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H I G H L I G H T S  

� Highest AOD and PM2.5 over S. Korea had significant cloud cover and/or sea fog. 
� Particle volume was at least 10 times larger on high RH pollution transport days. 
� Particle SSA was high (0.97–0.99 in mid-visible) on pollution transport days. 
� The PM2.5 was higher over central Seoul than the coast during pollution transport.  

A R T I C L E  I N F O   

Keywords: 
Aerosol 
Air pollution 
Remote sensing 
Cloud processes 
Aerosol-cloud interaction 

A B S T R A C T   

This investigation examines aerosol dynamics during major fine mode aerosol transboundary pollution events in 
South Korea primarily during the KORUS-AQ campaign from May 1 – June 10, 2016, particularly when cloud 
fraction was high and/or fog was present to quantify the change in aerosol characteristics due to near-cloud or 
fog interaction. We analyze the new AERONET Version 3 data that have significant changes to cloud screening 
algorithms, allowing many more fine-mode observations in the near vicinity of clouds or fog. Case studies for 
detailed investigation include May 25–26, 2016 when cloud fraction was high over much of the peninsula, 
associated with a weak frontal passage and advection of pollution from China. These cloud-influenced Chinese 
transport dates also had the highest aerosol optical depth (AOD), surface PM2.5 concentrations and fine mode 
particle sizes of the entire campaign. Another likewise cloud/high relative humidity (RH) case is June 9 and 10, 
2016 when fog was present over the Yellow Sea that appears to have affected aerosol properties well downwind 
over the Korean peninsula. In comparison we also investigated aerosol properties on air stagnation days with 
very low cloud cover and relatively low RH (May 17 & 18, 2016), when local Korean emissions dominated. 
Aerosol volume size distributions show marked differences between the transport days (with high RH and cloud 
influences) and the local pollution stagnation days, with total column-integrated particle fine mode volume being 
an order of magnitude greater on the pollution transport dates. The PM2.5 over central Seoul were significantly 
greater than for coastal sites on the transboundary transport days yet not on stagnation days, suggesting addi
tional particle formation from gaseous urban emissions in cloud/fog droplets and/or in the high RH humidified 
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aerosol environment. Many days had KORUS-AQ research aircraft flights that provided observations of aerosol 
absorption, particle chemistry and vertical profiles of extinction. AERONET retrievals and aircraft in situ mea
surements both showed high single scattering albedo (weak absorption) on the cloudy or cloud influenced days, 
plus aircraft profile in situ measurements showed large AOD enhancements (versus dried aerosol) at ambient 
relative humidity (RH) on the pollution transport days, consistent with the significantly larger fine mode particle 
radii and weak absorption.   

1. Introduction 

Aerosol pollution is a major health and environmental issue in many 
areas of the world, including east-central Asia, with significant human 
health impacts. Epidemiological studies show that the impacts of small 
particles (e.g., Particulate matter with diameter less than 2.5 μm, or 
PM2.5) on lungs and even subsequent absorption into the bloodstream 
results in a number of negative health outcomes including decreased 
productivity and also significantly increased mortality, from both 
episodic and long-term exposure (Lelieveld et al., 2015; Dominici et al., 
2006; Heo et al., 2014). South Korea has been subjected to particularly 
high concentrations of fine mode particulate pollution over the last few 
decades due to rapid regional population growth and associated urban 
and industrial growth, but has seen gradual decreases in PM concen
trations with emission controls by governments (Kim and Lee, 2018). 
Seoul in South Korea, currently the second largest metropolitan region 
on Earth, has extensive local and regional emissions of particulates and 
associated precursor gasses from both industrial sources and numerous 
vehicular sources (Guttikunda et al., 2003; Lee and Kim, 2007). In 
addition, under the right meteorological conditions significant trans
boundary transport of particulate pollution can occur, originating in 
China and crossing the Yellow Sea to South Korea (Choi et al., 2019a,b; 
Lee et al., 2019; Peterson et al., 2019). During these transboundary 
transport events the locally emitted pollution combines with the trans
ported pollution resulting in particularly high levels of PM2.5. 

Remote sensing of total column aerosol optical depth (AOD) from 
satellite and ground-based instruments are often utilized to estimate the 
surface concentrations of PM2.5 and to better understand the broader 
regional context, with the obvious major complications of variable 
vertical profile of aerosol concentrations (van Donkelaar et al., 2010; 
Geng et al., 2015; Kim et al., 2015; Park et al., 2019) and local relative 
humidity (Toth et al., 2014; Reid et al., 2017; Kaku et al., 2018). 
However other complications in addition to vertical profile also exist in 
estimation of surface PM2.5 from measured or retrieved total column 
AOD in South Korea, especially in the cases of transboundary transport. 
One of these occurs in the context of meteorological conditions during 
which many transboundary transport events occur. Studies have shown 
that many transport events of advection of pollution from west to east 
across the Yellow Sea into South Korea are often associated with weak 
cold frontal passages (Peterson et al., 2019; Liu et al., 2013; Yoshitomi 
et al., 2011). Significant moisture is typically associated with these 
frontal systems, often including substantial cloud cover or fog that is 
sometimes collocated in space and time with the pollution particles and 
gasses. High cloud amounts are also frequently associated with the 
front’s leading edge where high concentrations are expected (Zhang and 
Reid, 2009). This cloud cover makes it very difficult to utilize satellite or 
even ground-based remote sensing to detect the presence of the partic
ulate pollution in many instances. For locations in China (60 km east of 
Beijing) and in central Seoul, Eck et al. (2018) found that a significant 
percentage of the highest AOD events had either few sunphotometer 
observations (clouds blocking the sun prevented measurements) and/or 
high frequency variation of short wavelength AOD associated with 
spatial and temporal variance of fine particles in the dynamic environ
ments near to clouds (Eck et al., 2014). Additionally, satellite retrievals 
of AOD are often missed in these cloudy to partly cloudy conditions 
often associated with the highest AOD levels (Eck et al., 2018). There
fore regional estimates of surface PM2.5 in central-eastern Asia based on 

remote sensing techniques that rely on satellite retrievals of AOD may 
inadvertently be missing some of the highest AOD events that are often 
associated with cloud cover and very high PM2.5. Even though the 
surface-based network of hourly PM2.5 monitors is dense in South Korea 
resulting in robust spatial and temporal coverage of measurements even 
without satellite estimates (https://www.airkorea.or.kr), it is important 
to understand the relationships between aerosol concentrations and 
cloud cover, fog and/or RH especially in the context of evolving trans
boundary transport events. A related issue is that fine particles (volume 
radius < 1 μm) often swell in size when humidified and/or cloud/fog 
processed (Ziemba et al., 2013; Hoppel et al., 1986; Dall’Osto et al., 
2009; Eck et al., 2014) thereby increasing the AOD due to the increased 
scattering efficiency of the swelled particles. Further, ground-based 
PM2.5 measurements have a size cutoff (2.5 μm aerodynamic diameter; 
Chung et al., 2001) measured at a drier pre-specified but regionally 
variable relative humidity. This ambiguity, when coupled with the fact 
that the PM2.5 size cutoff includes a shoulder of coarse mode dust and 
sea salt further complicates the relationship between total column AOD 
measured at ambient RH and PM2.5 at the surface. 

An additional aspect of the observability issue related to the potential 
lack of satellite detection of high AOD (especially when associated with 
frontal systems and associated clouds) is that the analysis of the inter
action of clouds and aerosols in this region may be skewed. Comparisons 
of AERONET sunphotometer measured high fine mode AOD to retrievals 
of AOD from MODIS satellite measurements (applied to three different 
algorithms) for sites in east Asia by Eck et al. (2018) showed that sat
ellite retrievals often missed many of the high AOD events, especially 
those associated with clouds. Additionally, cloud-aerosol interaction 
involving aerosol outflow from Asia and mid-latitude cyclonic weather 
systems in the Pacific may be significant. Both measurement and 
modeling studies have provided evidence which suggests that clouds are 
significantly affected by aerosols flowing eastward from Asia resulting in 
higher cloud top heights and intensified storm systems in the Pacific 
(Zhang et al., 2007; Wang et al., 2014). 

In this paper we primarily focus on the time interval of the KORUS-AQ 
field campaign (Lennartson et al., 2018; Nault et al., 2018; Holben et al., 
2018; Choi et al., 2019a,b) from May 1 through June 10, 2016 in South 
Korea and surrounding waters. We analyze sunphotometer measure
ments of AOD from AERONET instrumented sites plus retrievals of par
ticle size distributions and aerosol single scattering albedo. Additionally 
we present analysis of in situ particle measurements of optical properties 
and chemical composition made from the DC-8 campaign aircraft, 
sometimes from altitudinal profile flights over the AERONET sites. 
Furthermore, we present spatially distributed time series data of opera
tional hourly PM2.5 data made by the monitoring network of the South 
Korean National Institute of Environmental Research (NIER), to attempt 
an improved understanding of surface particulate matter concentrations 
in relation to both transboundary transport and stagnation events. 
However, this is not an investigation on the correlation between AOD and 
PM2.5 or on how to estimate PM2.5 from AOD, but rather an analysis of the 
observed enhancements of both parameters when associated with nearby 
clouds and/or fog conditions. In order to try to gain a better under
standing of the large increase in monthly mean fine mode AOD from May 
to June in South Korea (as observed in multi-year average AERONET 
data) we also analyzed the AERONET and PM2.5 data for the entire month 
of June 2016 in addition to examining MODIS satellite images for cloud 
cover conditions and the presence or absence of fog. 
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2. Instrumentation, data and methodology 

2.1. AERONET 

AERONET utilizes the CIMEL Electronique CE-318 sun-sky radiom
eter for its AOD and sun-sky measurements in its global network. Holben 
et al. (1998) provides a description of instruments and their use in detail. 
However, a brief description is provided here. The CE-318 automatically 
tracks the sun to provide AOD and sky radiance for retrievals with a 1.2�

full field of view. There are a number of minor instrument variations 
between sites, but in this study the more standard instrument configu
ration was used with AOD measurements at eight wavelengths (340, 
380, 440, 500, 675, 870, 1020, and 1640), plus 940 nm for water vapor. 
Sampling rates varied by site, with some sites attempting an AOD 
measurement every 15 min, while most made measurements approxi
mately every 3 min to obtain high temporal resolution data. It takes ~8 s 
to scan all wavelengths utilizing a motor driven filter wheel to position 
each filter in front of the detector, repeated three times within a minute, 
to provide an ensemble mean and information for cloud screening as 
described below. Ion assisted deposition interference filters were used 
with full width at half maximum bandpass of 10 nm, except for the 340 
and 380 nm channels at 2 nm bandpass. The estimated uncertainty in 
AERONET measured AOD, due primarily to calibration uncertainty, is 
~0.01–0.02 at optical airmass of one for network field instruments (with 
the highest errors in the UV; Eck et al. (1999)). This estimate is consis
tent with Schmid et al. (1999) who compared AOD values derived from 
4 different solar radiometers (including an AERONET sun-sky radiom
eter) operating simultaneously together in field conditions and found 
that the AOD values from 380 to 1020 nm agreed to within 0.015 (root 
mean squared). More recently, Barreto et al. (2016) found similar results 
with the latest version of the Cimel. The sky radiances are calibrated 
versus frequently characterized integrating spheres at the NASA God
dard Space Flight Center, to an absolute accuracy of ~5% or better 
(Holben et al., 1998). 

All analyses utilized level 2 data from the new Version 3 spectral 
AOD product described in detail by Giles et al. (2019). Most notably 
Version 3 updated its cloud screening algorithm, that in part continues 
to rely on the higher temporal frequencies of cloud optical depth versus 
aerosol optical depth, especially optical depth triplet variability within a 
1-min scanning cycle. This triplet variability is defined as the maximum 
minus minimum AOD of the three values taken in a 1-min time interval 
for each wavelength, with all spectral channels in Version 2 being 
checked for triplet range. In the new Version 3 cloud screening algo
rithm, only the 675, 870 and 1020 nm channels are checked where the 
triplet range for all three wavelengths must be within 0.01 or 
0.015*AOD (whichever is greater). Since fine mode AOD decreases 
rapidly with increasing wavelength and coarse mode AOD and/or cloud 
droplet optical depth is more spectrally flat, the triplet variance at longer 
wavelengths is more attributable to super-micron radius particle/
droplet variation (dust or cloud). A secondary cloud screening check is 
made using the 440–870 nm Ångstr€om Exponent; if the value exceeds 
1.0 for an instantaneous measurement then even small numbers of AOD 
observations per day are retained in Level 2. Previously, three cloud 
screened observations per day were required in Version 2 Level 2 
database. Finally, there is a cloud-screening check in Version 3 for cirrus 
that does not utilize temporal variance for cloud detection, but rather 
relies on the sky radiances within six degrees scattering angle of the sun. 
If the angular slope in scattering angle of the measured sky radiances in 
the solar aureole is sufficiently steep then there likely are cirrus cloud 
crystals present (due to very strong forward scattering) and there is a 
threshold on this angular dependence for determining cirrus presence 
(Giles et al., 2019). This check is particularly important for the current 
study as Southeast Asian data has been shown to suffer from cirrus 
contamination (Chew et al., 2011). The complete set of Version 3 cloud 
screening and Quality Assurance algorithms are provided in Giles et al. 
(2019). 

2.1.1. AERONET inversion methodology 
The almucantar sky radiance scans made by the CIMEL instruments 

are performed at fixed elevation angles equal to the solar elevation with 
�180� azimuthal sweeps made sequentially at four wavelengths (440, 
675, 870, and 1020 nm). These are made in both the morning hours and 
afternoon hours at optical airmasses of 4, 3, 2, and 1.7 (75, 70, 60, 54�
solar zenith angle (SZA) respectively) plus once per hour in between. 
AERONET retrievals are also made utilizing hybrid sky scans with the 
new Cimel instruments version Model-T. The sky scan made with the 
hybrid methodology simultaneously moves in both the azimuthal and 
zenith angle directions, thus performing a scan that is in general inter
mediate between the almucantar and principal plane (varies the zenith 
angle while maintaining a fixed azimuth). 

Hybrid and almucantar directional scan radiance data are combined 
with measured AOD data at identical wavelengths to retrieve optically 
equivalent column-integrated volume size distributions and aerosol 
refractive indices utilizing the algorithms as developed by Dubovik and 
King (2000) and Dubovik et al. (2006). These retrieved aerosol prop
erties are utilized to derive additional parameters such as asymmetry 
parameter, single scattering albedo, and phase function. Only the new 
Version 3 Level 2 (and when noted Level 1.5) retrievals with the quality 
controls described in Holben et al. (2006) are presented in this study (see 
Sinyuk et al., 2020 for details). The percentage particles of spheroidal 
and spherical shape required to give the best fit to the measured angular 
distribution of spectral sky radiances is also determined by the AERO
NET retrieval algorithm. Dubovik et al. (2006) provides further details 
on these retrieval algorithms. 

In this study, only almucantar scans taken at solar zenith angles 
greater than ~50� are analyzed and presented in order to ensure sky 
radiance measurements over a sufficiently wide range of scattering an
gles. The scattering angle range of measured sky radiances for an 
almucantar scan performed at 50� SZA is 100� while at 75� SZA it is 
150�. However, the newly developed hybrid scans available only with 
the recent Model-T Cimels can provide directional sky radiance mea
surements with 100� scattering angle range at a solar zenith angle of 
only 25�. Additional cloud screening for hybrid and almucantar sky 
radiance measurements (first the AOD must pass the level 2 quality 
control and cloud screening) is performed through the requirement of 
symmetrical sky radiances on both sides of the sun at equal scattering 
angles. These radiances from both sides of the scan that meet the sym
metry threshold are then averaged before being used as input to the 
AERONET retrieval. Directional sky radiance measurements that are 
asymmetrical at a given scattering angle (due to inhomogeneous aerosol 
distributions or cloud on one side) are eliminated, and a retrieval only 
reaches Level 2 when the minimum number of measurements required 
in defined scattering angle ranges are met (see Holben et al. (2006)). 
However, the hybrid criterion for the last scattering angle bin has a 
different minimum scattering angle limit (�75�) than almucantars 
(�80�) and a different minimum number of symmetric scattering angles 
(N ¼ 2) than almucantars (N ¼ 3), due to somewhat fewer scattering 
angle range measurements in the hybrid scan. Dubovik et al. (2000) 
found these AERONET inversions to be stable as determined by 
perturbation analyses accounting for random errors, instrumental data 
offsets and known uncertainties in the atmospheric radiation model. 

Although few direct comparisons of size distributions between 
AERONET retrievals and in situ measurements have yet been published, 
there are several specific regional aerosol types that have been 
compared. For example, for biomass burning aerosols Reid et al. (2005) 
compared regional mean volume median radii from source regions in 
southern Africa, South America, boreal zone and temperate North 
America and found that AERONET retrievals versus in situ measure
ments of the diameter of fine mode particles were often within ~0.01 μm 
of each other. In the Arabian Sea for fine mode pollution particles 
observed during the INDOEX experiment, Clarke et al. (2002) showed 
volume size distribution lognormal fits from both aircraft and ship in 
situ measurements where the average accumulation mode volume peak 
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radius values under high aerosol loading conditions ranged from 0.17 
μm to 0.18 μm with corresponding geometric standard deviations 
(widths) of 1.51 (for ship) and 1.43 (for aircraft). This compares very 
well to AERONET retrievals made at Kaashidhoo Island in the Maldives 
(in the INDOEX region), for observations when AOD(440 nm) > 0.4, of 
median radius of 0.18 μm and width of 1.49 (1998–2000 multi-year 
average Version 2 values). Recently, Schafer et al. (2019) compared 
time and location matched in situ measured fine mode size distributions 
with AERONET retrievals from aircraft profiles at three locations in the 
US. They found that when the in situ data were corrected for ambient RH 
conditions the agreement with the remote sensing retrievals was 
excellent, with fine mode peak radius differences averaging 0.011 μm. 
For larger sub-micron size aged Pinatubo volcanic stratospheric aero
sols, Eck et al. (2010) discussed the relatively close agreement between 
in situ observations from stratospheric aircraft of 0.53 μm effective 
radius as reported by Pueschel et al. (1994) to AERONET retrievals made 
from observations in 1993 of ~0.56 μm peak volume radius. For coarse 
mode particles (with super-micron radius), Reid et al. (2006, 2008) 
found excellent agreement between AERONET retrieved and in situ 
measured size for sea salt and desert dust aerosol, respectively. For 
aerosols of maritime origin, Smirnov et al. (2003) showed reasonable 
agreement between AERONET retrievals and in situ measurements of 
sea salt dominated coarse mode size distributions. Additionally, for 
coarse mode dust size distributions in the Sahel region of West Africa 
Johnson and Osborne (2011) have shown good agreement between 
AERONET retrievals and in situ measurements from aircraft. 

In this study, we followed the guidance from Dubovik et al. (2000) 
that only almucantar retrievals where 440 nm AOD is greater than 0.4 be 
used for analysis of spectral refractive indices and single scattering al
bedo. In southern Africa, for strongly absorbing fine mode dominated 
biomass burning aerosols, Leahy et al. (2007) found good agreement in 
550 nm single scattering albedo, with differences between in situ mea
surements and AERONET retrievals of � 0.01. In the mid-Atlantic region 
of the United States for weakly absorbing anthropogenic fine mode 
dominated aerosol, Schafer et al. (2014) found excellent agreement 
between aircraft vertical profiled in situ measurements of single scat
tering albedo (550 nm) and AERONET retrieved values (estimated at 
550 nm from the mean of 440 and 675 nm values), with an average 
difference of only ~0.01 for spatially and temporally matched obser
vations. These offsets are significantly smaller than the nominal ~0.03 
uncertainty of AERONET SSA in these circumstances. 

2.2. Airborne in situ measurements 

Airborne optical properties were measured by the NASA Langley 
Aerosol Research Group (LARGE). Air was sampled with an isokinetic 
inlet which efficiently passes particles with diameters less than 4 μm 
(McNaughton et al., 2009). An integrating nephelometer (TSI, Inc. 
model 3563) measured scattering coefficients at 450, 550, and 700 nm, 
which were corrected for truncation errors according to Anderson and 
Ogren (1998). One nephelometer measured scattering under dried 
conditions (20%) while a second nephelometer measured scattering 
after humidification to 80%. A single-parameter monotonic growth 
curve was then used to calculate the scattering at ambient RH (Gasso 
et al., 2000), which was determined based on water vapor concentration 
measured by an open-path diode laser hygrometer (Diskin et al., 2002), 
static temperature, and pressure. 

A particle soot absorption photometer (PSAP, Radiance Research) 
measured absorption coefficients at 470, 532, and 660 nm, which were 
corrected for filter scattering according to Virkkula (2010). To align 
wavelengths, the measured Ångstr€om exponent was used to adjust the 
scattering at 550 to 532 nm (Ziemba et al., 2013). The scattering (at 
ambient RH) and absorption allowed for calculation of ambient 
extinction (scattering þ absorption) and SSA (scattering/extinction). 
Similarly, the dry extinction was calculated. Profiles of dry and ambient 
aerosol extinction over Seoul allowed for determination of dry and 

ambient AOD (Beyersdorf et al., in preparation). The ratio of ambient 
AOD to dry AOD is referenced as AOD enhancement. High water content 
of aerosol results in large AOD enhancement. 

Additionally, LARGE measured in situ dried aerosol size distributions 
by a Laser Aerosol Spectrometer (TSI Model 3340). Aerosol composition 
measurements were made by the NOAA Single Particle Soot Photometer 
(SP2) and the University of Colorado at Boulder High Resolution Time of 
Flight Aerosol Mass Spectrometer (HR-TOF AMS). Composition mea
surements during KORUS are summarized in Nault et al. (2018), Lamb 
et al. (2018) and Jordan et al. (2020). 

2.3. NIER hourly PM2.5 

We performed quality control of the PM2.5 data prior to the analysis 
and site comparisons. Sites with hourly PM2.5 that exhibited values >
150 μg/m3 were excluded, also sites with constant single digit values for 
several hours that abruptly jumped to >20 μg/m3 were also excluded. 
The 150 μg/m3 values were significantly higher than occurred in the 
majority of sites (some sites showed values > 300 μg/m3) and the abrupt 
jumps in PM2.5 after periods of several hours of constant value were 
deemed to be non-physical. One site in coastal region was excluded due 
to a location immediately adjacent to a very densely built area (as seen 
from MODIS satellite images). Fig. 1 shows the locations of the PM2.5 
sites that were analyzed in this study. Also shown are the principal 
AERONET sites that were analyzed. 

3. Aerosol and clouds/fog - KORUS-AQ field campaign time 
period 

We initially focus on the May 1 – June 10, 2016 time interval of the 
KORUS-AQ campaign since a multitude of data involving numerous in 
situ and remote sensing instruments from both ground-based and 
aircraft platforms were acquired. Additionally, many studies of data 
from KORUS-AQ have been published thereby enabling us to expand 
upon and build from these previous findings. The investigation of 
Peterson et al. (2019) has shown the dominant role that meteorology 
had in affecting pollution concentrations in South Korea during the 
KORUS-AQ campaign in 2016. In particular Peterson et al. (2019) 
identified several synoptic meteorological regimes that were dominant 
during portions of the KORUS-AQ campaign. They refer to the interval of 
May 17 through May 22 as the stagnation period when a dominant 
anticyclonic circulation resulted in low cloud cover fraction, low rela
tive humidity and relatively light winds. Almost immediately following, 
the interval of May 25 through May 31 was identified as a long-range 
pollution transport interval characterized by weak cold frontal pas
sages, relatively high cloud cover fraction and high relative humidity. In 
this section we will primarily focus on these two KORUS-AQ campaign 
time intervals but also discuss the relatively high particulate pollution 
dates that occurred during June 9–10. 

The time series of the AERONET measured AOD at 675 nm and the 
retrieved fine mode volume median radius at the Yonsei University site 
(central Seoul) for the KORUS-AQ field campaign period (when the DC-8 
aircraft flights occurred) is shown in Fig. 2a. The AOD data are all Level 
2, however the particle radius data shown are Level 1.5 since there were 
some days when there were no Level 2 retrievals of aerosol size distri
bution, primarily due to extensive cloud cover. We did limit the sky error 
of all of these retrievals to the same thresholds utilized in Level 2 (from 
5% to 8% dependent on AOD level; Holben et al., 2006) to ensure that 
these retrievals resulted in good agreement between measured and 
computed angular sky radiances. It is noted that the transboundary 
transport days (May 25–27 and May 31) when AOD and fine mode 
volume median radius were high also typically showed significant cloud 
cover and/or fog, due to the presence of weak cold frontal passages 
coincident with the transport days (Peterson et al., 2019). MODIS sat
ellite images from May 25 and 26 (Fig. 3a and b) show the presence of 
clouds and fog in the region on these days. Fig. 2b presents a similar time 
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series plot of hourly PM 2.5 data, which is an average of four sites within 
5 km of the Yonsei University AERONET site in central Seoul plus the 
average of four widely separated sites located relatively close to the 
coast. The shaded stagnant and transport time intervals shown follow 
the meteorological analyses presented in Peterson et al. (2019). Note the 
similarity in the temporal pattern of the AOD/fine radius time series as 
compared to the PM2.5 time series, especially for the maxima in all pa
rameters during the transboundary transport dates within the May 25 
through May 31 time interval. The AOD and fine radius also show 
significantly elevated values for June 9 & 10 (even though transport 
from China was not as dominant or direct), while the relative magnitude 
of the increase for PM2.5 is not as high. These two days with be discussed 
in more detail below. However, the second highest AOD for the 
campaign occurred on June 7, 2016 when there was no transboundary 
transport, but significant cumulus cloud cover over much of Seoul. This 
day will also be described in detail in the next section. 

The time series of AERONET retrieved fine mode particle volume 
median radius (Fig. 2a) shows significantly larger radius aerosol when 
both AOD and PM2.5 levels were elevated, especially during the dates of 
transport events from China when fine mode aerosol dominated (fine 
mode fraction of AOD (FMF) ranging from ~92% to 97%). These larger 
fine mode radii are almost certainly due in part to hygroscopic growth at 
high RH. Aircraft-based in situ data from LARGE show that AOD nearly 
doubled from dry to moist ambient condition RH values on the trans
boundary transport dates (Table 1). Further detail and analyses on 
particle growth and associated increased water content for the trans
boundary transport cases is given in Beyersdorf et al. (in preparation). 
Additionally, significant cloud and/or fog on these days also strongly 
implies that aqueous phase aerosol processing likely occurred, which 
can be another possible mechanism for enhanced particle production in 
polluted conditions (Wang et al. (2016)). Cloud or fog processing of 
aerosols also results in very large fine mode particles, sometimes with a 
middle-sized mode of 0.44 μm radius in the volume distribution. AER
ONET volume size distribution retrievals showed fine mode aerosol 

volume more than an order of magnitude larger on pollution transport 
dates and fog processing dates as compared to air stagnation dates 
(Fig. 4). Also note in Fig. 4 that the maximum fine mode radius on May 
31, 2016 (a transboundary transport date) showed very large values, 
between 0.4 μm and 0.5 μm. Fine mode particles of this size indicate 
either extreme hygroscopic growth and/or cloud or fog droplet pro
cessing as strongly suggested in many other AERONET retrievals (Eck 
et al., 2012, 2018; Li et al., 2014) and as also observed from in situ 
measurements during fog (Dal’Osto et al., 2009). From the peak radius 
values shown in Table 1, we compute the transport/stagnation day ra
tios of aerosol volume and aerosol surface area for these specific particle 
sizes. The aerosol volume ratio for particles at peak concentration ranges 
from ~6 to ~14, indicating about an order of magnitude increase on the 
cloudy and/or foggy transport dates compared to the stagnation days. 
The aerosol surface area ratios are similarly high at ~3 to ~6. These 
large increases in aerosol volume and surface area may have significant 
implications for potential reactions in particles during these transport 
events, including possible gas-to-particle conversions. 

Both measured and retrieved aerosol properties were consistent with 
particles predominately in the fine mode particle size range during 
transport events, as single scattering albedo (SSA) was very high ranging 
from 0.97 to 0.99, indicating very weak absorption. Comparison of SSA 
from LARGE in situ measured to AERONET retrieved values for stag
nation and transport and/or fog days showed very good agreement, 
generally to within 0.015 or less (Table 2). The much higher SSA on the 
pollution transport days (from both independent methods) is consistent 
with larger particle size from aerosol humidification and/or cloud/fog 
processing. These large fine mode particles have high scattering effi
ciency thereby resulting in higher SSA than smaller radius fine particles. 
Additionally, water content in the aerosol may result in lower particle 
absorption, since water is a non-absorbing component. 

Further evidence of larger sized fine particles is that the Angstrom 
exponents were relatively low from both LARGE and AERONET data for 
these fine-mode dominated events consistent with the retrievals of large 

Fig. 1. Locations of PM2.5 monitoring stations (NIER) which were utilized in this study, shown with blue markers. Four sites (easternmost on map) were within 5 km 
of Yonsei University in central Seoul, 4 sites (widely separated) were to the west in the coastal region (~25–50 km from Yonsei U.), and one site, Baengnyeong, was 
210 km to the WNW of Yonsei University. Also shown are the principal AERONET sites that were analyzed (marked with red squares). (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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fine mode particles from AERONET. The relatively strong wavelength 
dependence of Angstrom exponents from AERONET for these events, 
approximately twice as large for the 870–1020 nm wavelength interval 
as for 380–500 nm (~0.5–0.7 at 380–500 nm and ~1.2 to 1.4 for 
870–1020 nm on the morning of May 31), can only be explained by large 
fine mode particles from Mie code calculations (Reid et al., 1999; Eck 
et al., 1999). 

The dates of June 9 and 10, 2016 were not classified as primarily 
trans-boundary transport days during the KORUS-AQ campaign, how
ever there was a weak cold frontal passage on June 8 that likely trans
ported some pollution from China. Additionally, GOCI satellite images 
presented in Lee et al. (2019) for June 8 show a prominent east-west 
oriented plume of high AOD originating in eastern China (Shandong 
Peninsula) and extending across the Yellow Sea to a location very close 
to the west coast of northern South Korea, to the west of Seoul. Both 
June 9 and 10 show elevated AOD and PM2.5 over central Seoul, in fact 
the PM2.5 exceeded the new South Korean standard of 35 μg/m3 on both 

of these dates. Additionally, there was fog evident over the Yellow Sea to 
the west of Incheon on both dates from MODIS Terra images (morning 
overpass time). AERONET retrievals of particle size distributions from 
sites in greater Seoul on both dates showed either bimodal sub-micron 
size distributions that are typically associated with fog processed aero
sols (Eck et al., 2012; Del’Osto et al., 2009) or unimodal very large fine 
mode size particles that also suggest cloud processing and/or extreme 
humidification. It is possible that pollution that had been advected over 
the Yellow Sea from China accumulated in this region and was subse
quently transported inland to the Seoul Metropolitan Area, potentially 
by sea breeze circulation driven by warmer over land temperatures than 
over the sea. This two-stage transport process has been proposed and 
observed by Miao et al. (2017) to occur over Beijing from pollution that 
had initially accumulated over the Bohai Sea (a western gulf of the 
Yellow Sea) and was then transported inland by land-sea breeze 
circulation. 

Data from the Aerodyne Aerosol Mass Spectrometer (AMS) on the 

Fig. 2. (a.) Time series of the AERONET almucantar 
retrievals of volume median radius and measured 
AOD at 675 nm for the Yonsei University site in 
central Seoul from May 01 through June 10, 2016. 
(b.) Time series of hourly PM2.5 for a central Seoul 
region (4-site average) compared with an average of 4 
coastal sites. The stagnation period of May 17–23, 
2016 is shaded in gray while the major transboundary 
transport intervals in late May are shaded in blue. 
(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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DC-8 aircraft show that the fine mode aerosol species composition on all 
Chinese transport days during the KORUS-AQ campaign exhibited sig
nificant fractions of ammonia, nitrate and sulfate (inorganic particles 
dominated; Jordan et al., 2020) all consistent with the aerosol chemistry 
conducive to enhanced gas-to-particle phase reactions. High column 
NO2 concentrations were also measured over Seoul on these days 
(Thompson et al., 2019). These conditions are important if the 
gas-to-particle formation of sulfate is occurring in the aqueous phase 
reactions on the fine mode particles, as NO2 is a necessary oxidant 
(Cheng et al., 2016). The presence of ammonia is important in this fine 
particle reaction process as it potentially neutralizes the pH of the 
aerosol water thereby allowing for greater solubility of SO2. In fact, in 

laboratory experiments Wang et al. (2016; PNAS) showed that when 
either NH3 or NO2 were absent, sulfate was not produced in the presence 
oxalic acid particles even at high relative humidity, while sulfate for
mation was strong when both NH3 and NO2 were present. Although 
sulfate production was found to be a key step in Chinese haze production 
(Wang et al. (2016)) due to its role in hygroscopic particle growth, other 
particle species are also formed at high RH, including nitrates, secondary 
organic aerosols, and ammonium. Kim et al. (2018) found evidence for 
some enhanced secondary production of sulfates and possibly nitrates 

Fig. 3. a. MODIS Terra satellite image from May 25, 2016 with a blue circle centered on the Yonsei University site. b. MODIS Aqua image from May 26, 2016, also 
centered on the Yonsei site. Coastal fog in the Yellow Sea is noted in both images. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
AERONET retrieved Fine Mode Radius and LARGE measured AOD Ambient/Dry 
AOD Enhancement; Primarily Morning Data; RH data from vertical profile 
flights; May 17 & 18 were stagnation days with little cloud and no fog; May 
25,26 & 31 were transboundary transport days with clouds and/or fog; June 9 & 
10 indirect influence from transport and fog.  

Date in 
2016 

AERONET 
Peak Radius 

LARGE 
AOD Amb./ 
Dry 

RH: morning 
<0.5 km (0.5–1 
km) 

RH: mid-day 
<0.5 km (0.5–1 
km) 

May 17 0.14 μm 1.37 63% (42%) 31% (35%) 
May 18 0.17 μm 1.19 41% (28%) 31% (34%) 
May 25 0.33 μm – 

aft. 
2.01 83% (65%) N/A 

May 26 0.33 μm 1.90 N/A 57% (74%) 
May 31 0.34 μm 1.67 71% (46%) 57% (57%) 
June 09 0.25 μm 1.94 63% (64%) 46% (58%) 
June 10 0.34 μm 1.71 74% (72%) 67% (77%) 

AERONET retrievals from Songchon, Baeksa sites: ‘Taehwa spiral’ sites – 
Average of all available Morning retrievals except when noted (no morning re
trievals on May 25); V3 Level 2 Almucantar and Hybrid retrievals except L1.5 for 
June 09; only one retrieval each on both May 26 and June 09. Fig. 4. AERONET size distribution retrievals show an order of magnitude 

greater fine mode aerosol volume on the days of pollution transport (May 25, 
26, & 31) as compared to the stagnant days (May 17 & 18) with primarily local 
sources, low RH and no clouds. This is partly due to enhanced aerosol water on 
the high RH pollution transport days. 
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occurred at nighttime in the aqueous phase. RH is typically higher at 
night due to the absence of solar heating which results in lower tem
peratures. It is possible that the pH of the aerosol particles in South 
Korea may be too low (too acidic) to enable significant absorption of 
gasses to potentially enable subsequent new particle formation in 
aerosol water (Guo et al., 2017). However, other reactions in aerosol 
water may possibly occur even at lower aerosol pH levels in reactions 
proposed by Li et al. (2018), and this mechanism may also account for 
rapid production of nitrate and sulfate aerosol in pollution haze events. 
Moreover, other recent work by Shi et al. (2019) modeled moderate 
aerosol pH (~5) for haze events in China therefore suggesting that 
previous pathways to PM2.5 production in aerosol water may be 
possible. In addition to reactions occurring in aerosol water, aqueous 
phase new particle formation in the Seoul region may have also occurred 
from reactions within cloud and/or fog droplets which were present 
during all of the major transboundary pollution events in the KORUS-AQ 
time interval. These droplets are much larger than aerosol particles and 
therefore much more likely to have higher pH than the aerosols even 

after significant uptake of SO2. 
The time series of the PM2.5 for the Baengnyeong site (WNW of 

Seoul), Coastal mean and Seoul mean all show remarkably consistent 
temporal pattern coherence over a distance of 210 km (Fig. 5a). The 
correlation between the time matched hourly PM2.5 data for the average 
of the central Seoul sites and the coastal sites average was quite high, 
with 60% of the variance explained. A 3-h time shift in either site 
resulted in reduced correlations, with ~53%–57% of the variance 
explained. Therefore, this suggests that there is typically minimal lag 
time in PM2.5 between the coast and central Seoul, over a separation 
distance of ~25 to~50 km. However, the correlation was much weaker 
between central Seoul and the Baengnyeong site (~210 km apart), with 
only 31% of the variance explained when the Baengnyeoung data was 
shifted ahead by 6 h relative to the Seoul data, to account for transport 
time. This was the highest correlation between these sites, with 25% of 
the variance explained for exact time matched data (no time shift) and 
25% explained for a 12-h time shift. The high correlation between 
central Seoul PM2.5 and at the western South Korean coastal sites sug
gests that mesoscale to synoptic scale meteorological variation is the 
main driver of temporal variance in this northern South Korea region. In 
fact, Jordan et al. (2020) found a very high level of coherence in daily 
mean PM2.5 for all South Korean monitoring sites on the peninsula. In 
particular, one meteorological aspect that may account for a significant 
amount of spatial coherence is sea-breeze circulations that may mix the 
air from over the eastern Yellow Sea with coastal and urban locations in 
South Korea on many days. This would particularly occur most strongly 
on days with low cloud cover that would intensify the solar heating of 
the land thereby enhancing the land-sea temperature gradient that 
drives the sea breeze circulation during the daytime. Likewise on 
cloudless nights the land surface would cool faster than the sea surface 
thereby setting up a possible land breeze circulation that could transport 
pollution towards the coast and over the sea. The sea breeze influence 
was strongest during the stagnant period, which was relatively dry, hot, 
and cloud-free. The primary transport period of 25–26 May was the 
opposite, with more clouds, cooler temperatures, and reduced vertical 
mixing. While the remainder of the transport period (27–31 May) was 
slightly warmer with a bit less cloud cover, it was still not as supportive 
of a well-defined sea breeze as the stagnation period. 

The most significant PM2.5 differences between central Seoul and the 

Table 2 
Single Scattering Albedo (mid visible) Comparison – In situ LARGE (532 nm) 
versus AERONET retrieved; Primarily Morning Data, AERONET is 440 nm and 
675 nm Average; RH data from vertical profile flights; May 17 & 18 were 
stagnation days with little cloud and no fog; May 25,26 & 31 were trans
boundary transport days with clouds and/or fog; June 9 & 10 indirect influence 
from transport and fog.  

Date in 
2016 

AERONET 
SSA 

LARGE 
SSA 

RH: morning 
<0.5 km (0.5–1 
km) 

RH: mid-day 
<0.5 km (0.5–1 
km) 

May 17 0.941 0.96-0.94 63% (42%) 31% (35%) 
May 18 0.933 0.94-0.93 41% (28%) 31% (34%) 
May 25 0.975 – aft. 0.97 83% (65%) N/A 
May 26 0.990 0.98 N/A 57% (74%) 
May 31 0.969 0.97 71% (46%) 57% (57%) 
June 09 0.993 1.00–0.97 63% (64%) 46% (58%) 
June 10 0.978 0.97 74% (72%) 67% (77%) 

AERONET retrievals from Songchon, Baeksa sites: ‘Taehwa spiral’ sites – 
Average of all available Morning retrievals except when noted (no morning re
trievals on May 25); V3 Level 2 Almucantar and Hybrid retrievals except L1.5 for 
June 09; only one retrieval each on both May 26 and June 09. 

Figure 5. a.) Time series of hourly PM2.5 measurements with the Baengnyeong site (~210 km NW of central Seoul) compared to measurements in central Seoul and 
the Yellow Sea coast. b.) Time series of the differences in hourly PM2.5 between the central Seoul average and the coastal average. Note the higher values in Seoul 
versus the coastal region for the transport dates in late May. In (a.) the stagnation period of May 17–23, 2016 is shaded in gray while the major transboundary 
transport intervals in late May are shaded in blue. 
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coastal region over the time interval of the KORUS campaign occurred 
during major transboundary transport events that occurred during the 
last week of May (Fig. 5b). Comparison of PM2.5 data averages from 4 
sites in central Seoul (within 5 km of Yonsei) to 4 sites in the Yellow Sea 
coastal region (west of Seoul, ~25–50 km distant) shows large differ
ences during the China aerosol transboundary transport dates of May 
25–26 with ~45% higher PM2.5 in Seoul (2-day mean ¼ 67.9 μg/m3 in 
Seoul; 21.2 μg/m3 greater than the coastal mean). These PM2.5 differ
ences suggest that during this major transport event perhaps 31% 
(calculated by 21.2 μg/m3/67.9 μg/m3) of the particle mass in central 
Seoul may have been produced over the Korean peninsula from locally 
emitted precursor gases. In contrast, during the six-day May 17–22 
stagnation interval the differences in PM2.5 between the coastal sites and 
central Seoul sites averaged nearly zero, with values higher over the 
coast at times due in part to sea breeze and land breeze circulations. 
Note that for the Seoul versus coastal PM2.5 differences the aerosol 
transport plumes are not always homogeneous in both space and time so 
oscillation of the sign of the PM differences can be expected to occur. 
Additionally, the PM2.5 difference between central Seoul and Baeng
nyeong for May 25–26 was very similar at 20.9 μg/m3 greater in Seoul 
while the difference between Seoul and Baengnyeong for the stagnation 
period of May 17–22 was ~9 μg/m3 (greater at Seoul), and the Coastal- 
Baengnyeoung difference in PM2.5 was also 9 μg/m3 for the stagnation 
period. The higher PM2.5 concentrations over Seoul during trans
boundary events suggests possible aerosol formation occurred during 
the Chinese pollution transport events, which also occurred simulta
neously with large cloud fraction and significant fog occurrence in the 
Yellow Sea to the west of the Seoul metropolitan Area. The mechanism 
for this additional PM formation may be at least partially aqueous phase 
production of new particles from the gaseous emission sources in Seoul, 
in cloud droplets or fog droplets associated with the weak cold fronts 
that occurred during these particular events, and which are often asso
ciated with China pollution transport events. Studies of rapid growth of 
PM2.5 in Beijing by Zhong et al. (2017, 2018), have noted that high RH is 
a significant factor in rapid increases in PM2.5 in that region. Zhong et al. 
(2018) show strongly increasing measured PM1 levels as RH increased 
in Beijing for sulfate, nitrate, organic particles and ammonium, thereby 
suggesting that particle formation may possibly also occur in humidified 
and hygroscopic swelled aerosols. Wu et al. (2019) utilized the 
WRF-Chem model to estimate that aerosol water is responsible for an 
average of ~17% of the total near-surface PM2.5, primarily though 
secondary aerosol formation during a winter severe haze episode on the 
north China Plain. 

4. Significant increase in monthly mean fine AOD from May to 
June 

The monthly average fine mode AOD at the Yonsei University site in 
central Seoul nearly doubled from May to June. The determination of 
fine and coarse mode AOD were from spectral deconvolution algorithm 
retrievals based on total AOD spectra (O’Neill et al. 2001, 2003). This 
rapid increase occurred in 2016 and is also a typical occurrence in other 
years as is seen in the 7–8 year mean climatology (Fig. 6). In fact, the 
average increase in monthly mean fine mode AOD (V3 level 2) from May 
to June was 77%. This AOD increase is likely related to the transition 
from dynamic, mid-latitude springtime conditions to the summer 
monsoon period (Kim et al., 2007). As described by Peterson et al. 
(2019), the low-level boundary between the warm and moist monsoonal 
air mass and cooler/drier mid-latitude air masses is very distinct in late 
spring (referred to as “Meiyu” in China, “Baiu” in Japan, and “Changma” 
in Korea). As this “monsoon boundary” slowly approaches Seoul from 
the south, the mid-latitude storm track concurrently shifts northward, 
fontal boundaries generally become weaker, and progression slows. This 
seasonal change in meteorology becomes more evident in June, favoring 
occasional periods of pollution transport, similar to the event analyzed 
during KORUS-AQ (25–31 May). Conversely coarse mode AOD peaks in 

spring from March through May due to dynamic meteorology initiating 
dust transport from arid regions in mainland Asia. However even in 
these months the fine mode still dominates (FMF from 73% to 77%). 
However, monthly mean SO2 (the precursor gas to sulfate particle pro
duction) data from SCIAMACHY satellite retrievals show high concen
trations of SO2 in eastern China and over the Yellow Sea for both May 
and June (Liu et al., 2018). Therefore the similar levels of SO2 concen
trations alone between May and June do not explain the large increase in 
AOD between the two months, thus other mechanisms such as the 
concurrent meteorological changes or other particle precursors may be 
more important. 

In order to attempt to better understand the large increase in AOD 
from May to June we investigated AERONET data for the entire month 
of June 2016, although the KORUS-AQ campaign ended on June 11, 
2016. Fig. 7 shows the time series of instantaneous AOD measurements 
at Yonsei University for the month of June 2016. Examination of MODIS 
Terra and Aqua satellite images for all days when AOD at 440 nm 
exceeded 1.0 showed that there was either extensive fog in the Yellow 
Sea immediately to the west of Seoul and/or significant cloud cover over 
the region on every one of those high AOD dates. This is consistent with 
the association of cloud cover and high AOD that occurred during the 
last week of May 2016 when pollution was transported from China to 
South Korea, and also consistent with findings from previous years in 
this region when high AOD was often associated with cloud cover (Eck 
et al., 2018). This supports the previous suggestions and observations 
that the high AOD in association with clouds and fog is likely due to a 
combination of factors, including humidification of existing particles, 
cloud processing of particles, and possible new particle formation in 
these cloud and/or fog conditions. A similar large jump in monthly mean 
fine AOD(500 nm) from May to June also occurred in eastern China at 
the Xianghe AERONET site (~60 km east of Beijing) as shown in Eck 
et al. (2018). Therefore, this seasonal AOD shift in Seoul may be due to 
both regional transport of aerosol eastward and also to similar meteo
rological interactions involving aerosol, precursor gasses and cloud 
cover and/or high RH in both regions. 

On June 7, which had the highest AOD during the entire month 
(>3.0 at 440 nm in central Seoul), there was significant dense cumulus 
cloud cover over the Seoul region. The MODIS images showed no clouds 
over the coast while inland the cumulus cloud fraction increased 
significantly from the Terra to the Aqua overpass times (approximately 

Fig. 6. Monthly means of AERONET inferred fine and coarse mode AOD (500 
nm) from the Yonsei University site in central Seoul from 2011 through 2018. 
The SDA algorithm was utilized to separate fine and coarse mode AOD from the 
V3 Level 2 measured total AOD. 
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1030 and 1330 local time; Fig. 8c and d.). All of the other dates during 
June 2016 with high AOD were more dominated by stratus type (layer 
clouds) or fog. This suggests that the updrafts in the cumulus clouds on 
June 7 may have transported aerosol vertically and that a combination 
of particle humidification and new particle formation in association 
with the clouds may have occurred. Lidar data (High Spectral Resolution 
Lidar; HSRL) from a site in Seoul (Seoul National University) confirm 
that there was some aerosol transport to altitudes of ~4 km and higher 
on this date when the cumulus were present, with the cloud base height 
often at ~2 km. Additionally, the AOD at 532 nm computed from cloud- 
free HSRL data during the partly cloudy interval were also very high, 
ranging from ~1.5 to >4. It is noted in Fig. 8a that the AOD is signifi
cantly higher over Seoul than over the coastal site of Anmyon (which 
was cloudless) on June 07, in fact AOD was more than three to seven 
times higher over the urban Seoul sites of Yonsei and Olympic Park. The 
fine mode fractions (Fig. 8b) of this non-cloud screened data (Level 1) 
for all sites mainly exceeded 0.90, thereby confirming that these data are 
dominated by fine mode pollution aerosol with minimal cloud 
contamination seen in a few observations where FMF drops below 0.80. 
Satellite images from the geostationary GOCI sensor on June 7 in Lee 
et al. (2019) show relatively low AOD over the Yellow Sea (~0.2–0.4 at 
550 nm) strongly suggesting that this aerosol was not advected from 
China on this day. The NIER site which was located just to the west of the 
large cumulus cloud field had intermediate values of AOD, approxi
mately twice as high as Anmyon, likely being influenced by the edge 
effect of the cumulus field. A similar large increase in AOD and in both 
humidification and new particle formation was observed from in situ 
aircraft data and surface remote sensing in association with moderate 
size cumulus cells over the mid-Atlantic region of the US (Eck et al., 
2014). However, the aerosol size distribution retrievals (Level 2) at the 
Songchon, South Korea site on June 7 show very large sub-micron mode 
particle sizes, with the maximum volume radius > 0.4 μm, while the US 
mid-Atlantic case in Eck et al. (2014) which exhibited large increases in 
AOD with cumulus cloud development showed particle sizes that did not 
increase and also were relatively small with peak radius at ~0.16 μm. 
Note that there were no Level 2 almucantar or hybrid scan retrievals in 

the central Seoul region on the afternoon of June 7, 2016 due to the high 
cloud fraction, while the Songchon site was located immediately to the 
southeast of this cloudy area. Therefore, it seems that the particle 
growth processes and/or new particle formation processes were much 
more vigorous in the Seoul cumulus cloud case as compared to the 
Maryland case, perhaps due to differences in precursor gases and their 
concentrations, particle properties and the size and strength of the 
cumulus convective cloud fields. It seems likely that high AOD associ
ated with cumulus cloud fields over land may be in part responsible for 
the climatological increase in monthly mean AOD from May to June, as 
it was in 2016. 

It is observed from daytime MODIS overpass images that fog for
mation in the Yellow Sea in May and June of 2016 was more prevalent in 
the northeast portion of the sea than in most other parts of the Sea. Dates 
in June 2016 that showed both high AOD and fog (from MODIS images) 
off of the coast west of Seoul include Jun 9, 10, 13, 14, 18, and 28. This 
fog formation may be due to a combination of factors, including sea 
surface temperatures, ocean currents and the very large tidal range of 
the Yellow Sea adjacent to the South Korean coast. Hu et al. (2016) 
computed monthly mean climatological maps of sea surface tempera
ture (SST) for the Yellow Sea from AVHRR satellite measurements. They 
show a significant gradient in SST in the region to the west of the Seoul 
Metropolitan Area in May and June where the sea surface temperature 
adjacent to the land is colder and increases significantly to the west. This 
is consistent with the ocean currents in the Yellow Sea, where there is a 
cold current southward flowing adjacent to the Korean coast coupled 
with a warm northward flowing current farther from the coast (Naimie 
et al., 2001; Park et al., 2015). Therefore, it is possible that humid air 
that is transported in conjunction with pollution in the general westerly 
flow from China may reach the condensation point over these cooler 
near-coastal waters thereby being a potentially significant factor in fog 
formation over the portion of the Yellow Sea immediately to the west of 
Seoul. This presence of fog immediately to the west of Seoul may have 
some influence on the AOD and PM2.5 levels in Seoul when there is 
westerly flow, due to the extreme humidification and/or fog processing 
of aerosols in this fog layer which may then potentially allow for 

Fig. 7. Time series of AERONET measured spectral AOD at the Yonsei University site for the entire month of June 2016. The date marker indicates the beginning of 
each day. As noted by the brackets and arrows, all dates when AOD at 500 nm exceeded 1.0 also showed clouds in the vicinity of the site and/or fog over the Yellow 
Sea to the west of Seoul. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

T.F. Eck et al.                                                                                                                                                                                                                                    



Atmospheric Environment 232 (2020) 117530

11

additional particle formation in the aerosol water. 
In addition to the high AOD (>1 at 440 nm) in Seoul associated with 

clouds and/or nearby fog in June, the PM2.5 was also relatively high on 
all of these same dates, all having levels that exceeded the current 
Korean standard of 35 μg/m3. Fig. 9a shows the hourly PM2.5 data for the 
four-site central Seoul average, the four-site coastal average and the 
Baengnyeong site, while Fig. 9b shows the time series of the hourly 
differences between the Seoul and coastal sites. The PM2.5 values were 
particularly high in central Seoul on June 18, 21–23, and 28, 2016, all 
having some hourly values exceeding 60 μg/m3 up to a maximum of 100 
μg/m3. On both June 18 and 28, 2016 the MODIS images showed fog in 
the Yellow Sea to the west of Seoul, and on June 28 the PM2.5 was 
significantly higher in central Seoul than at the coast while on June 18 
the Seoul and coastal PM2.5 values were relatively similar. The period of 
June 21–23 showed the largest differences between Seoul and coastal 
PM2.5 values with sporadically large differences (up to 55 μg/m3). All 
three of these days had significant cloud cover, over the northern 
portion and sometimes over the majority of the Korean peninsula, 
thereby providing conditions conducive to potential aqueous phase 
particle production in cloud droplets. However, as noted previously, on 
June 7 the AOD was the highest of all days in the month, while the PM2.5 
was far from the highest since the convection associated with the 
cumulus clouds over Seoul carried much of this aerosol to higher 

altitudes. The convective clouds (cumulus) are initiated by strong up
ward motion thermals (vertical mixing) within the boundary layer, with 
corresponding downdrafts. The latent heating in the growing cloud then 
allows the air parcels to rise even higher. Regardless, the PM2.5 levels 
over central Seoul did exceed the Korean standard on this day with some 
hours >40 μg/m3, with the values in Seoul being 10–20 μg/m3 higher 
than at the coast, likely due to some vertical downdraft transport of 
aerosols that had formed in the clouds. 

5. Relationships between AOD, particle size and absorption for 
April through June 2016 

We also investigated the relationship between aerosol fine mode 
radius and AOD and the relationship between aerosol single scattering 
albedo and fine mode particle radius from the AERONET almucantar 
retrievals for the interval of April through June 2016 for 18 AERONET 
sites in South Korea. But first, a comparison of Version 3 with Version 2 
almucantar retrievals (both Level 2; Fig. 10) at the Yonsei University site 
shows that the V3 Single Scattering Albedo (SSA) are ~0.01–~0.015 
higher than in V2 (less absorption in V3), for all Angstrom Exponent 
intervals ranging from 0.80 (near equal mixtures of fine and coarse 
particles) to fine mode dominated at AE ¼ 1.61. This is likely due in part 
to NO2 absorption being more completely accounted for in Version 3 sky 

Fig. 8. a. Time series of AOD (500 nm) on June 7, 2016 for five sites in S. Korea, showing higher values over central Seoul than nearer or on the coast b. Time series 
of the fine mode fraction of AOD, from the SDA algorithm, for the same day and sites as in 8a., indicating that these non cloud-screened AOD are dominated by fine 
mode particles with minimal cloud contamination. c. MODIS Terra image on morning of June 7, 2016 (at day fraction of 159.09) encompassing the sites shown in 8a. 
d. MODIS Aqua image on the same date, ~3 h later (at day fraction of 159.23) showing greater cumulus cloud development over the greater Seoul area. 
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radiances, while in Version 2 the NO2 absorption was partly attributed 
to aerosol absorption. However, the size distributions in V3 and V2 are 
quite similar for the entire range of Angstrom Exponents measured 
during this time interval. 

For these 18 South Korea sites and time period, the fine mode volume 
median radius increased as AOD (440 nm) increased, with 44% of the 
variance explained by a linear fit (Fig. 11a). Particle coagulation rate 
increases as AOD increases (higher concentrations thereby result in 
larger particles), which may be a significant factor in the observed 
correlation. Additionally, at higher cloud cover (sometimes associated 
with high AOD) the RH is higher resulting in particle humidification 
growth, and also likely cloud processing of existing particles on some 
days, thus further increasing particle radius. Larger fine particles for the 
same number concentration results in higher AOD due to the higher 
scattering efficiency of the larger particles. 

Fig. 11 b. and c. show that single scattering albedo increased as either 
AOD or fine mode radius increased due to an increase in scattering 

efficiency as fine mode particle size increased and also perhaps due to 
particle composition changes since humidification, gas-to-particle con
version and cloud processing likely change the water content and 
chemical composition of the aerosol. Spectral differences in single 
scattering albedo can provide some useful information on the absorbing 
species type relative to the particle size (Derimian et al., 2008). Large 
values of SSA difference (440 nm minus 870 nm) at high Angstrom 
Exponents (fine mode dominated sizes) are associated with absorption 
dominated by black carbon. Decreases in spectral SSA difference as 
Angstrom Exponent decreased were observed (Fig. 11d) which is 
consistent with enhanced absorption from iron oxides in coarse mode 
dust (lower AE) in the blue wavelength (440 nm). However, it is also 
consistent with enhanced brown carbon absorption in the shorter visible 
wavelengths (440 nm) that may be associated with cloud processed 
and/or humidified aerosols that tend to have somewhat larger sized fine 
mode particles and therefore intermediate values of AE. For example on 
the morning of the transport day of May 31, 2016 at the Yonsei site the 

Fig. 9. Time series of hourly PM2.5 measurements for Jun 01 through June 30, 2016 with the Baengnyeong site (~210 km NW of central Seoul) compared to 
measurements in central Seoul and the Yellow Sea coast. b.) Time series of the differences in hourly PM2.5 between the central Seoul average and the coastal average. 
Note the much higher values in Seoul versus the coastal region for some of the days with highest PM2.5 levels, especially June 22–23 and June 28. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. a. Comparison of AERONET Version 3 to Version 2 retrievals of spectral single scattering albedo for four ranges of Angstrom Exponent (440–870 nm) 
ranging from 0.80 (evenly mixed fine and coarse modes) to 1.61 (fine mode dominated). These are all Level 2 retrievals at the Yonsei University site that are time 
matched from April 1 through June 30, 2016. Note the consistently higher values of SSA in V3 at all Angstrom Exponent levels. b.) Same as in 10a but for comparison 
of size distribution retrievals between V2 and V3. The size distributions are very similar for both V2 and V3 at all AE levels. 
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440–870 nm difference in SSA was 0.0 while the Angstrom exponent 
(440–870 nm) was ~1.0, and on the early morning of June 10 at the 
Seoul SNU site the 440–870 nm difference in SSA was � 0.003 while the 
Angstrom exponent (440–870 nm) was ~1.22. These highly humidified 
and/or cloud processed aerosol cases lie at about the midway point 
between the extremes in Fig. 11d. In contrast, largest positive differ
ences in spectral SSA at the largest values of AE are consistent with black 
carbon as the primary absorbing species when particle size is small. 

6. Summary and conclusions 

Analyses presented in this study include AERONET remote sensing 
measurements and retrievals, aircraft-based in situ LARGE aerosol 
measurements and ground measurements of PM2.5 from the South 
Korean NIER network instruments focused on days when there was 
significant cloud cover over and/or fog adjacent to the coast west of 
Seoul. These cloudy and or foggy days (sometimes occurring during 
weak cold frontal passages) were often associated with direct or indirect 
transport of particulate pollution from eastern China. The primary in
terest of this study was the greater Seoul metropolitan region and the 
adjacent Yellow Sea region that extends ~200 km to the west of central 
Seoul, with particular emphasis on, but not limited to, the KORUS-AQ 
field experiment study period from May 1 through June 11, 2016. 

The major findings of this study are as follows:  

1. Time series showed that the highest AOD and largest fine mode 
particle radii measured by AERONET in central Seoul during the 
KORUS-AQ experiment were observed to occur on the days with 
significant cloud cover and/or nearby fog over the Yellow Sea. Some 
of these dates had weak cold frontal passage and associated trans- 
boundary transport of pollution across the Yellow Sea. Measure
ments of AOD enhancement (the ratio of AOD at ambient RH to dried 
AOD) by LARGE in situ instruments indicated significant enhance
ments (~1.7–2) on these cloudy pollution transport dates and fog 
dates, thereby consistent with humidification growth of particles and 
the large radii of the fine mode particles retrieved by AERONET.  

2. Particle volume size distribution retrievals from AERONET 
comparing cloudy and foggy days with relatively cloudless stagna
tion dates show an order of magnitude greater particle volume on the 
cloudy and or foggy dates associated with transboundary pollution 
transport. The fine mode fraction of AOD at 440 nm on all of these 
dates ranged from 0.90 to 0.97, indicating fine mode dominance. 
Additionally, the size distributions on one transboundary transport 
date with sea fog (May 31) and two other sea fog days (June 9 and 
10) showed very large bimodal submicron radii (max of ~0.4–0.5 μm 
radii) that are typically associated with cloud or fog droplet pro
cessing of aerosols.  

3. Retrievals of aerosol single scattering albedo from AERONET and in 
situ measurement of SSA from LARGE both showed very high values 
(~0.97–1.00) on the cloudy transport dates and also dates with 

Fig. 11. a. Fine mode volume median radius from almucantar retrievals (V3 Level 2) versus 440 nm AOD for 18 AERONET sites in S. Korea for the three month 
interval of April through June, 2016. b.) Same as in Fig. 10a but for SSA at 440 nm versus AOD(440 nm). c.) SSA (440 nm) versus fine mode volume median radius for 
the same time interval and 18 sites. (d.) The spectral difference of SSA (440 nm) – SSA(870 nm) versus AE(440–870) for the same three month interval and 18 sites. 
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nearby Yellow Sea fog. This is consistent with the large fine mode 
particle radii retrieved from AERONET on these days as larger par
ticles scatter light more effectively, and as cloudy and/or fog con
ditions associated very high RH provide the conditions for aerosol 
processing in water droplets and/or particle growth from humidifi
cation. The agreement between AERONET retrievals and LARGE in 
situ measurements of mid-visible SSA for both cloudy high SSA dates 
and cloudless relatively low SSA dates was very good, within ~0.02 
or less of each other.  

4. Comparison of the time series of NIER hourly PM2.5 data in central 
Seoul with values near to the coast west of Seoul show that the 
largest differences in ground level PM2.5 between coastal sites and 
central Seoul during the KORUS-AQ campaign occurred during the 
transboundary transport dates. This implies possible additional 
aerosol formation from urban region gaseous emissions in the cloud 
droplets on these dates and/or possible additional aerosol formation 
in aerosol water, although this may be highly dependent on the pH of 
the humidified/processed aerosol particles. The PM2.5 time series 
during KORUS-AQ campaign period from different regions including 
Central Seoul, the coast west of Seoul, and Baengnyeong Island (210 
km WNW of Seoul), all showed a remarkable degree of similarity in 
general temporal pattern. This strongly suggests that large synoptic 
scale meteorological processes were often a principal driver of the 
PM2.5 dynamics in the region.  

5. AERONET inferred climatological multi-year data of monthly mean 
AOD at the Yonsei University site in central Seoul and also for the 
single year 2016 both showed a large increase in fine mode AOD 
from May to June, with an average increase of ~75% for the 8-year 
interval. The AERONET measured spectral AOD and surface PM2.5 
levels were subsequently examined for the entire month of June 
2016 to better understand this large monthly jump in AOD. It was 
found that for June 2016 (similar to late May 2016), the highest AOD 
days occurred on cloudy days and/or days with fog in the Yellow Sea 
to the west of Seoul. Again, this implies significant humidification of 
aerosols in the very high RH of the cloud and near-cloud environ
ments and also likely some cloud or fog processing of aerosol 
resulting in particle larger radius and increased AOD. Similarly, the 
highest PM2.5 days in June 2016 in central Seoul also occurred 
during the same cloudy days or days with adjacent Yellow Sea fog, 
exceeding the new S. Korean standard of 35 μg/m3 on all of these 
days. The largest differences in PM2.5 between central Seoul versus 
the adjacent coastal region also occurred on some of these same days, 
providing further evidence that suggests additional particles are 
likely formed over the urban region in these cloudy and/or very 
humid conditions.  

6. A combined analysis of retrievals from 18 AERONET sites in South 
Korea for the three-month period of April through June 2016 was 
performed in order to examine the regional relationships between 
fine mode radius and aerosol column concentrations and particle 
absorption. Increasing AOD at 440 nm was associated with 
increasing volume median fine mode radius with ~44% of the 
variance explained by linear regression. This is consistent with the 
larger AOD values observed on the cloudy and or sea fog days when 
fine radius was also large, although other factors such as particle 
coagulation likely contribute. Single scattering albedo at 440 nm was 
found to increase as volume median fine mode radius increased (r2 ¼

0.42, with logarithmic regression) also consistent with individual 
day case studies of data from both in situ LARGE data and AERONET 
remote sensing data during both cloudy and cloudless days. Addi
tionally, the SSA spectral difference (440 nm–870 nm) was found to 
decrease with decreasing Angstrom Exponent, with linear regression 
explaining 50% of the variance. This decrease in SSA Difference 
(440–870 nm) as AE decreased is consistent with enhanced absorp
tion from iron oxide in coarse mode dust (lowest AE values) in the 
blue wavelengths (440 nm), and also consistent with enhanced 

brown carbon absorption, also at 440 nm, in cloud processed and/or 
highly humidified aerosols (intermediate AE values). 
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