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Abstract: In order to identify the seasonal variability and source of carbonaceous aerosols in relation
to haze occurrence, organic carbon (OC) and elemental carbon (EC) were continuously measured
at the Taehwa Research Forest (TRF) near the Seoul metropolitan area from May 2013 to April 2014.
For the entire experiment, the mean OC (5.1 µgC/m3) and EC (1.7 µgC/m3) concentrations of TRF
were comparable to those of Seoul, with noticeably higher concentrations in winter and spring than
in other seasons, and during haze days (6.6 ± 3.2 and 2.1 ± 1.0 µgC/m3) than during non-haze
days (3.5 ± 2.2 and 1.3 ± 0.8 µgC/m3). The seasonal characteristics of OC and EC reveal the various
sources of haze, including biomass combustion haze either transported for long distances or, in spring,
from domestic regions, the greatest contribution of secondary organic carbon (SOC) in summer, and
fossil fuel combustion in winter and fall. In addition, the seasonal OC/EC ratios between haze and
non-haze days highlights that the increase in EC was more distinct than that of OC during haze
episodes, thus suggesting that EC observed at a peri-urban forest site serves as a useful indicator for
seasonally varying source types of haze aerosols in the study region.

Keywords: OC; EC; OC/EC ratio; seasonal haze; peri-urban forest site; Taehwa Research Forest

1. Introduction

Megacities in East Asia have experienced deteriorating air quality with rapid economic
development, and the frequent occurrence of haze pollution has become a major public
concern. Exposures to airborne fine particular matter (PM) increases adverse effects on
public health [1], particularly the respiratory and cardiovascular systems [2,3], causing
premature deaths around the world. As a main cause for haze, PM2.5 (PM smaller than
2.5 microns in mean aerodynamic diameter) is emitted directly or produced from various
sources, such as fossil fuel combustion or biomass combustion such as forest fires and
agricultural burning [4,5]. PM2.5 also undergoes a long-range transformation.

Carbonaceous aerosols including organic carbon (OC) and elemental carbon (EC)
constitute a significant fraction of PM2.5 in the atmosphere. EC mainly originates from
incomplete combustion of fossil fuels and biomasses, and affects the climate by exerting
positive radiative forcing. Recent studies emphasized that exposure to EC has more
adverse health effects than exposure to PM [6–11]. In comparison, OC is not only emitted
from various combustion sources such as traffic exhaust and biomass burning, but also
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forms through photochemical oxidation of gaseous precursors. It is therefore difficult to
accurately distinguish between primary and secondary OC.

As the capital city of Korea, Seoul is one of the world’s megacities and has recently
suffered from haze pollution, especially during the cold months when continental outflows
were most intensified. In Seoul, OC and EC concentrations were reported to be higher
during winter and spring than in summer and fall [12]. This type of seasonality is observed
in major cities in Korea, where the ratio of OC to EC varies due to the influence of local
sources. For example, the OC/EC ratio is relatively low in Seoul due to the dominant con-
tribution of vehicle emissions to carbonaceous aerosols. In comparison, open agricultural
burning increases the contribution of OC to PM2.5 mass concentration in other parts of
Korea. In addition to the significant contribution of inorganic ions to PM2.5 mass, carbona-
ceous aerosols also increase significantly during haze events. Therefore, it is important to
investigate the characteristics of carbonaceous aerosols and identify their sources in urban
areas, particularly during high PM2.5 haze episodes.

In densely populated urban areas, green spaces have been expanded to mitigate
air pollution and climate extremes such as heatwaves [13]. In terms of urban air quality,
however, urban greening raises concerns about increases in O3 and PM2.5 owing to biogenic
VOCs emitted from vegetation in NOx conditions [14]. In this context, the Teahwa Research
Forest (TRF) has been established near the Seoul metropolitan area (SMA) to investigate the
effects of mixed emissions of anthropogenic and natural sources, mainly from vehicles and
vegetation, on air quality [15]. Previous studies conducted in this peri-urban site showed
that O3 increased with the increased level of biogenic emissions during the summer [16,17],
while variations in primary species including reactive gases and particulate matters were
similar to those of urban areas under the dominant influence of anthropogenic emission
in other seasons [18]. During the KORUS-AQ (Korea US Air Quality Study) in 2016, the
TRF served as one of the key ground measurement sites and the results demonstrated that
TRF is suitable for investigating the role of vegetation in urban air quality and capturing
pollution outflows from SMA, as well as long-distance transport [19].

In this study, we continuously determined OC and EC concentrations of PM2.5, along
with reactive gases including O3, NO2, CO, and SO2, at the peri-urban TRF site for one
year, and examined the seasonal variability and sources of carbonaceous aerosols with an
emphasis on haze occurrence.

2. Experiment
2.1. Measurements

Measurements were conducted at Taehwa Research Forest (TRF, 37.18◦ N, 127.19◦ E),
located about 45 km southeast of central Seoul (Figure 1). About a quarter of the Korean
population resides in the Seoul metropolitan area (SMA), which includes Seoul and satellite
cities around it. To the east of the TRF, a highway runs from north to south. The TRF site
is equipped with a 41-m walk-in tower, which is located in the middle of the area (16 ha)
afforested with coniferous Korean Pine trees (Pinus koraiensis) surrounded by a mixed forest
with natural oak (476 ha) and coniferous trees (283 ha). Detailed information on the site
can be found elsewhere [17,19,20].

The concentrations of OC and EC in PM2.5 were measured with a semi-continuous
OC/EC analyzer (Sunset Laboratory Inc., Tigard, OR, USA) from 7 May 2013 to 30 April
2014. OC and EC were determined every hour using the thermal optical transmittance
(TOT) method, the NIOSH 5040 protocol, and the multistep temperature profile, through
which the carbon fractions of OC and EC were quantified as CO2 by a non-dispersive
infrared (NDIR) detector. Thermal OC includes OC1, OC2, OC3, and OC4, evolving at
250 ◦C, 500 ◦C, 650 ◦C, and 850 ◦C, respectively. Pyrolyzed OC (OP) is defined as carbon
evolved between the introduction of oxygen (O2: 2% and He: 98%) and the return of
transmittance to its initial value [21]. After the full sequence of OC and EC analysis was
completed, CH4 (CH4: 5% and He: 95%) was injected to correct the precise amount of
carbon. The quartz filter for sampling was replaced when the laser correction factor reached
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0.88, and the filter blank was measured five times before resuming ambient measurements.
The detection limits for OC and EC, determined by the three σ of the blank level, were
0.27 µgC/m3 and 0.01 µgC/m3, respectively.

Figure 1. Measurement site of Taehwa Research Forest (TRF) near the Seoul metropolitan area (SMA), South Korea. Thick
yellow lines indicate main highways (from Google Maps).

O3, NOx, CO, and SO2 were measured every 1 min (49i, 42i, 48i, and 43C, Thermo
Fisher Scientific, Waltham, MA, USA) and air was pumped from the inlet at a 4 m height
on the 41 m tower. In addition, meteorological parameters, including temperature and
relative humidity, were measured every 5 min (LSI meteorological instrument). These
measurements were averaged over 1 h to be assimilated with the OC and EC measurements.

2.2. EC Tracer Method

The EC tracer method was applied to estimate the contribution of secondary organic
carbon (SOC) to OC. It is one of the useful approaches for estimating the SOC concentration.
Assuming that primary organic carbon (POC) originates from the same emission sources
as EC, the difference between OC and POC is attributed to SOC [22,23]:

POC = (OC/EC)primary × EC + b (1)

SOC = OC − POC (2)

where (OC/EC)primary indicates the primary OC to EC ratio, mostly emitted by combustion
processes, and b is the POC produced from non-combustion processes. In this study,
(OC/EC)primary was estimated from the lowest 5–20% subset of the OC and EC data [24,25].

2.3. Air Mass Back Trajectory Analysis

The backward trajectory of the air mass reaching the sampling site at an altitude of
500 m was calculated for 48 h using the National Oceanic and Atmospheric Administration
(NOAA) HYSPLIT-4 model with Global Data Assimilation System (GDAS) data produced
by the National Center for Environmental Prediction. More details about the HYSPLIT
model can be found at http://www.arl.noaa.gov/ready/open/hysplit4.html (NOAA Air
Resources Laboratory), accessed on 1 October 2021. The model was run four times a day at
04:00, 10:00, 16:00, and 22:00 UTC (12:00, 18:00, 00:00, and 06:00 local time).

Concentration-weighted trajectory (CWT) analysis is a method for identifying poten-
tial source regions based on the HYSPLIT model. In each grid cell, a weighted concentration

http://www.arl.noaa.gov/ready/open/hysplit4.html
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of a species is obtained by averaging measured concentrations associated with trajectories
crossing the grid cell as follows [26]:

C(i,j) =
1

∑M
l=1 τijl

∑M
l=1 Clτijl (3)

where i and j are the indices of grid, l is the index of trajectory, M is the total number of
trajectories used in analysis, Cl is the species concentration measured on the arrival of
trajectory l, and τijl is the residence time of trajectory l in the grid cell (i, j). The CWT model
was run using the R-based openair package [27].

3. Results and Discussion
3.1. High OC and EC Concentration in Cold Months

For the entire experiment period, mean and maximum OC, EC, and TC concentra-
tions were 5.1 ± 3.2 µgC/m3 and 1.7 ± 1.0 µgC/m3, 6.8 ± 3.9 µgC/m3 and 22.7 µgC/m3,
8.0 µgC/m3, and 27.3 µgC/m3, respectively. These average OC and EC concentrations
were higher than those observed in Jeju (2.9 µgC/m3 and 0.8 µgC/m3) [28], the back-
ground of Northeast Asia, and comparable to those observed in Seoul (5.9 µgC/m3 and
1.2 µgC/m3) [29] (Table 1). Note that the TRF is a peri-urban forest site due to its proximity
to the SMA (Figure 1). However, these three sites showed similar seasonal variation with
higher concentrations in cold months (November to March) than in warm months (April to
October). The monthly variations of these two species are presented with reactive gases
and meteorological parameters in Figure 2. It is evident that OC and EC were inversely
correlated with O3, which is usually higher from May to June. During warm months, the
primary gases such as CO and SO2 were usually at their minimum levels. This is typical
seasonality of atmospheric chemical constituents observed in the northeast Asia region.
In Beijing. with much higher OC and EC concentrations than the TRF, the concentrations
of these gases were also higher in the cold season than the warm season [30] (Table 1).
These results suggest that the high OC and EC concentrations of the cold months reflect
the regional characteristics that is highly susceptible to meteorological conditions.

Table 1. Comparison of average concentration of OC, EC, and PM2.5 at several sites in northeast Asia.

Site (Type) PM2.5 (µgC/m3) OC (µgC/m3) EC (µgC/m3)

This study, TRF (peri-urban) - 5.1 1.7
Seoul, South Korea (urban) 30.6 5.9 1.2

Jeju, South Korea (background) 18.6 2.9 0.8
Beijing, China (urban) 93.8 14.0 4.1

For in-depth discussion, the measurements were divided into five seasons according
to synoptic meteorological conditions (Table 2). In the study region, the monsoon system
develops in winter and summer. Winter is characterized by strong northerly winds from
the continent during December to February. The summer monsoon is accompanied with
heavy rains from the end of June to September, during which all air pollutants remained at
the minimum levels. Due to heavy rains, the measurements were halted from July to the
middle of August in this study. Before the monsoon season began, the air is highly stagnant,
leading to an increase in O3 mixing ratio in May to June and PM2.5 mass concentration in
October to November, which were classified as early summer and fall, respectively. In the
spring from March to April, the frontal system develops and expedites the transport of
continental outflows such as Asian dust.
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Figure 2. Variations in monthly mean OC, EC, OC/EC ratio, O3, CO, SO2, NOx, and metrological
parameters.
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Table 2. Seasonal characteristics of carbonaceous aerosols, reactive gases, and metrological factors observed in the Taehwa Research Forest (TRF) from May 2013 to April 2014. The period
was divided into haze days and non-haze days.

Title
Total Early Summer (May–June) Summer

(August–September) Fall (October–November) Winter
(December–February) Spring (March–April)

All Haze Non-Haze All Haze Non-Haze All Haze Non-Haze All Haze Non-Haze All Haze Non-Haze All Haze Non-Haze

Frequency of days 280 136 144 49 41 16 41 5 36 52 15 37 89 48 41 49 35 14
OC (µgC/m3) 5.1 6.6 3.5 4.9 5.5 3.4 2.5 3.3 2.4 3.3 4.6 2.7 6.7 7.9 4.9 6.2 6.9 4.1
EC (µgC/m3) 1.7 2.1 1.3 1.8 1.9 1.5 1.4 1.3 1.4 1.4 2.0 1.1 1.9 2.3 1.4 1.8 2.1 1.0

OC/EC 3.15 3.34 2.95 2.84 3.05 2.37 1.98 2.56 1.90 2.46 2.24 2.57 3.82 3.74 3.93 3.84 3.63 4.44

O3 (ppb) 16.8 18.3 15.1 29.9 32.2 25.2 16.3 19.9 15.7 13.1 11.4 14. 8.9 8.2 9.8 21.8 22.6 19.5
CO (ppb) 407 480 323 379 402 332 217 268 209 362 504 287 511 581 424 410 430 357
SO2 (ppb) 2.3 3.0 1.6 2.1 2.3 1.7 1.2 1.6 1.2 2.4 3.2 1.9 2.9 3.8 1.8 2.1 2.5 1.0
NOx (ppb) 10.6 11.9 9.0 7.5 7.5 7.4 5.6 6.6 5.5 14.4 21.3 10.9 15.1 17.1 12.4 5.5 5.9 4.4

Temp. (◦C) 8.0 7.7 8.3 18.9 18.9 18.4 21.4 22.3 21.2 4.8 5.1 4.7 −2.4 −2.0 −2.9 9.2 9.9 7.1
RH (%) 83.4 82.9 84.0 82.3 79.5 87.9 95.3 95.7 95.3 84.3 89.0 81.6 83.0 85.6 77.3 76.2 77.4 73.8
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OC and EC concentrations were much higher, with higher CO and SO2 mixing ratios,
in winter and spring than in other seasons. During the experimental period from 2013
to 2014, severe winter haze events occurred frequently in northern China as well as the
SMA. In the TRF, the number of haze days was 48, 35, and 41, in winter, spring, and early
summer, respectively (Table 2). In Korea, haze is defined by the Korea Meteorological
Administration (KMA) as a meteorological phenomenon when relative humidity is below
70% with visibility between 1 and 10 km. Overall, the average OC and EC concentrations
were significantly higher on haze days (6.6 ± 3.2 and 2.1 ± 1.0 µgC/m3) than on non-haze
days (3.5 ± 2.2 and 1.3 ± 0.8 µgC/m3), suggesting OC and EC as major constituents of haze
aerosol. Table 2 compares the mean concentrations of OC and EC and the OC/EC ratio for
haze and non-haze days in five seasons, along with O3, CO, SO2, NOx, and meteorological
parameters such as RH and temperature.

3.2. Seasonal Variability in OC and EC

In all seasons, OC and EC concentrations increased noticeably during haze periods
compared to non-haze periods, except for EC in summer (Table 2). As in the haze period,
OC concentrations in the non-haze period were also much higher in winter and spring than
in other seasons. In contrast, the EC concentration in non-haze periods was high during
the two summer seasons and low in fall and spring. As a result, the increase of OC on haze
days relative to non-haze days remained nearly constant throughout the season, whereas
the EC enhancement varied season to season, with the highest enhancement in spring
and the lowest in early summer. Summer, especially, was characterized by the greatest
impact of local emissions with limited continental outflows. In urban areas, EC or black
carbon (BC) can serve as a surrogate for emissions of PM mass concentrations due to its
short lifetime and few natural or secondary sources compared to OC [31]. A recent study
also demonstrates that in Seoul during the summer, BC was mostly fresh soot particles, a
by-product of fossil fuel combustion from local sources [32].

At the peri-urban TRF site, the OC/EC ratio was higher in non-haze periods than in
haze periods from fall to spring, even though these ratios were evidently high in spring and
winter. In the two summer seasons, on the other hand, the OC/EC ratio was higher during
haze events. This result reveals the role of secondary organic carbon (SOC) in increasing
OC concentration. Overall, the OC/EC ratio of the five seasons was the highest in winter
and spring, with increased OC and EC concentrations (Figure 2). In previous studies, high
OC/EC ratios have been regarded as the effect of secondary OC. Therefore, the seasonal
contribution of SOC to OC was estimated.

3.3. High SOC to OC Ratio in Warm Months

In the present study, the SOC concentration was estimated from the measured OC
concentrations using the EC tracer method; the results are summarized in Table 3. While
The OC concentration was higher in winter and spring, while the estimated SOC con-
centration and its fraction compared to OC was the highest in early summer, suggesting
that SOC was not a main cause of high OC/EC ratios in colder months. Moreover, the
previous studies showed that in the TRF, BOVC concentrations were the highest in June
under high temperatures and sunlight [17]. Thus, warmer months were more favorable
to the formation of SOC. In early summer, the diurnal variation of the SOC/OC ratio
showed a clear peak in the afternoon, which was in accordance with the O3 maximum. In
contrast, EC reached a maximum in the early morning, which was concurrent with the CO
maximum. Along with primary OC, these two species were thought to be emitted from
vehicles on the highway east of the TRF. Therefore, it is likely that SOC played a significant
role in increasing OC and the OC /EC ratio only in early summer.
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Table 3. For each season, (OC/EC)primary, b, and coefficient of determination (r2) in Equations (1)
and (2) in the text, and the average concentrations of SOC and the ratio of SOC to OC.

Period (OC/EC)primary b r2 SOC
(µgC/m3)

SOC/OC
(%)

Early summer (May–Jun) 0.83 0.36 0.61 3.37 70.8
Fall (Oct–Nov) 0.80 0.20 0.55 1.92 60.1

Winter (Dec–Feb) 1.90 0.12 0.83 3.05 45.9
Spring (Mar–Apr) 1.66 0.38 0.84 3.18 51.2

If the estimated (OC/EC)primary represents the primary emissions from local combus-
tion sources [33–35], its seasonal variability would be insignificant. As listed in Table 3,
however, it is more than two times higher in winter and spring than in early summer and
fall. The background OC/EC ratio was enhanced as well, and the correlation was the best
between OC and EC and the CO and SO2 mixing ratios. These seasonal characteristics
are typical in northeast Asia, where the influence of long-range transport is dominant in
the cold season [23,24]. It has been also recognized that the estimated POC includes OC
other than freshly emitted POC, such as OC from the oxidation of the evaporated POC
and long-distance transport [36]. To see if the OC/EC ratio is related with the seasonal
characteristics of air masses at the TRF, the degree of photochemical aging was evaluated
for the five seasons.

3.4. Chemical Characteristics of TRF Air Masses

The ratios of reactive gases such as O3/NOx and CO/NOx are suggested to be useful
indicator for proximity to emission sources and degree of photochemical processing [37,38],
where these ratios were observed to be increased as urban plumes are transported from the
sources regions. In Figure 3, the hourly measurements of TRF are presented by season. In
this study, the photochemical evolution of air masses was seasonally distinguished. The
lowest O3/NOx ratios of winter air masses correspond to those of “urban”, which progres-
sively leads to spring air masses. In summer, air masses were aged with characteristics
of near-outflow air. The high OC and EC were associated with air masses of cold months
other than summer, when the SOC/OC ratios were evidently high. In general, Northeast
Asia is under influence of aged marine air mass in summer, while relatively less aged air
mass was observed in the winter when continental outflow is intensified.

Figure 3. In the coordinate of O3/NOx ratio versus CO/NOx ratio, all hourly measurements color-
coded by (a) season, (b) OC concentrations, (c) EC concentration, and (d) OC/EC ratios.
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The CO/NOx ratios were higher in cold months than those of warm months. The
previous studies reported that CO concentration was elevated with carbonaceous aerosol
in Asian continental outflows and demonstrated that Chinese plumes were identified by
higher CO/NOx ratios [38–41]. Accordingly, our results confirm that the photochemical
characteristics of TFR was largely affected by synoptic meteorological condition and thereby
the source of carbonaceous aerosol. In the cold months, the high OC/EC ratios was thought
to be the influence of the transported sources. In the next section, the source of OC and EC
was analyzed using air mass trajectories.

3.5. Source Signatures of OC and EC

For EC and OC, CWT analysis was conducted for 48 h in R Open air package and the
potential source areas were identified (Figure 4). The result highlights the north eastern
and eastern China as source regions for the high OC and EC observed in TRF, particularly
in winter. As mentioned in earlier section, PM2.5 haze events occurred frequently during
the experiment period, when OC and EC concentration were significantly elevated. It
is consistent with what have been observed in China, even though secondary inorganic
constituents were more remarkably elevated than carbonaceous aerosols during severe
wintertime pollution episodes [42–44]. Similarly in South Korea, the increase in nitrate was
most pronounced in high PM2.5 episodes during cold months [45]. The relative increase in
inorganic and carbonaceous aerosol is highly dependent on synoptic weather conditions
that determine the type of sources such as fossil or biomass and the aging processes of fine
aerosol during the transport.

In this section, the detailed source characteristics were examined using CWT analysis
for all measured species including reactive gases. Potential sources of OC and EC were
compared with all measurements for the seasonal haze occurrences (Figure 4). For both
OC and EC, the northern China plain and northeastern China are distinguished as sources
contributing to high OC and EC, which were almost identical to those for winter haze.
While high OC and EC were closely linked in their sources during the winter and fall
haze, they were decoupled during the spring haze. Interestingly, the great contributions of
carbonaceous aerosols were found in the western coastal regions of the Korean peninsula
and in the eastern coast of China during the spring, and over the Yellow Sea and near
TRF during the fall. In particular, high concentrations of both OC and EC are evident in
the southwestern part of the Korean Peninsula in spring, suggesting the contribution of
agricultural combustion. In the early summer, high concentrations of OC and EC were
dominated by local sources. Results from these TRF confirm the crucial contribution of
increased OC and EC during haze generation. In addition, the major sources of OC and EC
are different from season to season.

To elucidate the seasonal differences in OC and EC sources, their relation to reactive
gases and meteorological parameters were compared (Figure 5). The seasonal mean CO
and temperature were inversely correlated, while ozone proportionally increased with
temperature. It is a typical seasonality observed in the study region. As a good tracer
for combustion processes, CO was also reported to indicate the influence of transport
from Asian continent (e.g., Jordan et al., 2020) [45]. Accordingly, CO mixing ratio was
higher during the winter than the other seasons. EC was correlated very well with CO
and SO2, suggesting the dominant contribution from fossil fuel sources to carbonaceous
aerosol throughout the year. In comparison, the correlation of OC with CO was not as
good as that of EC. Particularly, OC concentration was low relative to CO in fall, when
NOx mixing ratio was the highest. Figure 4 displays that during the fall, high OC and EC
concentrations were confined to the Yellow Sea and near the TRF, reflecting synoptic-scale
stagnation favorable for haze development. The comparison of measured species between
haze days and non-haze days highlights the greatest enhancement of CO as well as NOx in
the fall (Table 4), suggesting the increased contribution of local emissions from vehicles and
transported sources to fall haze under stagnant conditions. Consequently, this indicates
the role of synoptic conditions and local influence in haze development.
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Figure 4. The CWT analysis results for OC and EC mean concentrations (µgC/m3) during the (a) en-
tire measurement period, (b) early summer haze, (c) fall haze, (d) winter haze, and (e) spring haze.
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Figure 5. Correlations of seasonal mean concentrations of (a) CO and O3 versus temperature and
(b) OC, EC, SO2 and NOx versus CO mixing ratio during the haze episodes (Table 2). The line
represents the linear regression fit.

Table 4. The ratios of the haze to non-haze days for measured species including OC, EC, CO, SO2,
NOx, relative humidity (RH), temperature, and OC/EC ratio.

Season OC EC OC/EC CO SO2 NOx RH Temp.

Early Summer 1.62 1.24 1.29 1.21 1.35 1.02 0.90 1.03
Fall 1.69 1.78 0.87 1.75 1.63 1.95 1.09 1.08

Winter 1.70 1.68 0.95 1.37 2.15 1.38 1.11 1.49
Spring 1.66 2.15 0.82 1.20 2.53 1.34 1.05 1.39

On the other hand, OC was highly elevated with the minimum level of NOx in the
spring, when the trajectory of high OC was decoupled from that of EC (Figures 4 and 5).
The highest OC was associated with the trajectories passing through northeastern China
and eastern Russia under northerly and easterly winds (Figure 4). In this region, fire
activities have sharply increased in spring due to agricultural burning to prepare fields
(https://worldview.earthdata.nasa.gov/), accessed on 1 October 2021. Similarly in the
western region of Korean peninsula (Figure 1), farmland is usually burned in spring, which
is also distinguished as source areas for carbonaceous aerosols, especially EC in Figure 4.
Therefore, our results reveal the contribution of biomass combustion to OC and conse-
quently the occurrence of haze in spring. In the present study, the seasonal characteristics
of OC and EC reveal the various sources of haze such as biomass combustion transported

https://worldview.earthdata.nasa.gov/
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for a long distance and from domestic regions in spring, the greatest contribution of SOC
in summer, and fossil fuel combustion in winter and fall.

3.6. EC as a Tracer for Haze

For all seasons, the concentrations of carbonaceous aerosols and precursor gases
were higher on haze days than on non-haze days (Table 4). It was evident in this study
that OC was highly elevated on haze days, but interestingly, the relative increase in OC
on haze to non-haze days was almost constant throughout the year. In comparison, the
enhancement of EC on haze days varied from season to season, with the greatest in spring
(2.15) and the least in early summer (1.24). The different enhancement of OC and EC is
primarily associated with the contribution of SOC to OC. Note that the ratio of SOC/OC
was greatest in the early summer (Table 3). It is also noteworthy that concentrations of
carbonaceous aerosols and precursor gases exhibited a negligible difference between haze
and non-haze days during the summer, indicating the dominant impact of local emissions
on haze occurrence (Table 4).

In addition to SOC, the relative increase in carbonaceous aerosols on haze days
compared to non-haze days was possibly affected by their source types. As discussed
above, biomass combustion played a significant role in increasing OC in spring, while
the impact of vehicle emissions was revealed by relatively large increase in NOx and a
low OC/EC ratio on haze days in the fall. The difference in OC/EC ratios between haze
and non-haze days was insignificant in winter (0.95). In comparison, this ratio was 1.29
in early summer and lower than 1 in spring (0.82) and fall (0.87). This was mainly due to
the distinct increase in EC during haze episodes compared to non-haze episodes. OC and
EC observed in the TRF showed different characteristics when haze occurred, mainly due
to seasonally varying sources and the secondary formation of OC during the transport of
air masses and. In contrast, the intrinsic properties of EC are likely to be preserved after
being emitted from sources. Therefore, EC is proposed as a useful indicator for seasonally
varying source types of haze aerosols in the study region.

4. Conclusions

From May 2013 to April 2014, the OC and EC concentrations of PM2.5 were continu-
ously measured every hour in the peri-urban Taehwa Research Forest (TRF) site near the
Seoul metropolitan area. The mean concentrations of OC and EC were 5.1 ± 3.2 µgC/m3

and 1.7 ± 1.0 µgC/m3, respectively, which were comparable to those observed in Seoul.
In particular, these two species showed a clear seasonal pattern, being lower in the warm
months and higher in the cold months. The ratio of OC to EC was also noticeably high in
spring and winter. In particular, the seasonal OC and EC concentrations were significantly
higher on haze days (6.6 ± 3.2 and 2.1 ± 1.0 µgC/m3) than non-haze days (3.5 ± 2.2 and
1.3 ± 0.8 µgC/m3), suggesting OC and EC as major constituents of haze aerosol.

The increase of OC on haze days relative to non-haze days remained nearly constant
throughout the season, whereas the EC enhancement varied season to season, with the
highest in spring and the lowest in early summer. As a result, the OC/EC ratio was lower in
haze periods than in non-haze periods from fall to spring (the two summer seasons). This
was mainly due to the contribution of SOC to OC. Indeed, the contribution of estimated
secondary OC (SOC) to OC was the highest in early summer. In addition, the high OC/EC
ratios were found in the near-urban regime that was distinguished by low O3/NOx and
CO/NOx ratios.

The results of the CWT analysis reveal the potential sources of high OC and EC
during seasonally occurring haze events, including biomass combustion associated with
agricultural activities in spring, SOC and EC from local emissions in summer, and fossil
fuel combustion in winter and fall. The one-year measurements of OC and EC at the
peri-urban TRF site near the Seoul metropolitan area highlights that the seasonal variation
in EC was more distinct than OC during haze episodes, thereby suggesting that EC is a
useful indicator for seasonal haze occurrence in the study region.
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