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1. Introduction

In recent years, the Korean peninsula has suffered from severe 
air pollution every fall due to stable weather conditions and regional 
transport of natural and anthropogenic sources from China [1-3]. 
Stable air conditions such as low wind speed, high surface 
pressure, and low boundary layer lead to the formation of a 
low-hanging layer and the poor dispersion of air pollutants. 
Ambient fine particles (PM2.5) consist of primary particles from 
incomplete combustion of fossil and biomass fuels, and secon-
dary particles formed through homogeneous and heterogeneous 
oxidation processes of SO2, NO2, NH3, and volatile organic com-
pounds (VOCs) from anthropogenic and natural emission sour-
ces [4-6]. Haze phenomena, mainly caused by PM2.5, have at-
tracted much attention due to their adverse effect on air quality, 
public health, and visibility [7-11]. These studies of haze aimed 

to investigate source identification, chemical characterization, 
and formation processes of PM2.5 during haze pollution [5, 6, 
12-15]. 

Generally, it was found that the secondary formation of aerosol 
components in the atmosphere contributes significantly to the 
increase in PM2.5 concentration [10, 16, 17]. On a seasonal basis, 
photochemical reactions during summer are important factors ac-
celerating the formation of secondary SO4

2- particles, which are 
responsible for summer haze formation [10, 18-21]. Meanwhile, 
air stagnation and high relative humidity (RH) during winter con-
tribute to the accumulation of aerosol particles from anthropogenic 
sources and enhanced secondary aerosol formation, giving rise 
to winter haze formation [6, 8, 10, 13, 22, 23]. Moreover, regional 
transport could play an important role in the PM2.5 increase during 
a winter haze event [8-10, 16, 24, 25]. As mentioned above, chemical 
characteristics of PM2.5 during haze pollution depend on emissions 
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and transport of air pollutants, formation of secondary aerosols, 
and meteorological conditions. Thus, understanding the character-
istics and mechanisms of PM2.5 pollution occurred at a receptor 
site is very crucial to establish effective control of the pollution 
level that depends on the seasonal variation of PM2.5 formation 
at the site and the surrounding areas. 

Atmospheric aerosol particles affect climate radiative forcing 
of the Earth by directly scattering and absorbing solar radiation 
[26]. There are two types of carbonaceous aerosols interacting 
with the radiation. One is the organic carbon (OC) and the other 
elemental carbon (EC) or black carbon (BC) [19, 20, 27, 28]. 
BC, which comes from incomplete combustion of fossil and bio-
mass fuels, absorbs light across all ranges from ultraviolet (UV) 
to infrared (IR) with a weak spectral dependence [29, 30]. While 
OC has typically been known as light-scattering substances, but 
a certain type of OC, which is referred to as brown carbon (BrC), 
absorbs strongly solar radiation in the near UV wavelength range 
with strong spectral dependence [30, 31]. The previous studies 
have found that BrC is typically emitted from primary sources 
such as biomass burning, coal combustion, and vehicles, and 
produced through the formation of secondary organic aerosol 
[27, 31-36].

The size distribution of aerosol particles could provide important 
clues to trace emission sources of ambient particles and the for-
mation pathways of secondary components [37]. Size distributions 
of water-soluble organic carbon (WSOC) and inorganic components 
(NO3

- and SO4
2-) under typical ambient conditions at an urban 

site showed dominant droplet modes peaking at 0.55 m [2, 38, 
39]. Meanwhile particle size distributions at the urban site during 
the haze event with air stagnation, high RH, and regional trans-
portation, in the fall season, exhibited dominant droplet modes 
at a particle size of 1.0 m [3]. Yu et al. [2] also conducted a 
source apportionment of size-resolved WSOC for one year at an 
urban site. In their study, condensation mode WSOC was found 
to be strongly associated with secondary organic aerosols and bio-
mass burning (BB) emissions, while heterogeneous reactions and 
long-range transports were found to be important contributors 
to the droplet mode WSOC formation. Results from previous studies 
have indicated that the size distributions of major chemical compo-
nents in ambient aerosol particles depend on season, location, 
concentration of precursor gases, meteorological conditions, and 
long-range transport [2, 3, 38-42]. Therefore, to investigate the 
cause of haze formation during fall, size distributions of water-solu-
ble chemical species in ambient aerosol particles need to be further 
explored. 

In this study, 24-h size-segregated aerosol particles were col-
lected during the fall season of 2017, at the urban site of Gwangju 
in Korea, to investigate the difference in characteristics of size-re-
solved water-soluble chemical species between non-pollution, pol-
lution, and Asian dust (AD) periods. Sources and formation proc-
esses of size-resolved WSOC are also discussed. Moreover, the 
difference in the absorption properties of aerosol particles was 
examined among non-pollution, pollution, and AD periods. 
Further, the size-resolved primary and secondary sources con-
tributing to light absorption by aerosol particles in the near UV 
range were identified. 

2. Experimental Section

2.1. Size-resolved Aerosol Particle Measurements

Size-segregated particle samples were collected daily between 
October 19 and November 9, 2017, at the urban site of Gwangju 
in Korea. The sampling would begin at around 09:00 AM and 
last approximately 24-h. The sampling site was on the rooftop 
of a three-story building at Chonnam National University, approx-
imately 150 m away from a four-lane traffic road. The sampling 
location is described in detail in our previous publications [2-5, 
39]. Collection of size-segregated aerosol samples was conducted 
using a 10-stage Micro-Orifice Uniform Deposit Impactor (MOUDI, 
MSP 110; MSP Corp., MN), having cut-off diameters between 0.055 
and 18.0 m (0.055, 0.095, 0.17, 0.32, 0.55, 1.00, 1.8, 3.1, 6.2, 
9.9 and 18.0 m) at a flow rate of 30 L/min. Prebaked and pre-weigh-
ed 47-mm Al foil substrates were used to collect aerosol particle 
samples. Further, a 47-mm Teflon substrate was used as back-up 
filter. A total of 21 MOUDI sets were collected during the sampling 
period and used to quantify the concentrations of mass, WSOC, 
and water-soluble ionic species. Field blanks were also prepared, 
and their background concentrations were applied to obtain the 
real concentrations of WSOC and ionic species in ambient aerosol 
particles. 

2.2. Measurements of Aerosol Light Absorption and Estimation 
of Brown Carbon Absorption

BC concentrations were observed at a time resolution of 1 min 
using a dual-spot aethalometer (AE33, Aerosol d.o.o., Slovenia) 
equipped with a PM2.5 impactor operating at a flow rate of 5.0 
L/min. The aethalometer instrument measures the attenuation of 
a light beam at seven wavelengths from 370 to 950 nm by the 
aerosols loaded on a filter to determine the wavelength-dependent 
absorption coefficient. Then, the instrument calculates BC concen-
tration by dividing the absorption coefficient by the mass-specific 
absorption efficiency for each of seven wavelengths. The mass-spe-
cific absorption cross-sections used in the BC calculations are 
18.47, 14.54, 13.14, 11.58, 10.35, 7.77, and 7.19 m2/g for 370, 
470, 520, 590, 660, 880, and 950 nm, respectively, which were 
provided by the manufacturer. The principle on which the BC 
concentration measurement is based has been documented in detail 
by Drinovec et al. [43]. BC concentration is typically reported 
at 880 nm because organic aerosols as well as BC absorb light 
at lower wavelengths [30]. Absorption coefficients reported from 
wavelengths lower than 880 nm are usually used to identify the 
absorption of organic aerosols. 

BC aerosol strongly absorbs light in the UV to IR wavelength 
range, but exhibits a weak absorption dependence with wavelength 
[29]; while a certain type of organic aerosol absorbs strongly radia-
tion in the near UV range but exhibits weaker absorption in the 
visible wavelengths [30]. The light-absorbing organic carbon com-
ponents are referred to as BrC. Light absorption coefficients of 
BrC (bBrC,) at wavelengths less than the IR were derived by subtract-
ing the absorption coefficient by BC (bBC,) from the total light 
absorption coefficient (babs,). In this relationship, BC absorption 
was estimated based on the assumption that the total aerosol light 
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absorption at 880 and 950 nm is due to BC and the absorption 
Ångström exponent (AAE) value for BC is 1.0 [29, 30]. The bBC, 
at wavelengths < 880 nm was calculated by averaging the light 
absorption at 880 and 950 nm and extrapolating with an AAE 
value of 1.0 for BC [44] (1):

(1)

Following the approach of previous studies [29, 30], the wave-
length dependence of the light absorption coefficient (babs,) follows 
a power law relationship: babs, = a-AAE, where a is the regression 
constant. Therefore, the aerosol AAE values in the wavelength 
range of 370-950 nm and 370-660 nm were calculated by performing 
a linear fitting regression of ln(babs,) against ln().

2.3. Determination of Water-soluble Organic and Inorganic 
Species 

The size-segregated aerosol samples collected on MOUDI were 
extracted with 30 mL of ultrapure distilled de-ionized water for 
60 min of ultra-sonication at room temperature. Then the water 
extracts were filtered with a disposable syringe filter (0.45 m 
pore size, Millipore) to analyze the WSOC and ionic species (Na+, 
NH4

+, K+, Ca2+, Mg2+, Cl-, NO3
-, SO4

2-, and oxalate) using a total 
organic carbon analyzer (TOC, Sievers 5310C, USA) and an ion 
chromatography (IC) system (Metrohm 861), respectively. In the 
TOC analyzer, the organic compounds soluble in water are oxi-
dized to form carbon dioxide (CO2) using UV radiation and a 
chemical oxidizing agent (ammonium persulfate, (NH4)2S2O8). 
The CO2 concentration is measured using a sensitive mem-
brane-based conductivity detection technique. The IC system 
has an anion IC (a Metrohm Metrosep A Supp-5, 4×150 mm, 
anion column) and a cation IC (a Metrohm Metrosep C4, 4×150 
mm, cation column). For the anion analysis, a 3.2 mM sodium 
carbonate/1.0 mM sodium bicarbonate solution was used as the 
eluent. The cation eluent was 1.7 mM nitric acid/0.7 mM dipico-
linic acid. Eluant flow rate for the anion and cation was 0.7 
and 1.0 mL/min, respectively. The method detection limit (MDL) 
of ionic species was calculated as the average blank value plus 
three times the standard deviation of the field blanks. The MDL 
for Na+, NH4

+, K+, Ca2+, Mg2+, Cl-, NO3
-, SO4

2-, and oxalate was 
0.07, 0.05, 0.11, 0.07, 0.10, 0.09, 0.10, 0.05, 0.05 g/m3, 
respectively. Their sample precision was 2.6, 4.1, 4.4, 1.1, 1.3, 
4.2, 5.5, 5.2, and 6.7%, respectively. Detail descriptions for analyz-
ing the WSOC and ionic species can be found in our previous 
publications [27, 35]. 

3. Results and Discussion

3.1. General Features of PM10 and PM2.5, and Classification 
of Study Period

Fig. 1 shows temporal variations of hourly and 24-h averaged 
PM10, PM2.5, and PM2.5/PM10 as well as O3, NO2, CO, and SO2. 
Hourly concentrations of PM10, PM2.5, O3, NO2, SO2, and CO were 

observed at an urban air monitoring station at Duam-dong, which 
is approximately 2.0 km from the sampling site. The PM10 and 
PM2.5 were observed by using two beta attenuation mass monitors 
(BAM-1020), respectively. The gaseous species O3, NO2, SO2, and 
CO concentrations were measured by using a pulsed ultraviolet 
photometric ozone analyzer (Thermo 49i), chemiluminescence- 
based analyzer (Thermo 42CTL), a pulsed ultraviolet fluorescence 
SO2 analyzer (Thermo 43i), and a non-dispersive infrared CO ana-
lyzer (Thermo 48i), respectively. 24-h averaged PM10, PM2.5, and 
PM2.5/PM10 were in the range of 24-70 g/m3, 14-62 g/m3, and 
0.36-0.93, respectively. The Korean Meteorological Agency re-
ported that an AD event during the study period occurred on 
8 November, 2017 (http://www.weather.go.kr/weather/asiandus
t). Hence, we classified the sampling period for November 8 
as the AD event. During the AD event, the hourly maximum 
PM10 and PM2.5 concentrations reached 193 and 76 g/m3 at 14:00 
and 11:00 on November 08, respectively. In addition, the 
PM2.5/PM10 was observed to be the lowest at 17:00 h with a value 
of 0.30. During that day, the 24-h averaged PM2.5 concentration 
was 31 g/m3. Based on the 24-h PM2.5 concentration and the 
AD event, the entire study period was classified into four periods 
of which, PM2.5 pollution events were identified as those periods 
when daily PM2.5 exceeded the 24-h averaged Korean National 
Ambient Air Quality Standard of 35.0 g/m3. Daily PM2.5 values 
were calculated based on the measurement interval of MOUDI 
(09:00-09:00). Using the results of this calculation, a total of 
seven sampling days (October 25-27 and November 01-04) were 
identified as PM2.5 pollution days. The 24-h averaged PM2.5 masses 
on October 25, 26, 27; November 01, 02, 03, and 04 were 46, 
55, 50, 40, 54, 56, and 62 g/m3, respectively. Hence, sampling 
periods for October 25-27, November 01-04, and November 08 
were designated as pollution event I, pollution event II, and 
AD event. Those periods not falling within these three designated 
events were classified as typical period. Table 1 summarizes PM10, 
PM2.5, criteria gases (O3, NO2, CO, and SO2), aerosol light absorption, 
and concentrations of water-soluble chemical species from MOUDI 
measurements for four periods. In addition, meteorological data 
(wind speed, relative humidity, surface pressure), which were 
observed at Gwangju regional office of meteorology 
(http://www.weather.go.kr/weather/observation/aws_table_popup. 
jsp), are provided in Table 1. Fig. 2 shows temporal profiles of 
hourly and 24-h averaged meteorological parameters (ambient tem-
perature, relative humidity, wind speed, and sea level pressure). 

For typical, pollution event I, pollution event II, and the AD 
event, average PM2.5 concentrations were 25.6, 50.1, 53.0, and 
30.8 g/m3, respectively. Respective PM2.5/PM10 ratios were 0.62, 
0.76, 0.86, and 0.54. As shown in Fig. 2 and Table 1, higher PM2.5 
and PM2.5/PM10 during the two pollution events were attributed 
to low wind speeds (0.6-0.9 m/s) and high RH (74-76%). These 
meteorological conditions could accelerate the accumulation of 
primary particles from traffic emissions around the site and the 
production of secondary aerosol particles through VOC, SO2, NO2, 
and NH3 oxidation processes, leading to an increase in PM2.5. 
Results from previous studies have indicated that high RH con-
ditions could lead to enhanced formation of secondary inorganic 
species through aqueous-phase oxidations of SO2 and NO2 [8-10, 
23, 45, 46]. Higher concentrations of CO from combustion emission 
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sources were observed during the two pollution events than during 
the other two periods, suggesting greater contributions from com-
bustion sources to aerosol particles during pollution events I and 
II. As shown in Fig. 1, the average CO concentrations during typical, 
pollution event I, pollution event II, and AD event were 0.42 
(0.20-0.90), 0.56 (0.30-0.80), 0.53 (0.30-0.80), and 0.38 (0.20-0.80) 
ppm, respectively. As described above and also in Table 1, there 
was little difference in meteorological variables such as wind speed 

and RH, and concentrations of O3, NO2, and CO between pollution 
events I and II. However, the higher PM2.5/PM10 observed during 
pollution event II (0.86) could be attributed to a greater influx 
of long-range transported fine aerosols from polluted regions in 
China, as suggested by the analysis of transport pathways of air 
masses and MODIS images below. 

To investigate the difference in PM2.5/PM10, light absorption 
by aerosol particles, and its chemical composition between the 

Fig. 1. Temporal profiles of hourly and 24-h average PM10, PM2.5, PM2.5/PM10, O3, NO2, CO, and SO2 over the study period.
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pollution events I and II, air mass backward trajectories were 
computed. The transport pathways of air masses were calculated 
using the Hybrid Single-Particle Lagrangian Integrated Trajectories 
(HYSPLIT 5.0) model [47]. Three-day backward trajectories with 
model vertical velocity were calculated for 0900 UTC on each 
day at three altitudes (500, 1,000, and 1,500 m) above ground 
level (AGL). Fig. 3 shows transport pathways of air masses arriving 
at the site during pollution events I (Oct 25, 26, and 27) and 
II (Nov. 01, 02, 03, 04), and MODIS images of days before these 
two pollution events began. During pollution event I, haze occurred 
over the mid-eastern Chinese regions (MODIS images, http:// 
nmsc.kma.go.kr/html/homepage/ko/satellite/searchSatelliteImageN. 
do?data_type=1012), but most of the air masses originated from 
northern China and north Korea, indicating that the air masses 

were likely dominated by local pollution. Similarly, during pollu-
tion event II, haze layers occurred over the mid-eastern regions 
of China (MODIS images). A small amount of the haze passed 
over the western sea of the Korean peninsula and reached the 
study site, indicating that the air masses arriving at the site were 
influenced by a mixture of the haze transported from mid-eastern 
China as well as the local pollution. In summary, local combustion 
emissions (e.g., traffic emissions) and enhanced formation of secon-
dary ionic species under stable air conditions (see Table 1) were 
important contributors to high PM2.5 during pollution event I, while 
the long range transportation of polluted aerosols from mid-eastern 
Chinese regions, local emissions, and further processing of air 
pollutants under stable air conditions could be possible factors 
contributing to high PM2.5 during pollution event II.

Fig. 2. Temporal profiles of hourly and 24-h average temperature, relative humidity, wind speed, and sea level pressure.
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Fig. 3. Air mass transport pathways and MODIS images around the Korean peninsula prior to the pollution events I and II. Red, blue, and
green lines on backward trajectories (upper) indicate heights of 500, 1,000, and 1,500 m AGL.
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3.2. BC Concentration and Light Absorption by BC and Brown 
Carbon 

Temporal profiles of hourly BC880, aerosol absorption coefficients 
(babs,370 and babs,880), estimated absorption coefficients of BC and 
BrC (BC babs,370 and BrC babs,370), and BrC contribution to total 
aerosol absorption at 370 nm (BrC370) are shown in Fig. 4. Subscripts 
370 and 880 denote wavelengths of 370 nm and 880 nm, 
respectively. The 24-h averaged BC370 ranged from 0.8 to 5.6 g/m3, 
which were higher than the average BC880. In addition, the average 
babs,370 ranged from 15.0 to 103.7 Mm-1, which is approximately 
2.9-4.7 times the average babs,880 with a range of 5.1-32.3 Mm-1. 
The large difference in the aerosol absorption coefficients at wave-
lengths of 370 and 880 nm suggests the presence of light absorbing 
organic aerosols, as well as the BC aerosols at the site. As shown 
in Table 1, BC370, BC880, babs,370, and babs,880 were higher during 
the two pollution events than during the other two periods, with 

the highest values during pollution event I. However, babs,370/babs,880 
was highest during pollution event II at 3.9, suggesting the greatest 
contribution of light absorbing BrC to total aerosol absorption 
during pollution event II, which is discussed in detail in the follow-
ing section. Over the study period, the contribution of BC babs,370 
to total aerosol absorption at 370 nm ranged from 26 Mm-1 during 
the AD event to 65 Mm-1 during pollution event I. On the other 
hand, the contribution of BrC babs,370 ranged from 11 Mm-1 during 
the AD event to 30 Mm-1 during pollution event II, accounting 
for 26-40% of total aerosol absorption at 370 nm. From the BC880, 
babs,880, and BC babs,370, it was confirmed that the contribution from 
local traffic, which emits BC particles, was dominant during pollu-
tion event I, while contribution by BrC aerosols was dominant 
during pollution event II. As shown in Table 1, light absorption 
at 370 and 880 nm during the AD event was observed to be lower 
than that during typical period. The low absorption was due to 
low concentration of light-absorbing aerosol particles from anthro-

Table 1. A Summary of Measurement Data for Four Different Periods

Item Unit Typical Event I Event II AD event

PM10 μg/m3 40.1 ± 14.7 65.7 ± 9.1 58.1 ± 17.9 63.8 ± 10.0

PM2.5 μg/m3 25.6 ± 12.1 50.1 ± 8.5 53.0 ± 19.4 30.8 ± 10.0

PM2.5/PM10 - 0.62 ± 0.19 0.76 ± 0.08 0.86 ± 0.14 0.54 ± 0.12

O3 ppb 24 ± 15 25 ± 18 23 ± 17 31 ± 15

NO2 ppb 25 ± 14 34 ± 13 29 ± 13 21 ± 10

CO ppm 0.42 ± 0.18 0.56 ± 0.14 0.53 ± 0.12 0.38 ± 0.13

SO2 ppb 1.8 ± 0.6 2.4 ± 1.5 1.9 ± 0.5 2.6 ± 0.4

Temperature ˚C 14.0 ± 3.2 15.2 ± 1.2 11.4 ± 2.4 11.8 ± 4.7

Wind speed m/s 1.3 ± 0.9 0.6 ± 0.2 0.9 ± 0.4 1.9 ± 0.5

Relative humidity % 66 ± 9 74 ± 5 76 ± 10 64 ± 16

Surface pressure hPa 1,021 ± 5 1,021 ± 2 1,024 ± 5 1,023 ± 2

Aethalometer measurements

BC370 μg/m3 2.7 ± 1.9 4.8 ± 1.6 4.2 ± 1.7 2.0 ± 2.5

BC880 μg/m3 2.0 ± 1.4 3.5 ± 1.2 2.7 ± 1.4 1.4 ± 1.9

babs,370 1/Mm 50 ± 35 88 ± 30 77 ± 12 37 ± 47

babs,880 1/Mm 15 ± 11 27 ± 9 20 ± 7 11 ± 15

BC babs,370 1/Mm 37 ± 26 65 ± 22 47 ± 16 26 ± 36

BrC babs,370 1/Mm 13 ± 10 24 ± 11 30 ± 4 11 ± 13

BrC370 % 27 26 40 33

AAE370-950 - 1.3 1.3 1.5 1.4

BrC AAE370-660 - 4.5 4.3 4.6 4.2

MOUDI measurements

PM1.8 WSOC μgC/m3 1.7 ± 0.8 4.2 ± 0.7 4.1 ± 1.6 1.5

PM1.8 NO3
- μg/m3 2.4 ± 1.7 8.8 ± 1.0 6.8 ± 3.1 4.5

PM1.8 SO4
2- μg/m3 2.0 ± 1.1 4.9 ± 0.6 5.6 ± 1.2 4.9

PM1.8 oxalate μg/m3 0.2 ± 0.1 0.5 ± 0.2 0.7 ± 0.2 0.4

PM1.8 NH4
+ μg/m3 1.4 ± 0.7 4.1 ± 0.6 3.1 ± 0.2 2.0

PM1.8 K+ μg/m3 0.5 ± 0.1 0.7 ± 0.2 0.7 ± 0.1 0.6
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pogenic emission sources and low concentration of mineral dust 
particles. Generally, the mineral dust particles have an absorption 
cross-section smaller than that of BC particles by a factor of from 
100 to 1,000. Thus, if the amount of dust particle is 100 to 1,000 
times greater than that of BC, a comparable light absorption may 
be produced [48]. However, the hourly highest concentration of 
PM2.5 observed during the AD event was 76 g/m3 at the most. 
Moreover, the aethalometer instrument measures light absorption 
by PM2.5. Thus, the contribution of the mineral dust particles 
to the total aerosol absorption could be low. 

The spectral dependence of aerosol and estimated BrC absorp-
tion for four sampling periods are shown in Fig. 5. In Fig. 5, 
the wavelength dependence of aerosol absorption follows a pow-
er-law relationship (babs = a-AAE), with decrease in the aerosol 
absorption with wavelength. Average aerosol AAE370-950 values for 
typical, pollution event I, pollution event II, and the AD event 
were 1.3, 1.3, 1.5, and 1.4, respectively. AAE370-950 values greater 
than 1.0 could indicate that the aerosol particles collected at the 
site was due to biomass burning (BB) emissions and the BC aerosols 
from traffic emissions [3, 27, 29, 30]. Moreover, little difference 

in estimated BrC AAE370-660 values was observed among the four 
periods, ranging from 4.2 (AD event) to 4.6 (pollution event II), 
suggesting that organic aerosols contributed to total aerosol absorp-
tion throughout the study period. In general, the AAE values are 
close to 1.0 for BC aerosols from motor vehicle emissions, while 
organic aerosols from BB emissions have an AAE of approximately 
2.0 [29, 30, 49, 50]. Furthermore, AAE values are larger than 2.0 
for dust aerosols [50]. The AAE of 2.27 was obtained from the 
ACE-Asia program during which collected particles had both urban 
pollution and desert dust components [51]. Sun et al. [52] suggested 
that the absorption coefficients can be approximated with an AAE 
of 6 for the humic-like substances, which are a type of BrC aerosols, 
and an AAE of 4.3 for the combustion substances. Their results 
indicate that mixtures of these organic materials and BC have 
AAE values greater than 1 but less than 4-6. Although the AAE 
can be very high (4-6) for individual organic compounds, these 
compounds in the atmosphere are usually mixed with strongly 
absorbing BC particles. Therefore, the average AAE usually lies 
between 1 (for BC) and 4-6 (for BrC). Based on previous results, 
AAE greater than 1.0 for the four different periods was associated 

Fig. 4. Temporal profiles of hourly BC880, babs,370, babs,880, BC babs,380, BrC babs,370, and BrC370 contribution.
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with the presence of mixtures of BC and light absorbing organic 
aerosols. 

As shown in Fig. 6, PM2.5 ranged from 18 to 32 g/m3 between 
18:00 on Nov 03 and 01:00 on Nov 04 (“A” period) but thereafter 
maintained relatively high values (51-105 g/m3) between 02:00 
AM and 12:00 PM on Nov. 04 (“B” period). Enhanced concentrations 
of PM2.5 were observed early in the morning, and maximum PM2.5 
concentration was observed between 05:00-06:00 AM on Nov. 04. 
To investigate the difference in PM2.5 between the two distinct 
periods, we examined the meteorological parameters (wind speed 
and RH), concentrations of criteria gases, air mass transport path-
ways, BC concentrations, and AAE values calculated from absorp-
tions by aerosol and BrC. However meteorological parameters such 
as wind speed and RH controlling PM concentrations did not 
significantly differ between the two time intervals. Moreover, no 
significant difference in O3, NO2, CO, SO2, and transport pathways 
of air masses was found between the two time intervals. Wind 
speed and RH were 0.7-1.9 m/s and 52-65% during “A” period, 
and 1.1-2.4 m/s and 43-56% during “B” period. BC880 and BC370 
concentrations were 0.5-0.8 and 0.9-1.7 g/m3 during “A” period, 

a

b

Fig. 5. Spectral dependence of light absorption coefficients by aerosol 
(a) and BrC (b) for four different periods.

Fig. 6. Hourly variation of PM2.5 for two distinct periods during pollution 
event II.

a

b

Fig. 7. Spectral dependence of light absorption coefficients by aerosol 
(a) and BrC (b) for two distinct periods.
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respectively, but they increased to 1.0-2.1 and 3.4-6.0 g/m3 during 
“B” period, respectively, with a rapid increase in BC370. This result 
suggests that the PM2.5 observed during “B” period was significantly 
influenced by light absorbing organic aerosols at the site, the pres-
ence of which was also demonstrated by enhanced aerosol and 
BrC absorption coefficients as shown in Fig. 7. The aerosol 
AAE370-950 and BrC babs,370 were 1.6 and 10.8 Mm-1 during the 
“A” period, but increased to 2.1 and 62.6 Mm-1 during the “B” 
period.

3.3. Size Distribution of Water-soluble Chemical Species 
and Its Implication to BrC Absorption

Fig. 8 shows the mass size distributions of PM, NO3
-, SO4

2-, WSOC, 
oxalate, K+, Cl-, and Ca2+ concentrations for typical, pollution 
event I, pollution event II, and AD event. Moreover, average concen-
trations of WSOC, NO3

-, SO4
2-, oxalate, NH4

+, and K+ in PM1.8 
(calculated from the sum of MOUDI impactor stages up to cut 
size of 1.8 m) are summarized in Table 1 for the four different 
periods. As shown in Table 1, WSOC, NO3

-, and NH4
+ concentrations 

in PM1.8 were highest during pollution event I, while SO4
2- and 

oxalate concentrations were highest during pollution event II. Higher 
NO3

- during pollution event I could be due to aqueous-phase oxida-
tion processes of NO2 from local traffic activity (Fig. 1 and 2). 
However, higher SO4

2- during pollution event II suggests the influ-
ence of long-range transported aerosols from mid-eastern Chinese 
regions, as supported by transport pathways of air masses and MODIS 
images (see Fig. 3). For the four sampling periods, PM had a bi-modal 
size distribution peaking at 0.32 or 1.0 m (fine mode) and 3.1 
or 6.2 m (coarse mode). Predominant mode of PM was observed 
in fine mode during the typical and two pollution events, and in 
coarse mode during AD event. In particular, PM during pollution 
event II showed a dominant droplet mode peaking at 1.0 m, indicat-
ing an influence from more atmospheric processed or long-ranged 
transported aerosol components during this event. 

For the pollution event I, NO3
-, SO4

2-, WSOC, oxalate, and K+ 
concentrations exhibited a dominant condensation mode peaking 
at 0.32 m, suggesting that NO3

-, SO4
2-, WSOC, and oxalate could 

likely be formed through homogenous oxidation processes of NO2, 
SO2, and VOCs, followed by the condensation on pre-existing 
particles [53]. The condensation mode NO3

- and SO4
2- concen-

trations accounted for 27.6 and 34.0% of their total concentration, 
respectively. Furthermore, coexistence of condensation mode 
WSOC and K+ suggests the impact of BB emissions [54, 55]. The 
condensation mode WSOC and K+ contributed 35.3 and 20.3% 
to the total WSOC and K+, respectively. 

For the pollution event II, NO3
-, SO4

2-, and oxalate concentrations 
exhibited a dominant condensation mode peaking at 0.32 m, 
in which they had similar formation pathways, e.g., homogenous 
gas-phase reactions [2], but the size distributions of WSOC and 
K+ concentrations showed a similar shape with a broad peak be-
tween 0.32 and 1.0 m, possibly due to homogeneous and heteroge-
neous reactions and BB emissions. Condensation mode NO3

-, SO4
2-, 

and oxalate concentrations contributed 21.3, 26.2, and 28.3%, re-
spectively, to their total concentrations, respectively. WSOC and 
K+ concentrations contributed 25.5 and 15.2%, respectively, to 
their total concentrations at 0.32 m, as well as 26.8 and 18.2%, 

respectively, at 0.55 m, and 21.3 and 18.2%, respectively, at 
1.0 m. WSOC and K+ concentrations at particle size of 0.32-1.0 
m contributed to 73.6 and 51.6% to their total concentrations, 
respectively.

However, during the AD event, the PM, NO3
-, SO4

2-, WSOC, 
and K+ showed dominant condensation mode size distributions 
peaking at 0.32 m and a coarse mode peaking with a particle 
size of 3.1 or 6.1 m. Their condensation mode size distributions 
were likely associated with homogenous reactions of precursor 
gases. In coarse mode, however, NO3

-, SO4
2-, and WSOC were 

probably associated with soil dust particles (Ca2+) or sea salt (Na+) 
particles, as discussed in previous studies [39, 41, 56]. As shown 
in Fig. 7, size distribution of Cl- had a predominant coarse mode 
peaking at 6.1 m for four sampling periods, but with a prominent 
mode during the D event. A very similar distribution was also 
observed for Ca2+. The size distribution of Na+ is not shown here 
but it was very similar to that of Cl- for the four sampling periods, 
with R2 ranging from 0.70 (pollution episode II) to 0.88 (AD event), 
indicating that they are from a similar source. Furthermore, the 
size distribution of Ca2+ was very strongly associated with that 
of Cl-, with R2 values of 0.84 (AD event) - 0.90 (typical period). 
Generally, the coarse mode Na+ and Cl- are mostly from marine 
aerosols, and Ca2+ is derived from soil CaCO3 particles. Once 
they are emitted in the atmosphere, thus, the reactions of NaCl 
and CaCO3 with HNO3 and H2SO4 during transport may produce 
the coarse mode NO3

- and SO4
2- [40]. A study conducted by our 

group also indicated that the coarse mode WSOC was possibly 
condensed on the surfaces of the produced Ca(NO3)2 and CaSO4 
particles [39, 56]. As a consequence, the results from previous 
studies and the coexistence of coarse mode WSOC, Na+, Cl-, and 
Ca2+ suggest that the coarse mode WSOC during AD event was 
possibly condensed on the surface of the NaNO3 and Na2SO4 and/or 
the Ca(NO3)2 and CaSO4 particles. Contributions of the coarse 
mode NO3

-, SO4
2-, WSOC, K+, Cl-, and Ca2+ during AD event were 

34.5, 10.5, 22.7, 24.2, 53.6, and 49.8% of their total concentrations 
at a particle size bin of 3.1-6.1 m, respectively. 

As shown in Fig. 8, the size distributions of WSOC during 
the entire study period were similar to those of NO3

-, SO4
2-, oxalate, 

or K+. To further examine size-resolved WSOC sources, the correla-
tion analyses between WSOC and chemical species (oxalate, NO3

-, 
SO4

2-, and K+) at particle sizes of 0.32 m, 0.55 m, 1.0 m, 
and PM1.8 were performed, and the results are summarized in 
Table 2. Fine mode WSOC (PM1.8) was strongly correlated with 
oxalate (R2 = 0.76) and moderately correlated with NO3

- (R2 = 
0.55) and SO4

2- (R2 = 0.42). However, R2 values between WSOC 
and chemical markers depend on particle size and chemical mark-
ers, as shown in Table 2. As shown in Table 2, droplet mode 
WSOC (0.55-1.0 m size bins) was strongly associated with K+ 
(R2 = 0.70-0.82) and oxalate (R2 = 0.68-0.64), suggesting that BB 
emissions and secondary organic aerosol formation could be possi-
ble sources of the droplet mode WSOC. Meanwhile the con-
densation mode WSOC had good-to-strong correlations with NO3

- 
(R2 = 0.68) and oxalate (R2 = 0.59), suggesting that secondary 
formation processes (e.g., homogenous gas-phase oxidations) sim-
ilar to those of condensation mode NO3

- and oxalate were likely 
associated with condensation mode WSOC formation during the 
study period. 



Environmental Engineering Research 24(1) 159-172

169

It was confirmed in a previous section that the absorption due 
to aerosol particles was related to BrC. To further demonstrate 
the relationship between absorption by BrC at 370 nm estimated 
from the aethalometer (BrC babs,370) and size-resolved water-soluble 

chemical markers (WSOC, oxalate, and K+), we carried out correla-
tion analyses between estimated BrC babs,370 and size-resolved con-
centrations of three chemical markers for various particle sizes 
(PM1.8, 1.00, 0.55, and 0.32 m). Their results are summarized 

Fig. 8. Mass size distribution of PM, NO3
-, SO4

2-, WSOC, oxalate, K+, Cl-, and Ca2+ for four different PM pollution cases. 
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Table 2. Coefficients of Determination (R2) between Size-resolved WSOC, 
Oxalate, K+, NO3

-, and SO4
2-

Size (μm) Oxalate K+ NO3
- SO4

2-

WSOC

PM1.8 0.76** 0.38* 0.55** 0.42**

1.00 0.64** 0.82** 0.27* 0.47**

0.55 0.68** 0.70** 0.47** 0.50**

0.32 0.59** 0.42** 0.68** 0.43**

Note) * and ** are significant at p values of < 0.05 and < 0.01, 
respectively.

Table 3. Coefficients of Determination (R2) between PM2.5 BrC babs,370 

and Size-resolved WSOC, Oxalate, and K+

Size (μm) WSOC Oxalate K+

PM2.5 BrC babs,370

PM1.8 0.73** 0.81** 0.21*

1.00 0.67** 0.51** 0.57**

0.55 0.72** 0.61** 0.64**

0.32 0.56** 0.74** 0.16*

Note) * and ** are significant at p values of < 0.05 and < 0.01, 
respectively.

in Table 3. Organic markers such as WSOC and oxalate were 
used to investigate the influence of secondary organic aerosols 
on light absorption by BrC aerosols [4], while the water-soluble 
K+ was used to examine the influence from BB emissions on the 
BrC absorption [54, 55, 57]. As shown in Table 3, BrC babs,370 
had moderate-to-strong correlations with size-resolved WSOC with 
R2 values ranging from 0.56 to 0.73 and size-resolved oxalate with 
R2 values of 0.51-0.81, respectively. This indicates that BrC absorp-
tion in the near UV range was related to formation of WSOC 
and oxalate existing in condensation and droplet particle, e.g., 
secondary organic aerosols. Furthermore, BrC babs,370 had good 
correlations with the droplet mode K+ at particle sizes of 0.55 
and 1.0 m, but had low correlations with K+ at sizes of 0.32 
m and PM1.8, suggesting that BrC absorption was likely associated 
with droplet mode K+ at 0.55 or 1.0 m from BB emissions. 

4. Conclusions

Daily averaged size-segregated filter samples were collected at 
an urban site from October 19 to November 09, 2017, to examine 
the impact of pollution and AD events on the water-soluble chem-
ical composition and size distribution of aerosol particles in that 
area. Moreover, light absorption by aerosol and BrC particles was 
discussed between typical, two pollution events, and an AD event. 
Based on the 24-h Korean PM2.5 standard and the AD event, the 
entire study period was classified into four periods; typical, pollu-
tion event I, pollution event II, and AD. 

Stable atmospheric conditions such as low wind speed and 
high surface pressure were observed during the two pollution 
events I and II, leading to enhanced concentrations of PM2.5, BC370, 
BC880, and CO, and increased aerosol light absorption coefficients. 
Furthermore, low wind speeds and high RH conditions during 

the pollution events gave rise to the accumulation of aerosol par-
ticles and can promote the formation of secondary organic and 
inorganic aerosol species (NO3

- and SO4
2-), resulting in dominant 

condensation and/or droplet mode size distributions for WSOC, 
NO3

-, and SO4
2-. Difference in the accumulation mode size dis-

tributions of water-soluble chemical species between pollution 
events I and II could be attributed to the difference in transport 
pathways of air masses from high-pollution regions and the for-
mation processes for the secondary chemical species. In addition, 
the result from this study suggests that BrC absorption in the 
near UV range during fall at the site was influenced by both secon-
dary organic aerosols and BB emissions. Overall, the pollution 
events observed during the fall season at an urban site of Gwangju, 
Korea can be due to the synergy of poor dispersion conditions, 
enhanced secondary formation, local emissions, and long-range 
transportation of air masses from upwind polluted areas.
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