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ABSTRACT

Hourly measurements of PM, s, organic and elemental carbon (OC and EC), inorganic ionic species, and elemental
constituents were made between February 1 and March 31, 2011, at a South Area Supersite at Gwangju, Korea. Over the
two-month study period, daily PM, s mass concentration exceeded the 24-hr average Korean NAAQS of 50.0 pg/m’ on 20
days, of which two pollution episodes (episodes I and II) are investigated. Episode I (February 01-08) is associated with
regional pollution along with wild fire smoke emissions over southern China, and also characterized by high CO/NOy
ratios and high K* concentrations. While episode II (March 11-12) is characterized by locally produced pollution with low
CO/NOy ratios, and broad variations in OC, EC, and NO;  concentrations.

For episode I, the 1-hr PM, s mass concentration ranged from 27 to 159 pg/m’ with a mean of 88 pg/m’. Although a low
OC/EC ratio (3.4) was observed for February 04-05 when high K' concentrations occurred, significant linear relationships
between EC — OC (R*=0.82), OC — K (R*=0.77), and K" — K'/OC (R? = 0.77) suggest the contribution of carbonaceous
aerosols from long-range transport of biomass burning plumes occurring in the southern regions of China during episode I,
as well as local traffic emissions.

For episode II, the hourly PM, s mass concentration ranged from 23 to 116 pg/m’ with a mean of 78 pg/m’. Hourly
maximum contributions of SO, and NO; to the PM, s mass were 54 and 66%, respectively. An elevated NO; concentration
was observed along with high OC and EC concentrations, suggesting the influence of local emissions. The pattern of SO,*
variations in relation to wind direction and the strong correlation between SO, and SO,> suggest local SO, emissions were
likely an important source of SO, at the site.
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relationship.

INTRODUCTION

Particulate matter (PM) smaller than 2.5 pum in
aerodynamic diameter (PM, 5) is of great concern due to the
transportability in the human body. PM, 5 in the atmosphere
has been linked to the formation of haze and changes in the
atmosphere’s radiative balance (Charlson et al., 1987), as
well as adverse effects on human health, crops, and materials
(Chameides et al., 1999). Haze pollution has been studied
intensively on its impact on air quality, visibility, climate, and
public health (Chameides et al., 1999; Kim et al., 2001;
Okada et al., 2001; Schichtel ef al., 2001; Menon et al., 2002;
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Watson, 2002; Watson and Chow, 2002; Chen et al., 2003;
Weber et al., 2003; Yadav et al., 2003; Kang et al., 2004;
Park et al., 2006a; Sun et al., 2006; Kim et al., 2008; Jung
and Kim, 2011; Oanh and Leelasakultum, 2011). Results from
these studies have revealed that haze pollution is strongly
correlated with meteorological conditions, emissions of
pollutants from anthropogenic sources, and gas-to-particle
conversion. Emissions of air pollutants and air stagnation
conditions are favorable to haze formation which alters the
chemical composition of atmospheric aerosol particles. It
has been suggested that haze is not restricted to urban areas
and is often regional in nature. Urban PM,; is typically
composed of local and regional sources such as carbon and
nitrate are contributed significantly from local sources,
while sulfate particles are mostly from regional sources.
Therefore, understanding the association between local and
regional emissions and the formation of haze is critical to
effective air quality regulation.
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Although long integrated filter-based measurements in the
above-mentioned studies have mainly been made to determine
aerosol chemical constituents during haze events, their
temporal resolution is typically insufficient to observe short-
term variations. The daily averaging times used in long
integrated filter-based measurements tend to smooth out
much of the variability, thus limiting the understanding of
the factors influencing of haze formation dynamics and the
short-term exposures that result in adverse health impacts.
For these reasons, time-resolved measurements of PM, 5 and
its chemical components were conducted to better understand
PM, s sources and the dynamics of haze formation because
chemical composition of atmospheric aerosol particles is
highly variable in space and time, and is dependent on
meteorological parameters (Weber et al., 2003; Park et al.,
2005b, 2005¢, 2006a; Solomon and Sioutas, 2008). It has
been indicated that during haze events, excess PM, 5 is often
largely due to elevations in the concentration of one or two
of the major chemical species. Such elevations are often
induced by near-by sources and/or regional sources. These
studies indicated that short-term transients in carbonaceous
species, nitrate, CO, and NO, levels were often observed in
the morning hours or sometimes in evening hours. In contrast,
sulfate concentrations peak during summertime afternoons
when ozone levels are elevated, or can be strongly associated
with the regional haze events.

As a part of the development of effective control strategies
to reduce the impacts of atmospheric PM including yellow
sand and long-range transported aerosols, the Korean EPA in
2007 launched an intensive air pollution monitoring research
program known as the Supersite program, which is similar
to the U.S. EPA Supersite program (Solomon and Sioutas,
2008). The primary objectives of the Korean Supersite
program are to monitor the physicochemical characteristics of
the yellow sand and long-range transported aerosols, estimate
the domestic background concentrations of the aerosol
particles at remote background sites, provide unprecedented
physicochemical characterization of ambient PM in urban
areas, and evaluate semi-continuous measurement methods
of PM and its chemical speciation data. This study was carried
out at a South Area Supersite in Gwangju, Korea, which
began in 2009. The South Area air pollution supersite study
was designed to develop an extended set of time-resolved and
compositionally resolved PM, 5 data for use in apportioning
sources and resolving their local and regional contributions.
The objectives of this study was to compare results between
filter-based integrated and semi-continuous measurements of
PM, s mass and its major chemical constituents from data
gathered for approximately two months in 2011 at a South
Area Supersite in Gwangju, Korea. In addition to evaluating
the near continuous methods, an attempt was made to
elucidate the key chemical characteristics of two PM, 5 haze
pollution episodes revealed by time-resolved measurement
methods.

EXPERIMENTAL

Description of the South Area Supersite at Gwangju
The South Area Supersite (latitude 35.23°N, longitude

126.85°E) is located in the southern part of Korea, as
depicted in Fig. 1. The site is located in a semi-urban
commercial and residential area which is surrounded by
agricultural lands and traffic roads, and is ~20 km northwest
of downtown Gwangju and northeast of two industrial
complexes. Emissions from these areas to the site could be
resolved during typical western and southern flow regimes.
The closest major traffic road lies approximately 0.3 km
southeast of the site, and the Honam express highway is
located 1.5 km west of the site. Meteorological data were
monitored at the Gwangju regional meteorological station,
located 7 km south of the site. Gwangju has a population of
about of about 1.4 million in a 501.4 km? area, with 350,000
motor vehicles, of which gasoline vehicles account for ~70%.
In addition, ~85% of total air pollution emissions in the city
are attributed to vehicular sources. Air quality in Gwangju has
been reported to be influenced by local pollution and long-
range transported pollution from polluted regions of China
(Kim et al., 2001; Park et al., 2005a, 2006b, 2010, 2012;
Jung et al., 2010; Jung and Kim, 2011; Park and Cho, 2011).
High levels of PM pollution are also observed due to the
burning of agricultural wastes in farming areas nearby the
Supersite (Ryu ef al., 2004, 2007; Park et al., 2006b; Jung
and Kim, 2011). Thus, the South Area Supersite located in
Gwangju is an excellent choice for studying the properties
of local, regional, and biomass burning aerosol emissions
and their effect on urban air quality, in order to investigate
our hypothesis regarding time-resolved measurements and
aerosol age.

Highly time-resolved measurements of PM, s, organic and
elemental carbon (OC and EC), ionic species, and elemental
species have been made at the Gwangju Supersite at 1-hr
intervals since January 2010 using commercial semi-
continuous instruments. However, in the present study,
only the measurement data recorded between February 1 and
March 31, 2011 were utilized due to frequent malfunction of
some instruments. Hourly ambient temperature ranged from
—7.4 t0 16.7°C (a mean of 3.1°C) during February and from
—2.9 to 19.7°C (a mean of 5.8°C) during March. Average
relative humidity (RH) during February and March was
64.8% (18.2-99.9%) and 55.5% (16.9-99.5%).

24-hr PM, s Mass and Speciation Measurements

For comparison of the semi-continuous measurements,
24-hr integrated filter-based PM, 5 samples were collected
between midnight and midnight with three sets of sequential
PM, s samplers (PMS103, APM Korea) and then used for
determining the total mass concentration, the amounts of
carbonaceous species (OC and EC), eight ionic species (Cl,
NOs5, SO, Na', NH,", K', Ca*", and Mg”"), and 29
elemental species (Si, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Br, Rb, Sr, Mo, Cd, Sn, Sb, Te, Cs, Ba,
Hg, Pb, and Bi). During the filter-based sampling of aerosol
particles, the artifacts that can arise due to particle-to-particle
interactions, gas-particle interactions and the dissociation
loss of semi-volatile species can change the collected aerosol
composition. Positive and negative artifacts may have been
created in this study because the sequential sampler used
did not have a denuder to remove gases prior to sampling
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particles or a backup filter to collect vapor from particles
collected on the filter. Issues arising from the sampling
artifacts are discussed below.

The Teflon filters (Teflo membrane, 2.0-um pore size,
Gelman Science, USA) were weighed before and after
sample collections with a microbalance of 1 pg sensitivity
and analyzed for elemental components using X-ray
fluorescence (XRF). The filters were conditioned for about
48hr in a clean chamber maintained at RH of 40% and
temperature of 20°C. Aerosol samples collected on 47-mm
diameter quartz fiber filters were analyzed for OC and EC
using the NIOSH thermal-optical transmittance (TOT)
method. In our protocol, OC and EC were determined as
follows. OC was evolved under a stream of high purity He
(99.999% higher). The sample was heated in five steps to a
final temperature of 800°C in order to volatilize OC and
EC in a helium atmosphere. To evolve EC and pyrolyzed
OC, which were removed in the second part of the analysis,

Fig. 1. Area map of Gwangju PM Supersite.

the sample was first cooled to 550°C, and then heated under
a mixture of 2% 0,/98% He, in three temperature steps, to
a final temperature of 800°C. The TOT analyzer utilized
laser transmission to correct for OC charring. EC was
determined as the carbon evolved after the filter transmittance
returned to its initial value. The detection limits of OC and
EC, which are defined as twice the average of the field blanks,
were 0.15 and 0.03 pg C/m’, respectively. The precision of
the OC and EC measurements was 4.0 and 7.5%, respectively.

Zefluor filters (Zefluor, 2 pm pore size, Gelman Science,
USA) from a sequential sampler were analyzed for eight
ionic species (CI, NO; -, SO4~, Na*, NH,", K, Mg”', and
Ca"). In order to extract the ionic species from the sampled
filters, each filter was first put into a 125-mL HDPE vial,
and wetted in 0.2 mL of HPLC-grade C,HsOH and then 30
mL of distilled deionized water. The solution was extracted
using ultra-sonication for 30 min and mechanically extracted
again for 60 min. All the extracts were filtered using 0.4-um
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Teflon filters and analyzed by ion chromatography (Metrohm
Modula IC, model 818 IC pump/819 IC detector). Filter
blank values were also applied for background subtraction
for each of the filters. The IC system consisted of an anion
IC (Metrohm Modula with a suppressor, equipped with a
Metrohm Metrosep A Supp-5, 4 x 150 mm, anion column)
and a cation IC (Metrohm Modula without a suppressor,
equipped with a Metrohm Metrosep C4, 4 x 150 mm, cation
column). The eluants were 3.5 mM sodium carbonate
(Na,CO;)/1.0 mM sodium bicarbonate (NaHCOs) for the
anion IC and 4.0 mM nitric acid (HNO;)/0.7 mM dipicolinic
acid for the cation IC. The eluant flow rate for the anion and
cation was maintained at 0.7 and 0.9 mL/min, respectively.
The measured detection limits for CI', NO;, SO4*, Na",
NH,", K', Ca®", and Mg*" were 12.3, 12.1, 14.9, 11.3, 4.7,
8.5,12.4, and 4.7 ng/m’, respectively.

Semi-Continuous PM, s Measurements
PM, s Mass Concentration

PM, s mass concentration was determined continuously
every one hour with a beta-attenuation monitor (BAM1020,
MetOne Instrument Inc., USA). Integrated 24-h averages
of 1-hr PM, 5 data were compared with those from 24-h
integrated PM,s speciation sampler. The corresponding
regression relationships: PM, sgam (ug/m’) = (1.02 + 0.03)
PM, sprm (ng/m’) + (1.50 + 1.27), R* = 0.97, indicated that
the continuous BAM1020 measurements provided excellent
agreement with 24-h integrated filter-based PM, s mass.

Organic and Elemental Carbon Measurements

Concentrations of OC and EC in PM, s were measured
using a model-4 semi-continuous OC-EC field analyzer
(Sunset Laboratory Inc., USA) with 1-hr time resolution.
This analyzer is based on the NIOSH method 5040 (NIOSH,
1996). In the carbon analyzer, OC and EC were determined
as follows: OC was evolved under a stream of ultrahigh
purity He (99.999% higher) while the sample was heated in
two temperature steps (600°C for 80 s and 840°C for 90 s).
The evolved carbon was oxidized to CO, in an oxidizing
oven. The CO, is then swept out of the oxidizing oven by a
helium stream and measured directly by a self-contained
non-dispersive infrared (NDIR) detector system. To evolve
EC and pyrolyzed OC, the sample was cooled to 650°C, and
then heated under a mixture of He/O, in two temperature
steps (650°C for 35 s and 880°C for 105 s). The analyzer
accounted for this pyrolysis by defining the split between the
OC and EC as the point when the analysis transmittance is
equal to the transmittance before analysis. The EC is
determined as the carbon evolved after the filter transmittance
returned to its initial value.

Ambient air was drawn at 8.0 L/min through a PM, 5 sharp-
cut cyclone. A carbon impregnated multi-channel parallel-
plate diffusion denuder was used to remove any semi-volatile
organic vapors absorbed on the quartz filter media (Turpin
et al., 2000). However, the use of a denuder also disturbs
the gas/particle equilibrium at the quartz fiber filter, which
can cause OC to volatilize from the filter (Turpin et al.,
2000). During the 2-month study period, a total of 1,338 1-
hr measurements, out of a possible 1,415, were recorded,

yielding a data capture efficiency of 95.0%. However, 89.0%
of these data were flagged as good data and the remaining
11% as invalid because of filter replacement, maintenance,
regular check-up, filter blowouts during sampling, power
failure, etc. To determine the degree of equivalence, 24-hr
integrated OC and EC concentrations (52 measurements
available) were regressed against 24-hr averages of the 1-hr
OC and EC measurements from the semi-continuous carbon
analyzer. In calculating the 24-hr averages, regression
analyses were made using only valid OC and EC data. Data
pairs were used in the regressions only if < 30% of the 24
1-hr measurements were missing. Regressions were made
for 43 data pairs during the study period.

Fig. 2 represents the relationship between 24-hr averages
of the 1-hr data and 24-hr integrated data for OC and EC
measurements. Sunset OC concentrations were ~27% lower
than 24-hr integrated OC concentrations [OCgyser (g C/m3)
=(0.73 £ 0.04)OCer (ug C/m’) + (0.05 + 0.20), R* = 0.94].
Sunset EC data were also ~27% lower than 24-hr integrated
EC concentrations [ECgyger (g C/m3) =(0.73 £ 0.03)ECgjer
(ug C/m®) + (0.12 £ 0.05), R* = 0.90]. The difference in the
OC data could have been due to positive and negative artifacts
between the semi-continuous carbon analyzer (operated
with the denuder) and the PM, s speciation sampler without
the denuder (Park et al., 2005b; Polidori et al., 2006), to
the different face velocities of air, or to the different TOT
temperature programs (Schauer et al, 2003). The face
velocity of air passing through the filters was 20.1 and
111.1 cm/s for the speciation sampler and semi-continuous
carbon analyzer, respectively. Therefore, the OC data from
the PM, s speciation sampler were expected to be clearly
higher than the semi-continuous measurements. The large
discrepancy for the EC data was attributed to the high
detection limit of EC in the semi-continuous carbon analyzer
at the 1-2 hr time resolution (Lim and Turpin, 2002) and
differences in the temperature programs. A previous study
has indicated that EC measurements are sensitive to
operating conditions despite the use of the same analytical
method, i.e., TOT (Schauer et al., 2003). In this work, the
original OC and EC data were used to test the mass balance
closure of PM, s and to estimate the relative contribution of
carbonaceous particles to the PM, 5.

lonic Species Measurements

Hourly concentrations of eight ionic species in PM, 5 were
measured using an ambient ion monitor (AIM, URG9000D,
URG Corporation). The AIM monitor drew air in through a
PM, 5 sharp-cut cyclone at a volumetric-flow controlled rate
of 3 L/min to remove the large particles from the air stream.
In order to minimize the loss of particles during sampling,
a Teflon-coated aluminum pipe was set up in the vertical
direction. The sample was then drawn through a liquid
diffusion denuder where the interfacing acid and alkaline
gases were removed. In order to achieve high collection
efficiencies, the particle-laden air stream then entered the
aerosol super-saturation steam chamber to enhance the
particle growth. Grown particles, i.e., droplets, were collected
every hour by an inertial particle separator and were then
injected into the ion chromatograph. Both particles and
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Fig. 2. Comparison between filter-based and semi-continuous measurements for PM, s major chemical components.

gases were collected and injected using syringe pumps, species data measured with a PMS103 speciation sampler.
PEEK valves, Teflon® tubing and PEEK tubing. A  Comparison results between the two methods for S0,%,
detailed description of the monitor can be found elsewhere ~ NO;, NH,", and K' concentrations are shown also in Fig. 2.
(http://www.urgcorp.com). Very strong correlations were found between the two methods

The 24-hr averages of hourly CI, SO,>, NO;, NH,,  with R? of 0.90-0.97. AIM SO,> concentrations were about
and K were regressed against 24-hr integrated ionic  10% lower than the filter-based SO, measurements with
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an R* of 0.90. The SO,* from AIM has been reported to
exhibit a positive interference at SO, concentration exceeding
30 ppbv and negative readings at SO,* levels exceeding 20
pg/m® (Wu and Wang, 2007). Although not shown here,
however, no SO, interference was observed in the present
study. The observed AIM SO4* data were corrected based
on the regression slope between the two methods to check
the mass balance closure of PM,s. AIM NO; concentrations
were strongly correlated with the filter-based NO;~
measurements with a slope of 0.76 and an R? of 0.95,
indicating that the AIM NO; concentrations were about
24% lower than those from the filter measurements. The
higher NO; concentrations on the filter samples may have
been due to absorption of HNO; on the filter, causing positive
bias. The sampling artifacts of nitrate and ammonium also
occurred due to evaporation of semi-volatile NH4;NO; from
particles collected on the filter (Koutrakis et al., 1992; Zhang
and McMurry, 1992), leading to a negative bias which can
be substantial (45-75%) at high temperature and at low
aerosol loading (Nie et al., 2010; Saarnio et al., 2010).
However, the negative artifact of NO; ™ particles in this study
may not have been significant because of low ambient
temperatures and very high aerosol loading. Low temperature
in winter favors the partition of ammonium nitrate in the
particulate phase. Hence, the sampling artifacts probably
were not a major problem in winter. AIM hourly NO;  data
were corrected using a regression relationship (slope and
intercept) between the 24-hr averages of AIM hourly data
and 24-hr integrated speciation data and used to investigate
the characteristics of ionic species observed during two
haze pollution episodes, which are discussed below.

Measurements of Elemental Constituents

Hourly concentrations of elemental constituents (K, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Ag, Cd, Sn, Sb,
Ba, Ag, Tl, and Pb) in PM,s were measured with an
ambient metals monitor (model: Xact™ 620, Cooper
Environmental Services LLC, USA). The Xact 620
monitoring system uses reel-to-reel filter tape sampling and
nondestructive XRF (Ed- this acronym has already been
defined above) analysis to monitor ambient air. The air was
sampled at a flow rate of 16.7 L/min through a PM, s inlet
and drawn through a filter tape. The resulting PM, 5 deposit
was automatically advanced and analyzed by XRF for
selected metals as the next sample was being collected.
Sampling and analysis were performed continuously and
simultaneously, except during advancement of the tape
(~20 sec) and during daily automated quality assurance
checks. The measurement method of the metal species in
ambient air particles was based on EPA Method 10 3.3
(“Determination of metals in ambient PM using XRF). The
minimum detection limits of K, Ca, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Cd, Sn, Sb, Ba, TI, and Pb for time
resolution of 1-hr were 0.81, 0.32, 0.18, 0.14, 0.11, 0.07,
0.08, 0.05, 0.04, 0.06, 0.04, 0.03, 0.03, 1.35, 2.54, 0.67,
0.40, 0.05, and 0.05 ng/m’, respectively. The 24-hr averages
of hourly elemental species measurements (K, Ca, Fe, Mn,
Cu, Zn, As, and Pb) were compared with those derived from
24-hr integrated filter sample (results from other elemental

species are not provided here because of insufficient paired
data). Agreement between elemental species concentrations
measured by the two methods showed correlation coefficients
(R?) greater than 0.80, with the exception of Fe (R* = 0.70).
Slopes between the measured concentrations from the two
methods ranged from 0.74 (Zn) to 1.80 (Ca), with the majority
in the range of 0.83-1.15, suggesting high accuracy of
continuous XRF measurements for these species.

RESULTS AND DISCUSSION

Reconstructed PM, s Mass Balance Closure

Hourly-based chemical mass balance closure was assessed
by comparing BAM1020 PM, s mass concentration. The
reconstructed PM, s mass was computed by summing the
concentrations of organic matter (OM), EC, S0,%, NO;,
NH,", CI', crustal material, and trace metals. OM was
obtained by applying a multiplicative factor of 1.6 (i.e.,
urban aerosols) to OC to account for the oxygen and
hydrogen associated with OC (Turpin and Lim, 2001). We
estimated the concentration of crustal material by using the
following equation reported by Malm ef al. (1996): Crustal
material (pg/m’®) = 2.20[Al] + 2.49[Si] + 1.63[Ca] +
2.42[Fe] + 1.94[Ti]. The sum of the concentrations of all
the other elements is reported here as the trace metals
value. In this study, because Al and Si data were not
available, the contribution of these elements was not
included in the estimated concentrations of the crustal
material, thus resulting in an underestimation of the crustal
material in the reconstructed fine mass. Fig. 3 compares the
BAM and reconstructed PM, s concentrations. As shown,
the reconstructed PM,s was highly correlated with the
measured BAM PM, s concentrations with an R* of 0.92.
However, the reconstructed PM, s was about 19% lower than
the measured PM,s. As discussed before, the reconstructed
PM, s mass concentrations may have been underestimated
due to low contributions of crustal materials, OM, and EC
to PM, s mass and particle water content.

Descriptions of Haze Pollution Episodes

As shown in Fig. 3, it is apparent that PM, ;5 mass was
highly variable on a time scale of 1 hr, whereas the use of
24-hr average largely reduces this variability. For example,
the hourly averaged PM, 5 mass concentration on February
4 reached 159.0 pg/m’, i.e., approximately 1.3 times
greater than the 24-hr average mass of 122.8 pg/m’. Over
the two-month study period, the average 1-hr PM, 5 mass
concentration was 44.4 £ 30.0 ug/m’ with a maximum of
159.0 ug/m’, and the 24-hr averaged BAM PM, s mass
ranged from 14.6-122.8 pg/m’. The 24-hr averaged Korean
PM,s NAAQS of 50.0 pg/m’ was exceeded on 20 days
during the study period. These daily PM, 5 mass concentration
ranged from 50.4 pg/m’on March 20" to 122.8 pg/m’® on
February 4™. These pollution episodes were associated with
regional haze sulfate and nitrate events, biomass burning
emissions, and local traffic emissions under air stagnation and
low-level inversions conditions. Out of 20 days exceeding
the 24-hr averaged Korean PM,s; NAAQS, two distinct
PM, s haze episodes are discussed herein: February 1-8
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Fig. 3. Comparison of hourly measured and reconstructed PM, s mass concentrations.

(episode I) and March 11-12 (episode II), 2011. Two haze
episodes were classified based on CO/NOj ratios and K"
concentrations. Haze episode I which developed between
February 01 and 08, was strongly associated with regional
haze pollution along with wildfire smoke emissions over
southern China. This episode was further characterized by
elevated afternoon SO,> and O; concentrations (05 = 46—
60 ppb on February 01-05). Episode II was from 14:00 March
11-17:00 March 12 during which hourly PM, s increased
from a background level of 23 pg/m® to a maximum of 116
pg/m’. This episode was characterized by locally produced
pollution with low CO/NOy ratios and broad peaks for OC,
EC, and NO; concentrations. During episode I, local wind
speeds were generally weak to moderate averaging 1.1 m/s
(range: 0.1 to 3.7 m/s). Ambient temperatures ranged from
—7.4 t0 9.9°C (mean: 2.7°C). Relative humidity (RH) had a
range sufficient to cause hygroscopic growth (26.1 to 96.6%;
mean = 67.1 + 19.6%), and ranged from > 75-80% in the
evening/morning hours. During episode II, temperatures
were in the range of —0.1 to 16.2°C (mean = 7.6°C). Winds
ranged from 0.1 to 6.3 m/s (mean = 2.2 m/s), and were weak
during the night (0.1-1.6 m/s). Relative humidity ranged
from 19.8-92.9% with a mean of 56.3%. Daytime RH was
low (< 40%), but was > 75% during the night, especially on
the evening/morning.

To examine the differences in the chemical composition
of PM, 5 observed during the two episodes, we analyzed
MODIS images of two types, i.e., Aqua & Terra MODIS
image (http://earthdata.nasa.gov/firms) and MODIS true color
images (http://lance-modis.eosdis.nasa.gov/cgi-bin/imagery/
realtime.cgi), and transport pathways of the air mass, as
illustrated in Fig. 4. The MODIS images show that during
episode I, numerous fire counts were observed and a thick
haze layer lingered over northern and southern China, and
the Korean peninsula. While during episode II, a clear sky
was observed over northern China and the Korean peninsula.
The transport pathways of the air mass prior to arriving at
the site were determined using the Hybrid Single-Particle
Lagrangian Integrated Trajectories (HYSPLIT 4.5) model
(Draxler and Ralph, 2012). Isentropic five-day backward
trajectories were computed for every 12-hr (0000 UTC and
1200 UTC time) interval for each day of the two episodes,
at three altitudes (500, 1000, and 1500 m) above ground
level (AGL). Two of the trajectory results are also presented
in Fig. 4, one for episode I (1200 UTC February 04) and
the other for episode II (1200 UTC March 11). For episode
I, air masses originating from the polluted regions of
northern China (at 500 and 1000 m AGL) or regions of
Southern China (at 1500 m AGL), passed over the Yellow
Sea and reached the site. Air mass trajectories for episode I
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Fig. 4. MODIS images and back trajectories of air mass arriving at the site for the two haze episodes. Symbols in
trajectories; A: 500 m AGL, [J: 1000 m AGL, O: 1500 m AGL.
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indicated a combination of transport directions of northern
and southern China and the air mass was classified as a
mixture of wild-fire plumes, regionally transported and local
pollution. Similar to the transport pathway for episode I,
the air mass for episode II originated in the regions of
northeastern China and arrived at the site, but without any
observable influence of wild-fire plumes.

In this study, ratio of CO to NOy (= NO + NO,) was also
used to examine the evolution of the aerosol chemical
composition with respect to the age of the air masses as a
proxy for proximity to major pollution sources and
atmospheric processing (Mogan et al., 2010; Freney et al.,
2011). Morgan et al. (2010) classified CO/NO ratios of 5—
15, 10-50, and > 50 as urban, near-source and aged regional
conditions, respectively. Temporal variation in the CO/NO,
ratio is shown in Fig. 5. The mixing ratios of CO and NO,
for episodes I and II were 896 (475-1319 ppb) and 32 (6—
139 ppb), and 482 (247-688 ppb) and 40 (7-97 ppb),
respectively, with greater impact of CO during episode 1.
The CO/NOy ratios ranged from 9 to 159 with an average
value of 41 + 26 in episode I and from 6 to 44 with an
average of 18 £ 11 in episode II, respectively, confirming
that the air masses arriving at the site during episode I were
associated with more aged regional components than those
during episode II. Fig. 6 shows the mass factions of EC,
OM, SO,* and NO; to the PM, 5 mass against the CO/NOy
ratio for the two episodes. As shown in Fig. 6, the significant
amounts of EC, OM, SO, and NO; observed during
episode I were associated with high CO/NO, ratio (> 50).
Higher EC and OM contributions to the PM, s favor low
CO/NOy ratios arising from presumably local emission
sources. However, their absolute concentrations were not
greatly affected by the CO/NOjy ratio (not shown here). That
is, it is found that high concentrations of EC, OC, SO42’
and NO; were also related to either the boundary layer air
or regional aged air masses.

Table 1 summarizes the PM, s concentrations and the
chemical components for episodes I and II. As shown in
Table 1, as much as 50% of the PM, s mass is attributed to
secondary S0,*, NO;, and NH," particles, with NO;™ being

200

1801 _5_ como, ratio

160

140 1 February:1~8
2 1204
i
o 100 -
% 80
o
60
40 4
20 3
0 T 1

02/01  02/02 02/03 02/04 02/05 02/06 02/07 02/08 02/09

Measurement period (2011)

965

most significant fraction of the PM,s mass for the two
episodes. The large difference in chemical compositions
between the two haze episodes is due to the NO; and K'
concentrations. Fig. 7 shows temporal profiles of PM;s,
0C, EC, K', and SO,* concentrations for the two pollution
episodes. Fig. 8 shows correlation relationships between
OC and K", and between K" and K'/OC ratio for the period
of February 04-05. Temporal profiles of NO;~, NO, and O;
concentrations, ambient temperature, and RH are shown in
Fig. 9.

Characteristics of Carbonaceous Particles

OC and EC concentrations were 6.9 (2.6-14.0 pg C/m’)
and 2.2 (0.5-4.5 pg C/m’) for episode I and 6.3 (2.0-10.3 pg
C/m*) and 2.0 (0.7-5.1 pug C/m’) for episode II, respectively.
OM and EC contributed 13.1 £2.7% and 3.3 £ 0.7% to the
measured PM, s for episode I, and 14.2 = 3.8% and 3.1 = 0.8%
for episode II, respectively. The EC and OC concentrations
were strongly correlated with the following regression
relationships; for episode I: OC = 2.76 EC + 0.95, R’= 0.71,
for episode II: OC = 3.01 EC + 0.46, R* = 0.83, suggesting
common source emissions (i.e., vehicles) during episodes I
and II. The OC/EC ratio was 3.2 + 0.6 (1.8-5.4) and 3.3 £+
0.6 (2.1-4.8) for episodes I and II, respectively. Diurnal OC
and EC peak concentrations over the two episodes occurred
mainly during morning and evening rush-hour periods,
indicating the significant impact of traffic. As the boundary
layer rose throughout the morning and early afternoon, the
OC and EC concentrations tended to decrease. However,
close inspection of Fig. 7 revealed high background OC
and EC levels during episode I with values of 3.0-4.0 and
~2.0 pg C/m’, respectively, probably due to long-range
transport of polluted air masses (shown in Fig. 4) and air
stagnation conditions. The OC and EC background levels
during episode II were approximately 1.0 and 0.5 pg C/m’,
respectively.

According to MODIS satellite images and air mass back
trajectory analysis (Fig. 4), huge forest wildfires occurred
in the southern regions of China on February 01-02, and
the air mass passing over these wildfire regions reached the
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Fig. 5. Variations of CO/NO, ratio for the two haze episodes.
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sampling site on February 04. Therefore, relationships among
OC, K, and the K'/OC ratio from February 04-05, when
the K concentration significantly increased, were examined
to evaluate the effect of the forest fire plumes on carbonaceous
particles observed at the site (Fig. 8). It has been known

100

that biomass burning emissions contribute significantly to
atmospheric OC, EC, and K" concentrations (Andreae, 1983;
Echalar et al., 1995; Andreae and Merlet, 2001; Reid et al.,
2005; Park et al., 2006b; Ram and Sarin, 2010, 2011).
Vehicles and fossil fuel emissions are the dominant sources
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Table 1. Concentration summary of chemical species in PM, 5 for the two episodes.

Parameter Unit Episode I" Episode 117
Mean Range Mean Range
PM, s pg/m’ 88 27-159 78 23-116
EC ng C/m’ 22 0.5-4.5 2.0 0.7-5.1
oC ug C/m’ 6.9 2.6-14.0 6.3 2.0-10.3
SO~ pg/m’ 18.5 3.1-48.4 16.5 8.4-27.7
NO; ng/m’ 223 6.2-53.1 323 5.7-49.5
cr pg/m’ 1.7 0.3-4.8 1.5 0.3-3.0
Na® pg/m’ 0.9 0.6-1.1 0.8 0.7-0.9
NH, pg/m’ 8.9 4.0-15.1 6.3 2.8-8.2
K" ug/m’ 1.8 0.3-5.6 0.5 0.2-0.7
OC/EC - 32 1.8-5.4 3.3 2.1-4.8
K'/0C - 0.26 0.07-0.63 0.10 0.06-0.20
SOR? - 0.55 0.25-0.76 0.50 0.37-0.71
K pg/m’ 2.0 0.3-5.9 0.9 0.4-1.3
Ca ug/m’ 0.27 0.03-0.74 0.26 0.14-0.41
Fe ng/m’ 0.46 0.09-0.92 0.54 0.24-1.31
Ti ng/m’ 17 2-40 15 8-28
\ ng/m’ 8 3-29 8 2-13
Cr ng/m’ 9 2-16 13 4-28
Mn ng/m’ 39 10-87 56 21-130
Ni ng/m’ 6 3-12 8 2-14
Cu ng/m’ 23 654 28 11-64
Zn ug/m’ 0.13 0.05-0.32 0.30 0.10-0.60
As ng/m’ 17 3-34 16 6-28
Se ng/m’ 8 2-13 6 2-8
cd ng/m’ 6 1-46 23 2-57
Sb ng/m’ 73 23111 86 46-121
Ba ng/m’ 97 11-325 36 17-61
Pb ng/m’ 130 28-308 107 41-151

Note) "Episode I covers the period of February 01-08, 2011; ?Episode II covers the period of March 11-12, 2011; ?SOR

indicates SO, /(SO + SO4).

of OC and EC, but have little impact on K™ concentrations.
In this study, OC was strongly correlated with EC (R? =
0.82) during the 2-days period, but the OC/EC ratio (range:
2.8-5.3, mean: 3.4) did not increase, which was significantly
lower than those reported for Savannah burning, forest fires,
and agricultural waste burning emissions (Andreae, 1983;
Park et al., 2005b, 2006b; Reid et al., 2005; Ram and Sarin,
2011; Ram et al., 2012a, 2012b; Zhang et al., 2012b), or
slightly lower than that (5.7) from emissions of forest fires
in the Indochina (Chuang ef al., 2012). Other studies have
shown even when biomass materials are burned, a low
OC/EC ratio is possible because it depends greatly on the
type of materials burned and combustion conditions (Turn
et al., 1997; Saarnio et al., 2010; Bae et al., 2012; Zhang et
al., 2012a). For example, Turn ef al. (1997) indicated that
for wood fuels such as Walnut prunings, Almond prunings,
and Ponderosa pine slash, the OC/EC ratio in PM; 5 was in
the range of 1.7-2.1. It was also found that when pine needles,
cherry trees, and acacia trees are combusted, their OC/EC
ratios in PM, s were 0.83, 0.20, and 0.21, respectively (Bae
et al., 2012). As shown in Fig. 7, the concentration of K,
an indicator of biomass burning emissions (Simoneit ef al.,
2004; Park et al., 2006b; Zhou et al., 2009; Saarnio et al.,
2010; Chuang ef al., 2012), increased from 1.5 pg/m’ at

00:00 to 5.6 pg/m’ at 12:00 on February 04, and remained
high for 2 days. K concentration accounted on average
2.9% of the PM,5 (1.2-4.8%), which was comparable to
that (2.5%) reported by a recent study of Chuang et al.
(2012). In addition to the biomass burning, the abundance
of K in urban air is attributed to soil dust. To assess the
origin of K in this study, the relationship between total K
and K" was examined. Previous studies indicated quite low
K'/K ratio of 0.1-0.2 in geological material (Gertler et al.,
1995) and 0.01-0.02 in Mongolia soil dust (Kim et al.,
2010). Water-soluble K and total K were strongly correlated
(slope = 0.82; R = 0.96) for episode I (not shown here),
suggesting these two constituents were clearly derived from a
similar emission source, most likely forest fire emissions.
This was evidenced by the MODIS satellite image, in which
numerous fire counts were observed during episode I, and
transport pathway of air masses. Scatter plots between OC —
K" and K" — K'/OC for high K" episode (February 04-05)
were strongly correlated (R* of 0.77 and 0.77, respectively)
(Fig. 8), suggesting an emission source from biomass burning
(Zhang et al., 2012b). The K'/OC ratio for the 2-days period
showed a range of 0.15-0.63 with a mean of 0.38, which
was significantly higher than those reported for biomass
burning aerosols. Previous studies have reported K'/OC
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Fig. 7. Temporal trends of PM, 5, OC, EC, K" and SO,* concentrations for the two haze episodes.

ratios from 0.08-0.10 for savanna burning (Echalar et al.,
1995), 0.04—0.13 for agricultural waste burning (Andreae and
Merlet, 2001), 0.19-0.21 for wheat straw burning/fertilizer
(Duan et al., 2004), 0.02-0.14 for biomass burning (Ram
and Sarin, 2010, 2011; Ram et al., 2012a), and 0.04-0.24
for wheat and/or stalk burnings (Zhang et al., 2012b). The
high K'/OC ratio found in this study may be attributed to
traffic and fossil fuels emissions, as well as biomass burning
emissions. Accordingly, even though low OC/EC and high
K'/OC ratios were observed for the February 04-05 episode,

relatively high K* concentrations and the significant linear
relationships between EC — OC (R* = 0.82), OC - K" (R* =
0.77), and K" — K'/OC (R* = 0.77) suggest contribution of
carbonaceous aerosols from long-range transport of biomass
burning plumes occurring in the southern regions of China
during episode I, as well as the traffic emissions.

Sulfate Concentration
The concentrations of SO,> observed during episodes I
and II were 18.5 + 8.7 pg/m’ (3.1-48.4 pg/m’) and 16.5 +
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5.7 ug/m’ (8.4-27.7 ug/m’), respectively, contributing 20.7
% (6.4-53.4%) and 25.2 % (9.4-53.5%) to the PM,s. The
SO,* aerosols in fine particles are formed through gas phase
reactions, in-cloud processes and aerosol droplet processes
(Guo et al., 2010). The sulfur oxidation ratio [SOR = SO4*
/(SO, + SO,4%)] has been used as a good indicator to assess
the atmospheric transformation of SO, to SO,* (Kaneyasu
et al., 1995; Sahu et al., 2009). SOR in winter is expected
to be low due to the low temperature and low photochemical
flux, lowering the possibility of gas-phase oxidation of SO,
to SO,>. Non-sea salt SO, was calculated by subtracting the
sea-salt SO,> from the measured SO,%. SO,> in seawater
was estimated from the SO,/Na’ ratio in seawater.
Previously reported 24-hr measurements made at a Gwangju
urban site of Korea, which is 10 km away from our site,
indicated an SOR of 0.51 in summer and 0.14 in winter
(Park et al., 2010, 2012). The calculated SOR was 0.55 +
0.11 (0.25-0.76) and 0.50 = 0.09 (0.37-0.71) for episodes I
and II, respectively, which were substantially high even in
winter. Urban SO4* in PM,s is composed of urban and
regional components. The regional SO,> contribution can be
evaluated by its diurnal behavior and background levels. For
episode I, the temporal profile of SO,*~ concentration (Fig. 7)
exhibited a continuous increase in the SO,* background level
from 3.0 pg/m’ on February 1 to 20.0 pg/m’® on February 5
suggest a greater regional contribution, and are probably
due to long range transport and regional sulfate formation,
or air stagnation. An obvious diurnal pattern was observed
with maximum SO42’ in the afternoon and the SO42’
transient increased gradually from 26.6 pg/m® on February
1 to 48.4 ug/m’ on February 4. The maximum hourly Os
and SO, concentrations on February 1, 2, 3, 4, and 5 were
46 and 13 ppb, 50 and 16 ppb, 58 and 14 ppb, 52 and 19
ppb, and 48 and 12 ppb, respectively, which were relatively
high even in winter. The SO,* concentration was highly
correlated with SO, with an R? of 0.64 (data not shown
here). This implies that local SO, emissions were also an
important source of SOf’formation, and that slow gas-
phase oxidation of SO, probably played a critical role in

the SO,> production. During episode I, the temporal variation
of sulfate concentrations and air mass trajectories suggested
that some of the sulfate excess over background could be
attributed to sources in the local region. As a result, the high
SOR and highly elevated SO,* concentration observed during
episode I suggest that in addition to local production, SO,*
was probably caused by long-range secondary atmospheric
processing.

For episode II, SO,> concentrations continued to increase
from 14:00 on March 11 until 19:00 to a maximum of 23.6
ug/m3, accounting for 33.7% of the PM, s, after which the
SO4* dropped to 9.3 pg/m’® at 07:00 on March 12. At this
time it increased again and peaked at 13:00 hr with a
maximum of 27.7 ug/m3, constituting 40.2% of the PM, 5,
then decreased gradually. Hourly O; and SO, concentrations
were in the ranges of 47-50 and 5-11 ppb between 14:00
and 19:00 on March 11, respectively. They subsequently
decreased to 17 and 2 ppb at 07:00 hr of March 12 and
again increased to 66 and 13 ppb at 13:00 hr, respectively.
Hourly temperature and RH were 8.2—-13.0°C and 20-43%
between 14:00 and 19:00 on March 11, and 4.6—15.0°C and
28-75% between 07:00 and 13:00 on March 12,
respectively. The SO,* peaks occurring in the afternoon
hours on both March 11 and 12 coincided with maximum
ozone concentrations, thus, both SO,* peaks were driven
by photochemistry. Throughout episode II, the SO
concentration was strongly correlated with SO, (R* = 0.85)
(not shown here). Local wind directions in the afternoon
hours were between 230 and 250° (not shown here) where
industrial sources are located. This suggests a number of
industrial sources located in southwest direction from the
site may have contributed to the observed SO,* concentration.
Consequently, the pattern of these SO, excursions in
relation to wind direction and the strong correlation between
SO, and SO,” suggests local SO, emissions were likely an
important source of SO,* at the site during episode II.

Nitrate Concentration
Concentrations of NO;™ particles during episodes I and 11
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were 22.3 + 9.7 pg/m’ (6.2-53.1) and 32.3 + 13.3 pg/m’ (5.7—
49.5), respectively, accounting for 24.2% (9.5-40.4) and
40.9% (19.0-66.3%) of the PM; 5 mass. Atmospheric nitrate
particles are mainly formed through gas-phase oxidation
process of NO, and OH during daytime and heterogeneous
reactions involving nitrate radical and N,Os during nighttime
(Smith et al., 1995; Wittig et al., 2004; Park et al., 2005c).
The nitrate ambient concentration is also driven by gas-to-
particle partitioning of ammonium nitrate and boundary
layer dynamics (Seinfeld and Pandis, 2006). For episode I,
the NO; concentration of 7.3 pg/m’ at 10:00 on February
01 was gradually increased to reach a maximum of 53.1
pg/m’ at 12:00 on February 04, accounting for 34.1% of
the PM, s mass. As shown in Fig. 9, during this period, the
NO; ™ pollution event exceeding 20 pg/m’ lasted about 5
days and relatively high NO; background levels were also
maintained, which could be attributed to the thick haze
layers lingering over southern and northern China and the
Korean peninsula, and to transport pathways of air masses
arriving at the site (Fig. 4). Some studies have indicated
that a strong diurnal pattern in PM, 5 nitrate concentration
was exhibited with a maximum in the morning and minimum
in the afternoon (Wittig et al., 2004; Park et al., 2005c).
Low nitrate concentrations during the daytime are typically
because the nitrate in PM, 5 is mostly in the gas phase as
nitric acid due to the higher temperature and lower RH
compared to the morning and evening. However, as shown
in Fig. 9, morning peaks and afternoon minimums in the
nitrate concentrations were not readily observed at the site.
Instead, the daytime nitrate transients with very high levels
over background were often found around 12:00-13:00.
Temperatures, RH, and wind speeds in the afternoon were
4.0-10.0°C, 26-59%, 1.5-2.5 m/s, respectively. The nitrate
peaks were more enhanced in the daytime than in the
nighttime. The nitrate daytime peak concentrations on
February 2, 3, 4, 5 and 6 were 42.0, 40.8, 53.1, 38.0, and
21.4 pg/m3, accounting for 40.4, 40.0, 34.1, 27.0, and
24.3% of the PM, s, respectively. Periods showing these
peaks were reasonably consistent with those showing high
O; concentrations. Concentrations of NO, and O3 at these
periods were 34 and 41, 15 and 47, 21 and 48, 11 and 48,
and 11 and 60 ppb, respectively. These O; levels were
comparable to the highest O; concentrations on these days,
which were observed around 15:00-17:00, with levels of
50, 58, 54, 48, and 60 ppb, respectively. During the
daytime excursion periods, the concentrations of NOy and
carbonaceous species (OC and EC) were reduced to their
background levels on the corresponding day. Typically the
afternoon peak concentrations of fine nitrate particles have
been attributed to the photochemical formation of nitric
acid due to the increased ozone concentration, especially in
summertime (Seinfeld and Pandis, 2006). However, the
present situation, in which ozone levels of 40-60 ppb were
observed in winter, facilitated the formation of nitric acid
through gas-phase oxidation of NO,. These daytime nitrate
transients during episode I were probably associated with
transports of severe haze lingering over the upwind
locations of China (Fig. 4) to the sampling site, as well as
photochemical secondary aerosol production of nitrate and

low temperatures of 4.0-10°C. This hypothesis is further
supported by the relatively high CO/NOj ratio, as illustrated in
Fig. 5. A closer look at the CO/NO, ratio for episode I shows
that the ratios at the times of the elevated NO;™ levels were
46-80, 44-78, 42-91, 81-93, and 72-91, suggesting that
the air masses arriving at the site were in regional aged
conditions. Evening NO;™ peaks were observed four times,
at 20:00 on each of 02, 04, 05, and 07 February, with levels
of 26.9, 38.3, 22.1, and 24.9 ug/m3, accounting for 26.1,
24.1, 25.1, and 26.3% of the PM,s, respectively. NO,
concentrations at the times of these nighttime peaks were
26, 25, 35, and 43.3 ppb, respectively. The increases in
NO; in the evening were probably related to the lower
mass concentrations of sulfate at night, which allowed excess
NH; to react with HNO; (Seinfeld and Pandis, 20006).
These evening peaks coincided with the enhanced NO,
concentrations, but the ambient concentrations of the nitrate
were not necessarily proportional to the concentrations of
precursor emissions because the rates at which they form
and their gas-to-particle partitioning are controlled by
meteorological parameters other than the concentration of
the precursor gas. A similar result was found elsewhere (Park
et al., 2005¢). After its evening peaks, nitrate decreased for
some time, but was maintained at high levels due to
continuous haze phenomena and poor atmospheric dispersion
conditions at night. Because the RH during the nighttime
(70-93%) was high enough to form aqueous nitric acid, the
nitrate observed at night may have accumulated in wet aerosol
particles. Thus, the significantly elevated concentrations of
NO; particles observed during the nighttime may have
been related to low ambient temperatures, high RH, and the
regional aged air masses. In summary, the high NO;™ values
during episode I probably reflect long-range secondary
atmospheric processing of nitrate particles, in addition to
local emission sources.

Episode II was characterized by a rapid increase of nitrate
starting at 14:00 on March 11 and persisting until 12:00 on
March 12, with a small drop in concentration between
01:00 and 07:00 on March 12. As shown in Figs. 7 and 9,
OC, EC, and NO; concentrations peaked in the morning of
March 11 prior to the onset of episode II, and were probably
associated with morning rush hour traffic patterns. The
enhancement of morning NO;™ concentration, to a maximum
of 18.4 ug/m’ at 09:00, was attributed to high RH and low
temperatures. RH and temperatures between 02:00 and
09:00 on March 11 were 84-93% and 0.0-1.0°C, respectively.
After 09:00, the NO;~ concentration decreased to 4.6 pg/m’ at
13:00, started to increase again until 20:00-21:00, with a
maximum of 49.5 ug/m3 , accounting for 46.3% of the PM, s,
and then decreased to about 36.0 pg/m’, which was still
high. From 14:00 to 21:00 on March 11, as shown in Fig. 7,
the temporal behaviors of OC, EC, and SO,* concentrations
were similar to that of NOs, probably due to local emissions.
Moreover, NO, increased from 12 to 57 ppb, and O; was
maintained at 40-50 ppb until 20:00 hr, but then was sharply
reduced to 10-20 ppb (Fig. 9). Hourly ambient temperature
and RH were 7.8-13.0°C and 24-48%, which is below the
deliquescence RH (DRH) of NH4;NO; (61% @25°C),
respectively. Hourly wind speed was 2.2—4.6 m/s. Based on
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Fig. 9. Temporal profiles of NO;™ concentrations along with NO,, O3, temperature, and relative humidity for the two haze

episodes.

the concentrations of precursor gases and meteorological
conditions, the continuous increase of NO; concentration
between 14:00 and 20:00 on March 11 was probably due to
gas-phase production of HNO; via the reaction of NO, and
OH at low RH (< 50%), with the majority of the HNO;
residing in the particle phase. In addition to the photochemical
production of HNOs;, air masses transporting from regions
of northern China to the site could have partially contributed
to the enhanced NOj; concentrations in the afternoon (see
Fig. 4). As shown in Fig. 9, the nitrate concentrations

remained high between 22:00 March 11 and 07:00 March
12, ranging from 36.2 to 46.9 pg/m’. This NO; excursion
was associated with low NO/high NO,, and high RH,
following high afternoon O; levels of about 50 ppb,
presumably due to nighttime radical chemistry. During
these periods, the wind speed was 0.1-2.2 m/s with a mean
of 1.0 m/s, and RH and the temperature were 72—79% and
3.4-8.4°C, respectively. The mixing ratios of NO and NO,
at 22:00 were 29 and 73 ppb, respectively. Heterogeneous
reactions involving nitrate radical and N,Os, which are
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formed during nighttime (Smith et al., 1995), are a potential
source of the nighttime nitrate. Nitric acid formed through
the heterogeneous hydrolysis of N,Os at night can retain its
molecular form in the gas phase, or be transferred to the
particulate phase. The NO3— observed between 22:00 and
07:00 may have existed in the aqueous phase because of the
RH of 72-79%. The consequently elevated NO;~, which
induced the high PM, 5 levels during episode II, was attributed
to gas-phase photochemical reactions during the daytime and
heterogeneous hydrolysis during the nighttime.

Possible Sources of Crustal and Trace Metals in Ambient
Particles

One of the major anthropogenic sources in urban air is
vehicle emissions. Local sources have a greater effect on
EC concentrations. Variations in local diesel engines or
combustion sources could affect EC at a site. Like EC
concentrations, ambient concentrations of metals were
dominated by local sources. Road dust is generally re-
suspended by the turbulent passage of motor vehicles over
local roads. The road dust profile contains crustal elements
(Al, Si, Ca, Fe), along with metal constituents such as Mo,
Sb, Cu, Zn, Ba, Mn, Cr, and Pb, reflecting enrichment from
other sources and urban pollutants (Schauer et al., 20006).
These metals are known to be emitted from road traffic
abrasion processes or are important constituents of road dust
(Harrison ef al., 2003; Schauer ef al., 2006; Bukowiecki et al.,
2009; Amato et al., 2010). Brake wear emissions have been
reported to contain significant amounts of Ba, Zn, Cu, and
Sb, as well as Fe and other crustal elements (Garg ef al.,
2000; Sternbeck et al., 2002; Thorpe and Harrison, 2008).
Previous studies indicated also that Sb in urban environments
is associated with traffic emissions, and more specifically with
emissions emerging from brake wear (Weckwerth, 2001;
Furuta et al., 2005; Gomez et al., 2005; Johansson et al.,
2009).

As shown in Table 1, the concentration differences of Sb
and the other brake wear-related elements (Fe, Cr, Mn, Cu,
and Pb) between episodes I and II were not significant. The
concentration of Sb was 73 = 16 ng/m’ (22.5-111.0) and
86 + 19 ng/m’ (46—121) for episodes I and II, respectively.
The mean concentration of Fe, one of the most abundant
measured elements, was similar during the two episodes,
ranging from 0.09 to 0.92 ug/m’ with a mean of 0.46 pg/m’
and from 0.24 to 1.31 pg/m’ with a mean of 0.54 pg/m’,
respectively. However, Ba, another marker of brake wear,
was about three times higher in episode I (97 ng/m®) than
in episode II (36 ng/m’), while Zn was two times higher in
episode II (0.30 pg/m?) than in episode I (0.13 pg/m’). This
suggests that in addition to the road dust, there were relevant
local emissions of these elements at the site. Taking EC,
Fe, and Sb as measures of road traffic influence, correlation
analyses among EC, crustal elements and other road traffic-
related metals were performed and their results are presented
in Table 2. During episode I, Sb was correlated with Fe (R
=0.71), Ca (R*=0.67), Cr (R2 0.64), and Mn (R* = 0.53)
and to a lesser extent with Zn (R* = 0.42), Pb (R* = 0.41),
Cu (R? = 0.34), and Ba (R* = 0.26), which is suggestive of
other sources such as road dust for these elements. During

episode II, Sb had strong correlations with Cr, Ca, Ba, Zn,
Pb, Mn, Fe, and Cu (R* = 0.88, 0.86, 0.83, 0.77, 0.76, 0.76,
0.64, and 0.46, respectively). Ca, Fe, Cr, Mn and Pb are
typically present at significant levels in crustal material and
soils, but the relatively high correlations between Sb and
the metals indicated that the concentrations of these metals
must be affected by local sources other than soil. Also EC
had moderate correlations with the metals during episodes I
and II. Because re-suspended road dust is generally too
large to dominate PM, s, the good relations of Sb and EC
with the other metals indicate that tailpipe and brake wear
emissions were important sources for these elements at the
site, with a greater effect in episode II. Sb and Cd were very
weakly correlated (R* = 0.04) during episode II, indicating
that other sources, rather than vehicle-related emissions,
dominated the concentration of Cd at the site.

SUMMARY AND CONCLUSION

Hourly measurements of PM, s mass, elemental and organic
carbon (EC and OC), ionic species, and elemental species
were made at the South Area Supersite at Gwangju, Korea,
using commercial semi-continuous instruments. During the
2 months between February 01 and March 31, 2011, a total
of 20 days wherein daily PM,s mass concentrations
exceeding 24-hr average Korean NAAQS of 50.0 pg/m’ were
identified. Two haze episodes out of them were discussed;
the episode I (February 01-08) was associated with regional
pollution along with severe haze layers and wildfires
emissions, and characterized further by high CO/NO ratios
and high K" concentrations. The episode 11 (March 11-12)
was characterized by locally produced pollution with low
CO/NO;, ratios, short-term SO,*~ excursions, and broad peaks
in OC, EC, and NO;™ concentrations.

The EC and OC concentrations were strongly correlated
with R? of 0.71 and 0.83 for episodes I and II, respectively,
suggesting common source emissions (i.e., vehicles). Their
respective OC/EC ratio was 3.2 and 3.3. However, the
concentration of K', an indicator of biomass burning
emissions, was increased for February 04-05 during the
episode I and reached an hourly maximum of 5.6 pg/m’,
accounting for ~93% of the total K concentration. This
enhancement was clearly evidenced by the MODIS satellite
image, in which numerous fire counts were observed over
the southern regions of China, and transport pathways of air
masses arriving at the site. Abnormally, however, the OC/EC
ratio (mean: 3.4) did not increase for the 2-days period.
Previous studies suggested that a low OC/EC ratio is possible
because it depends greatly on the type of materials burned and
combustion conditions. Accordingly, although low OC/EC
ratio was observed when relatively high K" concentrations
occurred, the 51gn1ﬁcant linear relatlonshlps between EC —
OC (R*=0.82), OC — K" (R*=0.77), and K' = K'/OC (R* =
0.77) between February 04 and 05 suggest contribution of
carbonaceous aerosols from long-range transport of biomass
burning plumes occurring in the southern regions of China
during episode I, as well as the traffic emissions.

The good correlations between SO, and SO,* (R? = 0.64
and 0.85 for episodes I and II) and local wind directions
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Table 2. Correlation coefficients among EC, crustal elements, and metals.
(a) Episode I
Component EC Ca Fe Ti Cr Mn Cu Zn Sb Ba Pb
EC - 0.44 0.64 0.56 0.58 0.36 0.51 0.62 0.51 0.33 0.74
Ca 0.44 - 0.76 0.91 0.80 0.70 0.63 0.54 0.82 0.67 0.71
Fe 0.64 0.76 - 0.81 0.87 0.84 0.61 0.82 0.84 0.54 0.74
Sb 0.51 0.82 0.84 0.79 0.80 0.73 0.58 0.65 - 0.51 0.64
Ba 0.33 0.67 0.54 0.46 0.82 0.64 0.90 0.45 0.51 - 0.66
(b) Episode 11
Component EC Ca Fe Ti Cr Mn Cu Zn Cd Sb Ba Pb
EC - 0.52 0.63 0.62 0.65 0.64 0.55 0.72 0.35 0.66 0.76 0.69
Ca 0.52 - 0.74 0.92 0.88 0.81 0.46 0.74 0.15 0.93 0.81 0.68
Fe 0.63 0.74 - 0.88 0.91 0.97 0.50 0.85 0.64 0.80 0.89 0.68
Sb 0.66 0.93 0.80 0.89 0.94 0.87 0.68 0.88 0.20 - 0.91 0.87
Ba 076 081 08 090 094 091 060 088 035 0917 - 0.78

All figures are significant at p <0.01.

suggest that local SO, emissions for the two episodes were
an important source of SO4> formation, and that the gas-phase
oxidation of SO, due to high O; probably played a critical
role in the SO,* production. The time-series plot of S0,%,
the SO,-to-SO,* relationship, local wind directions, and
the air mass trajectories indicated that regional contributions
during episode I probably dominated increased SO,*
concentrations, while the local urban contribution dominated
the SO,> concentration during episode II. For NO; particles,
the daytime NO; concentration was often significantly
elevated over background levels during episode I, which
suggests that these particles can be attributed to the transport
of severe haze lingering over the Chinese locations upwind
of the sampling site, as well as the photochemical production
of nitric acid and low temperatures of 4.0-10°C. Similar to
the formation processes for episode I, the elevated NO;3~
leading to high PM, s during episode II was attributed to
gas-phase photochemical reactions during the daytime and
heterogeneous hydrolysis during the nighttime.

To investigate the influence of road traffic on the
concentrations of elemental constituents observed in PM, 5
during the two episodes, correlation analyses among crustal
elements (Ca, Fe, and Mn) and road traffic-related metals
(Sb, Cu, Zn, Ba, Mn, Cr, and Pb) were performed. Good
correlations of Sb, a specific marker for brake wear, with
crustal elements and other metals revealed brake wear
emission to be an important source for these elements during
episodes I and II, with greater road traffic influence in
episode II than in episode 1. These metal correlation analyses
support the conclusion that the enrichment of crustal and
trace elements at sites close to the roadside can be mainly
attributed to vehicle wear products rather than tailpipe exhaust
emissions.
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