6000 cm™>
from the surface to the daytime BL height (Fig. 1b). A number density of
~3000-4000 cm 2 of accumulation-mode particles was observed at the
1-2 km range, possibly due to the influence of long-range transport of
aged particles from upwind regions (Yu et al., 2006; Cho et al., 2021).
Furthermore, particles in this size range (> 50-100 nm) can be poten-
tially activated into cloud condensation nuclei (CCN; Rose et al., 2017).
This implied that the formation of low-level clouds below 2 km altitude
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Fig. 1. (a) The vertical profile of Ncn3_10 during the KORUS-AQ campaign. The red line and pink shading denote the average and 1-standard deviation of Ncn3 10,
respectively. (b) The vertical profile of number densities of aerosols with diameters from 10 nm to 199.5 nm during the KORUS-AQ campaign. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)


https://gmao.gsfc.nasa.gov/GMAO_products/

D.-H. Park et al.

can be highly influenced by vertical distribution of accumulation-mode
particles over Korean Peninsula under low horizontal variability of
activated CCN during the KORUS-AQ campaign (Park et al., 2020).
Meanwhile, the number density of nucleation-mode (~15 nm) particles
was over ~10,000 cm™> near the surface, reflecting frequent particle
formation in the BL. Similar to the vertical profile of N¢ns3_10 (Fig. 1a),
the number densities from 10 nm to 199.5 nm (Fig. 1b) indicated almost
no particles above ~4 km altitude.

3.2. Observations of SPF events in the boundary layer (BL) and free
troposphere (FT)

SPF cases in the BL and FT during the KORUS-AQ campaign were
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selected to contrast the major secondary inorganic species and possible
processes. Although condensable organic vapors can play a significant
role in SPF over Korean Peninsula (Choi et al., 2017; Kim et al., 2018),
this study focused on the inorganic compounds because the composition
of secondary inorganic aerosols was generally larger than that of organic
aerosols during the KORUS-AQ campaign (Jordan et al., 2020). Because
research flights during the KORUS-AQ campaign were conducted in the
daytime, the daytime BL height (~1 km) was considered to determine
the BL SPF case (Park et al., 2020). Meanwhile, the meaningful FT
altitude in terms of SPF was determined to be from 2 to 4 km, because
Ncns-10 dramatically decreased after 4 km altitude (Fig. 1a).

Fig. 2. BL SPF case (7 May 2016): (a)
The flight path in the BL and FT. The
SMA is denoted as red circle and
Nens-10 corresponding to the flight
path is represented as colour scale. (b)
The time series of flight altitude. The
light grey line is located at the 1 km,
2 km, 4 km altitudes and the period of
BL (< 1 km) flight over SMA is shaded
as red colour. (¢) The time series of
Ncns_10. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the
web version of this article.)
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3.2.1. BL SPF case: 7 May 2016

During 7 May, the flight route consisted of Seoul-Busan and Seoul-
Pohang, and stereoscopic observations were conducted in the Seoul
metropolitan area (SMA) three times (i.e., the beginning, middle, and
end of the flight). In particular, the observations at altitudes from 2 to 4
km (designated as the FT in this study) were carried out only in the SMA
during the day. The defined BL and FT altitudes as well as variation of
flight altitude are represented in Fig. 2b. The N¢ns3_10 following the flight
route was observed to be over ~12,000 cm > in the BL of the SMA, but
negligible Ncns 10 was measured in the FT (Fig. 2a). Consistently, a
considerable aerosol backscatter coefficient (~0.006 km™! sr’l) was
only observed below 1 km from the high spectral resolution lidar (HSRL)
measurement (not shown). The N¢ns_ 10 in the BL during 08:00-09:00
local standard time (LST) was as high as about 10,000 cm ™2 and
increased up to 50,000-100,000 cm > from 10:00 LST by the influence
of SPF under the increased solar radiation (Fig. 2c; Chandra et al., 2016).
Overall, 7 May was designated as a BL SPF case generated in the SMA in
this study.

Fig. 3 displays the time series of major secondary inorganic species
and their precursors during the BL SPF case, which are largely related to
the submicron particles in East Asia. Note that the increase of secondary
inorganic species cannot be only attributable to the formation of sub-
micron particles. For example, the simultaneous increase in secondary
inorganic aerosols in the morning (about 08:18 LST) can be regarded as
a result influenced by the transported plume or primary emission,
because the increase occurred under a relatively low N¢yns-10 (—10,000
cm ) condition during 7 May. The SO, mixing ratio in the BL of the
SMA was maintained at a range lower than about 5000 pptv during the
day; however, the sulfate concentration of the BL during the day did not
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show a clear increase even when the SO, mixing ratio increased slightly
except for a few minutes after 10:00 LST. The increase of SOy mixing
ratio was 2-3 times lower than that of NO5 right after 10:00 LST,
considering the similar scale of the variation between them during the
KORUS-AQ campaign (Kim et al., 2020a). A sharp increase in the nitrate
concentration can be attributable to the oxidation of NOy with OH or Os.
The formation of oxidation products (HNOjg; nitric acid) could also be
identified. Thus, the SPF over the SMA can be more attributable to the
oxidation of NO, with OH or O3 rather than to SO,-to-sulfate conversion.

Gas-phase reaction rates can positively be correlated with the tem-
perature according to the Arrhenius equation (De Persis et al., 2004;
Seinfeld and Pandis, 2016), while the aqueous-phase processes are
known to occur more actively under humid environmental condition
(Wu et al., 2019; Seinfeld and Pandis, 2016). Based on the theories, we
can roughly look into the formation mechanisms of major secondary
inorganic species during the case considered herein. It is worth to
mentioning that the above-mentioned period unrelated to SPF (around
8:16-8:27 LST) was excluded from the analysis. The nitrogen and sulfur
oxidation ratios (NOR and SOR) were defined as the molar fraction of
nitrate and sulfate: NOR = nNO3~/(nNO3~ + nNOs), SOR = nS0,42~/
(nSO42’ +1nS0y) (Jietal., 2018; Tian et al., 2019). The NOR during the
BL SPF case was positively correlated with the air temperature (r = 0.69
with p = 0.0006; Fig. 4a) rather than RH (r = 0.30 with p = 0.19;
Fig. 4b). Given that a positive correlation with air temperature can
related to the gas-phase pathways, this suggested that homogeneous gas-
phase reactions of NO, with OH or Os contributed to nitrate formation
over SMA. Although the primary pathways controlling the daytime ni-
trate formation remain controversial (Tao et al., 2018), many previous
studies have reported that gas-phase pathways are predominant for
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nitrate formation during the daytime (Khoder, 2002; Shen et al., 2020;
Liu et al., 2020Db).

By considering the abrupt increase of N¢n3_10 as an indicator of
recent SPF event (Kulmala et al., 2004; Crumeyrolle et al., 2010; Kim
et al., 2014), the relationship between N¢n3_19 (> 10,000 em™3) and
NOR (or SOR) measured hourly at Olympic Park in Seoul was inspected
to characterize SPF in Seoul during the period of entire KORUS-AQ
campaign (12 May to 10 June, Fig. 5). Because several previous
studies have reported that the oxidation of SO, to sulfate through sul-
furic acid formation could play a dominant role in the SPF in the urban
boundary layer over East Asia (Zhang et al., 2004; Yue et al., 2010; Yao
et al., 2018), many schemes largely deal with the formation of submi-
cron particles as a function of the concentration of sulfuric acid (Kazil
and Lovejoy, 2007; Kiirten, 2019). Our analysis suggests that the abso-
lute SOR was generally higher than NOR, indicating that the oxidation of
sulfur could be more dominant than that of nitrogen during the KORUS-
AQ campaign. Meanwhile, NOR had a positive correlation with N¢ns3_10
(r = 0.45; Fig. 5b) but SOR had little (Fig. 5a), which suggests that the
relative importance of nitrogen oxidation grew compared to sulfur
oxidation when the Ncn3_19 increased. This result is consistent with
previous intensive field experiments over the polluted environment
(Young et al., 2016; Li et al., 2018; Chen et al., 2020). For example,
Young et al. (2016) revealed that ammonium nitrate was dominant
among the constituent of PM; at polluted urban environment during
Deriving Information on Surface Conditions from Column and Vertically
Resolved Observations Relevant to Air Quality (DISCOVER-AQ)
campaign.

3.2.2. FT SPF case: 31 May 2016

The 31 May case was expected to be influenced by pollutants from
upwind regions (e.g., China) during the KORUS-AQ campaign (Peterson
et al., 2019). To capture the impact of Chinese emissions from the ob-
servations, the DC-8 aircraft flew over the Yellow Sea (YS). The flight
routes of the DC-8 during 31 May and the corresponding N¢ns-10 values
are presented in Fig. 6a. During 31 May, substantial N¢y3_19 (—2000
cm3) was observed in the FT over the YS, and it even exceeded 5000
cm ™~ in the west of the SMA. In the time series of Nens_10 during 31 May
(Fig. 6¢), Ncns-10 showed peaks at around 30,000-40,000 cm 3 during
the flight in the FT, reflecting the occurrence of SPF event. About 0.006
km ™! sr™! of backscatter coefficient was measured in the 2-3 km range
under the influence of submicron particles formed in the FT (not shown).
Based on these observations, 31 May was designated as the FT SPF case.

Fig. 7 displays the time series of the secondary inorganic aerosols and
their precursors during the FT SPF case. Generally, the SO,-to-sulfate
conversion seemed to highly influence the particle formation events in
the FT because the sulfate concentration was changed along with the
SO, mixing ratio. On the other hand, the NO3 mixing ratio and nitrate
concentration were nearly zero, suggesting that oxidation of NOy had
little correlation with the SPF event on 31 May.

Because the baseline level of the SO5 mixing ratio is typically low in
the FT, a high SOR would be derived even if only a small amount of SO2
was converted to sulfate or an abrupt variation in the SO, mixing ratio
was induced by transport, degrading the meaning of SOR. For the FT SPF
case, the sulfate-to-CO ratio was used instead of SOR because CO which
has a relatively long lifetime is appropriate for tracing the change in
sulfate (Ding et al., 2015). The sulfate-to-CO ratio had a positive
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correlation with both the temperature and RH, indicating that aqueous-
phase pathways as well as gas-phase reactions might be attributable to
the sulfate formation in the FT (Fig. 8). Many studies reported that
aqueous-phase oxidation of SO5 associated with the uptake processes on
the surface of preexisting particles is the main pathway of sulfate for-
mation, although the gas-phase reactions of SO, are significant as well
(Khoder, 2002; Tsona et al., 2018; Liu et al., 2020b); these findings are
consistent with the results herein.

Due to the lack of continuous observation of atmospheric pollutants
at high altitudes, the direct derivation of the general properties of SPF
events in the FT during the entire KORUS-AQ campaign was limited.
Rather than generalizing, investigation of the possible cause of the FT

SPF case was conducted by simulating the behavior of SO5 at 700 hPa
using a chemical transport model (GEOS-Chem; Fig. 9). The migration of
SO; and sulfate was simulated at the 700-hPa pressure level. The mixing
ratio of the transported SO over the YS was expected to be maximum
around 12:00 LST on 31 May, implying that the FT over the YS during 31
May could be suitable for the active sulfate formation. When the con-
tinental precursors are directly transported over the shallow marine
boundary layer, the formation of particles could be facilitated in the FT
under favorable conditions such as the lack of the preexisting particles
and increase in the sunlight (Takegawa et al., 2020). The submicron
particles produced by this mechanism can spread to FT or be entrained
to the BL, thereby also having an influence on the air quality at the
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surface (Kerminen et al., 2018; Takegawa et al., 2020). This observation-
based capture of FT SPF resulting from continental condensable vapors
above shallow marine boundary layer was consistent to the formation of
new particles in the FT over open seas derived from the Hydrological
cycle in Mediterranean Experiment (HYMEX) project (Rose et al., 2015).

4. Summary and conclusions

We conducted a comparative analysis of the processes associated
with the SPF events that occurred in the BL and the FT during the
KORUS-AQ campaign (May-June 2016). Several key findings are as
follows:

e Ncns 10 generally decreased with increasing altitudes, reaching
7606 + 12,003 cm° in the daytime BL. In addition, the number
density of particles with diameters from 10 nm to 15 nm was over
~10,000 cm 2 near the surface. Vertical distribution of nucleation-

mode particles indicated that SPF occurrence around the Korean
Peninsula during the KORUS-AQ campaign was mostly observed in
the BL.

For the BL SPF event over SMA, a major secondary inorganic species
responsible for the SPF event was estimated to be nitrate. A positive
correlation between NOR and temperature implied that gas-phase
reactions of NOy with OH or Oz possibly induced nitrate forma-
tion. From the relationship between NOR (or SOR) and N¢ns3_19 (>
10,000 cm’3), the relative importance of nitrogen oxidation grew as
the N¢n3_10 increased.

SOs-to-sulfate conversion seemed to highly influence the FT SPF
event over YS. Gas-phase and aqueous-phase pathways were thought
to be participated in the sulfate formation, as indicated by positive
correlation of sulfate-to-CO ratio with both temperature and RH. The
production of high level of SO, by the transport from upwind regions
above the shallow marine boundary layer might be attributable to
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the sulfate formation under the favorable conditions for the SPF in
the FT.

Through the understanding of the SPF in the FT as well as BL inferred
from the observations in this study, the calculation of formation rate in
current schemes of the atmospheric models can be improved by taking
these observed formation processes into account. Because SPF can be an
effective pathway for CCN production (Rose et al., 2017; Gordon et al.,
2017), radiative processes associated with the cloud properties would be
understood better based on the improved schemes in future studies.
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