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ARTICLE INFO ABSTRACT

Based on long-term AERONET observations in the Korean peninsula, we evaluate how well the Angstrém ex-
ponent (AE) can describe the regional aerosol size well in comparison to the fine mode fraction (FMF). Despite
close relationships between AE and FMF previously reported, we found that AE is not always linearly correlated
to the FMF in the Korean peninsula, particularly during the summertime. Seasonal patterns of volume size
distribution indicate that the volume median and peak radius of the fine mode are obviously enhanced in the
summer. Since the ambient conditions in Korean summer are highly humid, cloudy, and stagnant, the size of
regional fine mode aerosol can increase significantly due to hygroscopic growth and/or cloud processing in this
highly polluted atmosphere. In contrast to the AE, the AE ratio (AE at longer wavelengths divided by AE at
shorter wavelengths; AER) correlates better with the FMF variation in summer, but a little worse in the spring.
This suggests that the combined consideration of AE and AER may provide a better characterization relative to
FMF. Thus, we try to estimate the FMF based on the multiple linear regression method using both AE and AER.
As expected, the estimated FMF shows remarkably high linear correlations with the AERONET FMF without any
seasonal bias. These findings imply that the FMF in South Korea can be simply obtained if just the AOT mea-
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surement at multiple wavelengths (in the range from ultraviolet to near-infrared channels) are available.

1. Introduction

Aerosol optical properties have been intensively investigated over
the last few decades to more fully figure out the role of airborne
aerosols in various processes. These properties are critical to char-
acterize the extent of aerosol radiative forcing: the amount of absorp-
tion or scattering of solar radiation due to the regional aerosols. Since
each aerosol type has distinctive characteristics, aerosol type classifi-
cation is necessary task in order to compute exact radiative forcing
calculations (e.g., Lee et al., 2014; Alam et al., 2018; Yoon et al., 2019).
Aerosol size is one of the essential parameters required for the de-
termination of most aerosol types (e.g., Lee et al., 2010; Verma et al.,
2015), generally composed of fine (sub-micron radius) and coarse
modes (super-micron radius). In particular, the aerosol size distribution
significantly affects the aerosol scattering efficiency (Valentini et al.,
2020), which is a major component in the estimation of radiative
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forcing. Thus, the determination of qualifiable aerosol size information
is necessary.

Aerosol size distribution information for the entire atmospheric
column has been retrieved using the ground-based remote sensing
measurements of spectral aerosol optical thickness (AOT) and direc-
tional sky radiances. The Aerosol Robotic Network (AERONET) is the
well-known international platform to perform this monitoring. Using
the pattern of spectral AOT, the bimodal aerosol size distribution, fine
and coarse mode, can be derived (O'Neil and Royer, 1993). The ratio of
these two modes, fine mode fraction (FMF) is the representative in-
formation about the local aerosol size, describing the portion of fine
mode aerosols in the local atmosphere that contribute to the total AOT.
The AERONET has provided FMF using the spectral deconvolution al-
gorithm (SDA) based on the measurement of direct solar radiance
(O'Neill et al., 2001; O'Neill et al., 2003). Inversions of measurements
made by the AERONET have also estimated columnar FMF of AOT
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(Dubovik et al., 2002, 2006). These inversions are very useful, however,
they require a relatively cloudless sky radiance scan (almucantar) made
at solar zenith angle > 50 degrees as input to the inversion process of
AERONET algorithm. These two FMFs are basically consistent but
sometimes show some differences (Eck et al., 2010; Zheng et al., 2019).

The Angstrém exponent (AE) is also well-known parameter esti-
mated from the spectral measurement of AOT. The basic assumption for
AE was that it is assumed to be almost constant with wavelength as the
linear regression of AOT versus wavelength in logarithmic scale. This
AE has been widely utilized to characterize some general information
on relative aerosol size (Eck et al., 1999). Many previous studies have
indicated that the small magnitude of AE implies the coarse-mode
particle dominance, and vice versa (e.g., Dubovik et al., 2002; Kim
et al., 2004; Xin et al., 2007). In some regions, AE is highly correlated
with FMF (Eck et al., 2008), suggesting that AE may be a good proxy as
an indicator of the relative influence of the two primary size modes.
Thus, AE has been also used in some methods of aerosol type classifi-
cation in order to account for some differences in particle size (Lee
et al., 2018; Logothetis et al., 2020).

Recently, a number of studies showed that the AE varies sig-
nificantly as a function of wavelength (Eck et al., 1999; Kaskaoutis and
Kambezidis, 2006; Soni et al., 2011), and the sensitivity of AE to the
aerosol size information is highly dependent on the selected wavelength
range of the AOT utilized in the computation (Schuster et al., 2006).
While the AE at 440 and 870 nm has been widely used as a general
particle size indicator for fine versus coarse mode relative influence, it
is also important to consider the wavelength dependence of AE for
better quantification of aerosol size (Eck et al., 1999; Gobbi et al., 2007;
Yoon et al., 2012). Moreover, recent studies revealed that the AE at
440-870 nm sometimes cannot describe the relative aerosol size well.
Some previous works already revealed that the reduction of AE can
happen associated with the growth of fine mode aerosols, which is the
reason why there is sometimes a negative correlation between AOT and
AE (Reid et al., 1999; O'Neill et al., 2001, 2003). Eck et al. (2012) re-
ported this issue in analysis of AERONET data in polluted regions
showing high relative humidity (RH). They explained this irregular
pattern of AE (small AE yet still fine mode dominated) as a result of
aging and/or hygroscopic growth (fog- and cloud-processing) of parti-
cles under humid and stagnant air conditions.

The Korean peninsula located in East Asia is often subject to severe
air pollution in close proximity to a marine basin, Yellow Sea (Lee et al.,
2019), therefore may have some issues in AE usage when high RH or
clouds are present. Thus, the focus of this study is the diagnosis of the
utilization of AE to characterize FMF using the ground-based AERONET
measurements of spectral AOT only at multiple sites in the Korean
peninsula. We also analyze the spectral pattern of AE in terms of the
regional conditions. Finally, we develop another way to better estimate
FMF from spectral AE using a statistical approach.

2. Data description

This study mainly investigates parameters based on aerosol optical
properties measured and retrieved from the AERONET observation
(Holben et al., 1998) sites in the Korean peninsula (Level 2.0 dataset).
Among all Korean AERONET sites, we select six sites that have con-
ducted monitoring for a minimum 2 years, a suitable period for in-
vestigating general patterns: Anmyon, Baengnyeong, Gangneung-
Wonju national university (hereafter Gangneung WNU), the Gosan site
on Jeju island established by the Seoul National University (hereafter,
Gosan_SNU), Gwangju Institute of Science and Technology at Gwangju
(hereafter Gwangju_GIST), and Yonsei University in central Seoul
(hereafter Yonsei_Univ) (Fig. 1 and Table S1). Considering the site lo-
cations in Fig. 1, data from these six sites can represent latitudinal
(South to North) and longitudinal (West to East) gradients or patterns
on the southern Korean peninsula.

Multiple aerosol optical properties can be obtained from the
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Fig. 1. Six Korean AERONET stations used in this study. All stations have
measurements longer than 2 years.

AERONET data archive (https://aeronet.gsfc.nasa.gov). Spectral AOT
(340 to 1640 nm in 8 narrow band-pass channels) is the basic para-
meter among aerosol optical properties, revealing the atmospheric
turbidity or total column integrated light extinction by airborne parti-
cles (Mok et al., 2018). AE can be estimated based on the spectral de-
pendence of AOT, defined as the slope value of the linear regression
between AOTs and their respective wavelengths in a logarithmic scale.
The AE estimated in the range between 440 and 870 nm (hereafter,
AE440.870nm) is provided in the AERONET database (computed from 4
channels: 440, 500, 675, and 870 nm) and is generally considered as
associated with the investigation of relative modal contribution to AOD
(e.g., Schuster et al., 2006). In addition to AE440.870nm; AE values from
other wavelengths are also computed in the AERONET database as a
regression of three wavelengths. The AERONET data archive also pro-
vides the FMF, officially at 500 nm (hereafter, FMFsq0,m) using both
SDA (O'Neill et al., 2001; O'Neill et al., 2003) and inversion (Dubovik
et al., 2002, 2006) algorithms. To examine the seasonal change of re-
gional aerosol size pattern, we also analyze the volume size distribution
retrieved from almucantar sky scans by the AERONET inversion algo-
rithm (Dubovik and King, 2000; Dubovik et al., 2006). Recently, these
aerosol optical properties were updated based on new AERONET data
products: version 3 (Eck et al., 2018; Giles et al., 2019). All results in
this study are produced using the version 3 data, but analyses based on
the version 2 data (Holben et al., 2006) are also compared for the va-
lidation purposes, attached in the Appendix.

To investigate the meteorological effect to the aerosol properties,
we also utilized several meteorology data (e.g., cloud fraction, relative
humidity, and wind speed) provided from observations of the automatic
weather station (AWS) managed by the Korean Meteorological
Administration (KMA). To examine the influence of local air chemical
pattern, we also used the aerosol component information (black carbon,
organic carbon, mineral dust, and sea salt) of the Modern-Era
Retrospective analysis for Research and Applications version 2
(MERRA-2) reanalysis dataset (Randles et al., 2007), and the surface
measurement of air pollutants obtained from the AIRKOREA network
(https://www.airkorea.or kr): particulate matter having a diameter
smaller than 10 pm (PM;o), nitrogen dioxide (NO,), Sulfur dioxide
(SO,), ozone (03), and carbon monoxide (CO). Comparison between
extremely high and low level of each factor becomes useful to find a
condition that we cannot use AE as a particle size indicator.
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3. Results and discussions
3.1. Relationship between AE and FMF

A number of previous studies found a generally positive correlation
between AE440.870nm and FMFsoonm (e.8., Anderson et al., 2005; Eck
et al., 2008). Therefore, the AE440.s70nm has been sometimes utilized as
a proxy for information on the FMF. However, the positive correlation
between AE and FMF does not always hold, particularly in polluted
regions with significant moisture, and this somewhat anomalous fea-
ture was explained by the influence of fog- and cloud-processed fine-
mode particle growth (Eck et al., 2012). Since the East Asian atmo-
sphere is heavily polluted, and often subjected to very humid conditions
(Kim et al., 2007), this issue for the relationship between AE and FMF
can be similarly seen in the Korean peninsula. Thus, we would compare
between AE440.870nm and FMFs5go,m at the six selected sites in Korea to
see what really happens. We use the FMF provided from both the SDA
and inversion algorithms, but we put the discussion related to the FMF
from the SDA algorithm first because the larger number of SDA algo-
rithm data can be resulted in more reliable analyses. Then we add some
comparisons to the result about the FMF from the inversion algorithm.

At first, we performed a linear correlation analysis between AE 4.
g7onm and FMFsgo,m at the six selected sites in Korea. Results (Fig. 2)
show that the positive correlation between AE,40.870nm and FMFsgonm
from the SDA algorithm is generally high. The correlation coefficient
(R) is higher than 0.85 for all sites in spring (March-April-May, MAM),
and R is ~0.6 to 0.8 in autumn (September-October-November, SON)
and winter (December-January-February, DJF). In summer, however,
the correlation becomes relatively weak at some sites (as low
as < ~0.1). The positive relationship is maintained when both
FMF500nm and AE440.870nm are small. But the correlation collapses when
the FMFso0nm is relatively high due to the wide range of AE440.870nm- AS
a result, AE440.870nm > 1.0 loses the sensitivity in some seasons to
determine the dominance of regional modal aerosol size. Except for the
Gosan_SNU site located in Jeju island (~100 km from the south coast of
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the Korean peninsula), other five sites consistently indicate relatively
very low AE-FMF correlations in summer. Considering previous find-
ings (e.g., Eck et al., 2012, 2014), this feature means that summertime
particle size distributions in most of South Korea contain enough mid-
sized submicron particle to cause a degradation of the effectiveness of
AE440.870nm capability as a particle size indicator. Here, we would also
underline that the degradation of AE-FMF relationship is stronger and
occurs extensively over the whole Korean peninsula, compared to re-
ported cases before (Eck et al., 2010, 2012).

We examine the monthly variation of several meteorological factors
to better figure out the irregular AE-FMF relationship in the Korean
summer. Based on the monthly mean patterns of RH, cloud fraction,
and wind speed at six target sites (Fig. 3), summertime ambient con-
ditions in the Korean peninsula are very humid and stagnant; RH and
cloud fraction is the highest and the wind speed is the lowest in
summer. In this environment, aerosol size can increase through the
hygroscopic growth and coagulation process plus fog- and cloud-pro-
cessing of particles (Eck et al., 2012). Actually, it has been known that
the monthly mean AOT in the Korean peninsula typically shows the
highest peak in June (the summertime before the rainy season) attrib-
uted to these processes (Kim et al., 2007; Koo et al., 2016). Comparing
the seasonal mean almucantar retrievals of volume size distribution of
ambient aerosols at six target sites (Fig. 4), we can find that the peak
radius of fine mode aerosol volume increases in summer at all six sites.
This feature is consistent with the recent finding in Eck et al. (2020),
showing the 10 times larger increase of particle volume on high RH
days in the Korean peninsula. Here we can clearly confirm the sum-
mertime fine-mode aerosol growth in the Korean peninsula.

These characteristics are similar to findings in Eck et al. (2012),
suggesting that the existence of “large fine mode-dominated aerosols”
can relate to the poor correlation between AE449.870nm and FMFsoonm.
Two atmospheric situations are conducive to the growth of fine mode
particles (resulted in the large dominance of fine mode aerosols lo-
cally): (1) high concentrations of fine mode aerosols and (2) ambient
conditions with very high RH and the associated presence of clouds and
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Fig. 2. Scatter plots showing the relationship between AE44¢.870nm and FMFsoonm from the SDA algorithm (version 3) for six sites: (a) Anmyon, (b) Baengnyeong, (c)
Gangneung WNU, (d) Gosan_SNU, (e) Gwangju_GIST, and (f) Yonsei_Univ. Correlation coefficients (R) were calculated for each season: December—January-February
(DJF, black), March-April-May (MAM, red), June-July-August (JJA, green), and September-October-November (SON, blue).
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Fig. 3. Monthly mean pattern of (a) relative humidity, (b) cloud fraction, and
(c) wind speed at six Korean AERONET sites. Seosan is the closest AWS of the
AERONET Anmyon site, Baengnyeong is the closest AWS for the AERONET
Bangnyeong site, Gangneung is the closest AWS for the AERONET
Gangneung WNU, Gosan is the closest AWS of the AERONET Gosan_SNU site,
Gwangju is the closest AWS for the AERONET Gwangju_GIST site, and Seoul is
the closest AWS for the AERONET Yonsei_Univ site.

fog. The Korean summer season, which is typically quite polluted in
conjunction with a humid and stagnant atmosphere (Kim et al., 2007;
Eck et al., 2020), satisfies these conditions in general. Some previous
studies in East Asia also revealed that the hygroscopic growth of aerosol
is more efficient for polluted condition than those for clear conditions
(Kim et al., 2006; Yan et al., 2009). Relatively, the peak radius change
of fine mode particle does not much increase at Gangneung WNU and
Gosan_SNU (Fig. 4) in spite of high RH. In this regard, the summertime
correlation between AE and FMF at Gangneung WNU and Gosan_SNU is
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not much degraded compared to other sites (Fig. 2). In contrast, the
Yonsei_Univ site shows the increasing peak radius of fine mode aerosols
in summer, clearly associated with the large degradation of the AE-FMF
correlation. Considering that the Gangneung WNU and Gosan_SNU site
is located in relatively clean coastal area but the Yonsei_Univ site is
located in the polluted megacity (Seoul), the extent of aerosol pollution
looks significantly associated with the poor correlation between AE and
FMEF.

To investigate which ambient air conditions the most influential, we
analyze the AE-FMF correlation deeply using the various information
for local air chemicals and meteorology. For this analysis, we use the
level of five surface air pollutants (PM;o, NO5, SO5, O3, and CO), four
aerosol components (black carbon, organic carbon, mineral dust, and
sea salt), and three meteorological factors (wind speed, RH, and cloud
fraction). Based on these data, we split the AE-FMF relationship into
three groups according to the amount of considering variables: lower,
middle, and higher percentiles of each variable. This approach reveals
that which condition is strongly associated with the poor correlation
between AE and FMF.

At first, we examine the AE-FMF correlation in terms of the level of
surface air pollutants (Figs. S1, S2, S3, S4, and S5), but no obvious
feature is discovered. Either extremely high or low level of air pollu-
tants is not connected to the poor relation between AE and FMF, im-
plying that only high air pollution itself is not the main condition to
induce the poor AE-FMF correlation. When we consider the aerosol
composition instead (Figs. S6, S7, S8, and S9), obvious patterns are not
discriminated. While it seems that the dominance of fine mode aerosols
(i.e., high percentiles of black carbon and organic carbon mass density)
is a little more associated with the poor correlation between AE and
FMF, different from the dominance of coarse mode aerosols (i.e., high
percentiles of mineral dust and sea salt mass density), their difference is
not meaningful. Thus, the level of ambient air pollution or the dom-
inance of a certain aerosol type does not look influential to the occur-
rence of poor correlation between AE and FMF.

However, the result becomes much notable when we consider the
meteorological factors, such as wind speed, RH, and cloud fraction
(Figs. S10, S11, and S12); There is a separation in the AE-FMF re-
lationship. In the Fig. 5, the obvious example at the Gwangju_GIST site,
the linear correlation between AE and FMF is well found if the wind
speed is high, RH is low, and cloud fraction is low. Reversely, the poor
correlation between AE and FMF much happens with the low wind
speed, high RH, and high cloud fraction. Here we do not consider the
variation of air pollution level or aerosol composition, in other words,
this separation is only driven by the consideration of local meteorology.
Thus, this finding clearly indicates that the local meteorology is most
important factor for explaining the poor quality of AE as a particle size
indicator. In brief, when the local atmosphere is quite stagnant (i.e., low
wind speed) and humid (high RH and cloud fraction), AE loses its
capability to describe the size of local aerosols.

This feature basically supports well our analysis related to Figs. 3
and 4, addressing that the hygroscopic growth of aerosols under the
humid and stagnant Korean summertime relates to the poor AE-FMF
correlation. Moreover, here we noticed that the meteorological pattern
should be more weighted rather than the air pollution level or aerosol
types for the understanding of characteristics of AE and FMF. In the
work of Eck et al. (2010), AE-FMF relationships were compared at three
sites: Kanpur, India, Ilorin, Nigeria, and Beijing, China. All these sites
have a serious air pollution, but the degradation of AE-FMF correlation
is the strongest at the Beijing site, but the weakest at the Ilorin site. Eck
et al. (2010) interpreted that this difference happens because the
aerosol hygroscopicity differs according to its type (e.g., weak hygro-
scopicity for fresh biomass burning particles but the strong for aerosols
from the fossil fuel combustions). The result in our study, however,
implies that the ambient condition probably better explains the de-
gradation of AE-FMF linear relationship. Namely, larger scatter of FMF
at higher AE at Beijing reported in Eck et al. (2010) seems more related
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Fig. 4. Seasonal mean pattern of volume size distribution at six sites: (a) Anmyon, (b) Baengnyeong, (c) Gangneung WNU, (d) Gosan_SNU, (e) Gwangju_GIST, and (f)
Yonsei_Univ. Four seasons were compared: DJF (black), MAM (red), JJA (green), and SON (blue).

to the humid and stagnant condition in East Asian summer than the
locally dominant aerosol type. We suggest that more seasonal analysis
of aerosol optical properties will be required because the regional
meteorology usually has a large seasonal variation.

3.2. Improvement of AE usage

Our results reveal that the degradation of the AE-FMF correlations
can occur widely over the Korean peninsula during the entire summer,
not limited to just some special events. Therefore, usage of the AE40.
g7onm as a proxy of aerosol size in this kind of environment is severely
compromised. As mentioned above, the AERONET network provides
FMF data based on their own algorithms, SDA algorithm (O'Neill et al.,
2001; O'Neill et al., 2003) and almucantar sky scan inversion algorithm
(Dubovik et al., 1998; Eck et al., 2012). But other remote sensing
missions (e.g., satellites, shadowband instruments, etc.) still have

difficulties to develop the algorithm producing accurate FMF values. AE
values, however, can be easily obtained by AOT measurements from
multiple channels, if high accuracy of AOT observation is guaranteed.
Thus, it is still beneficial to find an improved way to use AE value di-
rectly as a particle size indicator.

Some previous studies have shown that the aerosol types can be
classified using AE values from the different wavelength pairs (Gobbi
et al., 2007; Koo et al., 2016), because the AE reflects the aerosol op-
tical properties dissimilarly according to the wavelength used. For ex-
ample, the curvature pattern of spectral AOD is opposite between the
fine and coarse mode dominance (Eck et al., 1999). Even for the same
aerosol type, the AE value is not perfectly same according to the se-
lected wavelengths (Reid et al., 1999). In addition, it is known that the
AE from long wavelengths has larger sensitivity to the fine mode vo-
lume fraction of aerosols, but AE from short wavelengths has larger
sensitivity to the fine mode effective radius (Schuster et al., 2006).
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Fig. 5. Scatter plots showing the relationship between AE44¢.870nm and FMFsgg,, from the SDA algorithm (version 3) at Gwangju_GIST sites. Here we simultaneously
consider the extent of surface observed (a) wind speed, (b) relative humidity, and (c) cloud fraction: lower percentile (0-20th, blue dots), middle percentiles (20-80th,

black dots), and higher percentiles (80-100th, red dots) of each variable.
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Fig. 6. Scatter plots showing the relationship between AER and FMFsoonm from the SDA algorithm (version 3) for six sites: (a) Anmyon, (b) Baengnyeong, (c)
Gangneung WNU, (d) Gosan_SNU, (e) Gwangju_GIST, and (f) Yonsei_Univ. Correlation coefficients (R) were calculated for each season: DJF (black), MAM (red), JJA
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Based on their findings, here we also try to utilize the ratio of AE values
from both shorter and longer wavelength pairs and compare this
parameter with the FMF to diagnose the effectiveness as an aerosol size
indicator. Using two AE values from different wavelength pairs directly
provided from the AERONET data archive, the AE ratio (hereafter, AER)
in this study is defined as Eq. (1).

_ AE (500 — 870 nm)

AER =
AE (380 — 500 nm)

(€8]

Note that this parameter AER contains similar information (spectral
variation of AE) as the parameter o’ introduced by Eck et al. (1999) and
utilized in the SDA by O'Neill et al. (2001). Similar to Fig. 2, we esti-
mate the correlation between FMF5qo,,, and AER (Fig. 6). Interestingly,
AER also has a largely positive correlation with FMFs5gqn,, in spite of a
little different linear regression shape of the relationship between
AE440.870nm and FMFsgg,m. While some AER values in summer look
deviated from the correlation when the FMFs500,m is close to 1.0, R in
summer is not as small (R = 0.68 to 0.85). Instead, R values in spring
become somewhat smaller (R = 0.61 to 0.85) compared to the
springtime correlation between AE440.870nm and FMFsoonm, Which is
very high (R = 0.85 to 0.95) as shown in Fig. 2. Overall, AER generally
captures the FMF variation well in all seasons, indicating that the usage
of AER can be an improved approach for the parameterization of re-
lative aerosol size.

Nonetheless, AER also has some complicating features in the Korean
summer season. Fig. S13 shows interesting relationships between AE440.
g7onm and AER for each season. Generally, AE 40 g70nm has moderately
positive correlations with AER. In other words, AE from longer wave-
lengths (hereafter, LW_AE) is larger than AE from shorter wavelengths
(hereafter, SW_AE) usually (i.e., AER > 1) when AE440.870nm is large,
but LW_AE smaller than SW_AE usually (i.e., AER < 1) when AE,40.
g7onm 1S Small. Based on Eck et al. (1999), the case for LW_AE > SW_AE
relates to the fine-mode dominant situation, but the LW_AE < SW_AE
relates to the coarse-mode dominant case. In addition to AE440-870nm,

therefore, AER also describes a spectral aspect of the variation of re-
lative modal aerosol size. However, correlations between AE440.870nm
and AER are quite poor in the Korean summer, which is the main season
exhibiting the existence of large fine-mode dominated aerosols.

It seems that very large AER values lead poor correlations with
AE440.870nm in summertime (Fig. S13). Koo et al. (2016) presumed that
this large summertime AER probably relates to the existence of brown
carbon having the high radiative absorption (300-400 nm) in the ul-
traviolet wavelength. Brown carbon is one of water-soluble components
in the air and its radiative absorption in the short wavelength
(~365 nm) can be much amplified if the source is attributed to the
anthropogenic emission (Zhang et al., 2011; Chung et al., 2012). It was
also found that the dominant source of summertime brown carbon in
East Asia is anthropogenic, while biomass burning is more important
for the wintertime brown carbon (Laskin et al., 2015). Based on these
previous findings, we suppose that the emission and production of
anthropogenic brown carbon may be associated with the irregular
pattern of AE or AER in Korean summer. Some exceptions occur at the
relatively pristine Gangneung WNU and Gosan_SNU site, showing the
moderate linear correlation between AE,40.870nm and FMFsgonm (Fig. 2)
and also between AE440.870nm and AER (Fig. S13) in summer, sup-
porting our supposition for the effect of anthropogenic brown carbon.
But additional study should be more required in the future to figure out
which aerosol component really affects to the irregular pattern of AE in
summer.

Anyhow, it is obvious that we have significant uncertainties for the
usage of AE as a proxy of aerosol size in Korean summer. Based on
Figs. 2 and 6, we can notice some contrasts between the biases in the AE
and AER patterns; When the FMF is close to 1.0, some AE440.870nm
values are small, but some AER values are too large. Thus, this suggests
that the combination of AE and AER may improve the detection of FMF
variation. Therefore, we try to estimate the FMF5qg,, using a multiple
linear regression (MLR) model utilizing both AE44¢.870nm and AER data.
For each site, we construct the MLR model using 50% data of the AE44¢.
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Fig. 7. Linear regression patterns between the FMFsyonm from the SDA algorithm (version 3) and estimated FMFsq,, based on the MLR model (using AE440.870nm and
AER) at six sites: (a) Anmyon, (b) Baengnyeong, (¢) Gangneung WNU, (d) Gosan_SNU, (e) Gwangju_GIST, and (f) Yonsei_Univ. The coefficient of determination [R?

and RMSE values are provided for each site.

g7onm and AER, and then estimate FMFsgg,, using the other 50% of the
AE and AER values.

Fig. 7 illustrates the relationship between the FMFsqo,, provided
from the AERONET SDA algorithm and our estimated FMFsq0,m. Sur-
prisingly, all sites show that both FMF values lie on the 1:1 line with R*
values > 0.9 and root mean square error (RMSE) < 0.05, depicting the
remarkable agreement between the original and estimated values.
Comparing with results of FMFsgg,,, estimation using the single-vari-
able linear regression model with only AE440.g70nm (Fig. S14) or AER
(Fig. S15), the quality of results from the MLR model with both AE40.
g7onm and AER shows clearly a large improvement. Results based on
version 3 AERONET data are a little better than those with version 2
data, particularly for the part of high FMF (Fig. S16). This seems at-
tributed to better detection of the large fine mode dominance by ver-
sion 3 data, which is often considered as a cloud contamination and
then screened by version 2 data (Eck et al., 2018). Nonetheless, both
cases consistently demonstrate the high accuracy of estimated FMF with
the MLR model in general.

These findings based on the MLR model indicate the possibility to
improve the estimation of regional FMF using only the spectral AOTs,
which are required for the calculation of AE and AER (in a wide range
in wavelength: e.g., 380 to 870 nm). In other words, aerosol size in-
formation can be easily obtained if the high quality of AOTs at multiple
channels is guaranteed. Since MLR models at all six sites are quite si-
milar in spite of some regional differences (Table S2), a generalized
MLR model applicable to the whole Korean peninsula can be prepared.
Then the effort to have a highly accurate AOT enables us to have a
better monitoring of both the atmospheric turbidity and the regional
aerosol size, revealing the necessity of validation tasks of AOTs (Bright
and Gueymard, 2019; Shi et al., 2019). Considering the difficulty to

have FMF information directly from the measurement, the usage of AE
and AER from the spectral AOT measurement provides a simple and
efficient approach.

Lastly, we would discuss about results if the FMF from the inversion
algorithm is applied instead of the FMF from the SDA algorithm. We
repeat the analysis for the AE-FMF relationship (Fig. S17) and AER-FMF
relationship (Fig. S18), and also compare the estimated FMF from our
MLR model to the FMF from the inversion algorithm (Fig. S19). It has
been known that the inversion algorithm is not available much under
the high AOT or partial cloudy situations (Reid et al., 1999), resulted in
the lower number of data (Eck et al., 2010). Thus, whole results using
the FMF from the inversion algorithm look less significant and some
cases cannot be examined well (e.g., wintertime). But the poor AE-FMF
correlation and better AER-FMF correlation in Korean summer are si-
milarly found with the usage of FMF values from the inversion algo-
rithm, consistent with our finding related to Figs. 2 and 6. In fact, the
degradation of AE-FMF linear relationship in summer occurs more se-
verely; Summertime FMF values from the SDA algorithm still show
some sensitivity to the AE change (Fig. 2), but summertime FMF values
from the inversion algorithm is mostly larger than 0.8, resulted in in-
significant variation (Fig. S17). This feature looks attributed to the
difference of ‘particle radius cutoff of fine and coarse mode’ between
two algorithms; some larger fine mode (or smaller coarse mode) par-
ticles belongs to the coarse mode in the SDA algorithm, but the fine
mode in the inversion algorithm (O'Neill et al., 2003; Eck et al., 2010).

Accordingly, aerosol properties from the SDA algorithm enable to
capture the existence of fine mode particle growth better. Nevertheless,
estimated FMF values from our MLR models also show large linear
correlations with FMF values from the inversion algorithm with
R® > ~0.8 (Fig. S19). These R? values are a little smaller that cases
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using the FMF from the SDA algorithm, but still reveal that the MLR
model approach using AE and AER is worth to use for the FMF esti-
mation. It is definitely better to use FMF data directly if we have. If not,
however, now we can simply derive the FMF using MLR method in-
cluding AE and AER. It is easy and simple, but efficient and reliable.

4. Summary and conclusion

This study investigated the complicated AE-FMF relationship that
occurs in summer over the Korean peninsula. The weak correlation in
summer seems associated with the growth of fine mode particle size.
The Korean peninsula frequently has very humid and stagnant air
conditions along with high air pollutant concentrations in summer,
therefore accelerating the hygroscopic growth, cloud processing, and
coagulation of fine-mode particles. Since we found that the correlation
between FMF and AER is reasonable as the correlation between FMF
and AE440.870nm, We came up with a new idea to estimate FMF using
both AE440.870nm and AER based on MLR method. Through the MLR
model with utilizing both AE440.870nm and AER, we estimated FMF with
a high degree of accuracy, as compared with the standard AERONET
FMEF.

Globally, ground-based remote sensing instruments are widely used
to observe AOT for the purpose of air quality monitoring: e.g., sun-
photometer, skyradiometer, multifilter rotating shadowband radio-
meter (MFRSR), etc. Although the AERONET system produces the FMF
based on both the almucantar inversion algorithm using sunphotometer
sky radiance measurements and SDA using spectral AOT only, usually
other instruments are only focusing on the measurement or estimation
of AOT. Additionally, a number of satellite missions also retrieve
spectral AOT measurement successfully, but still have large un-
certainties in estimating FMF (Choi et al., 2018). Our MLR model re-
sults, however, provide a somewhat simpler way for monitoring of re-
lative aerosol mode contributions (fine versus coarse mode), only
requiring the AOT values at multiple channels. It is true that the con-
sistency and high accuracy of spectral AOT values is not easily obtained
now. Therefore, much effort should continue to be focused on the high
accuracy of AOT retrievals at multiple channels, particularly for the
better application of satellite measurement covering the wide range of
multiple channels (e.g., Airborne Multiangle SpectroPolarimetric Im-
ager, Xu et al., 2017).
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