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Abstract— The characteristics of visual air quality in Seoul have been investigated from March to November 1993.
Optical properties, meteorological parameters, and particle characteristics were measured and analyzed. On the average,
light scattering by particles is the dominant process in light extinction. Fine particle mass concentration, and the
fraction of sulfate, nitrate and ammonium ions in the particles were found to play a major role in influencing the
occurrence of a smog episode in Seoul. The role of ambient relative humidity on Seoul visibility is discussed.
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INTRODUCTION

Visibility impairment is a complex phenomenon, mainly caused
by fine particles (0.1 um-1.0 pm in diameter) or aerosols. The
characteristics of particles, their size distribution and chemical
composition during a smog episode are different from those dur-
ing a clear period. In addition to causing visibility impairment,
fine particles also have adverse effects on human health, especial-
ly on the respiratory system. The health effects of airborne acidic
particulate compound species such as sulfuric acid and ammonium
(bi)sulfate have been appreciated recently. Two different human
responses to acidic aerosols appear to be reflex bronchoconstric-
tion and altered mucociliary clearance (which might lead to chron-
ic bronchitis). A Harvard study reported that in four out of six
cities where acidic particles were measured, there was a better
correlation of the prevalence of chronic bronchitis (as diagnosed
by a physician) with hydrogen ion concentration in the particles
than with total respirable-particle concentration [Committee on
advances in assessing human exposure to airborne pollutants et
al,, 1991].

In this regard, we have studied the optical and chemical charac-
teristics of airborne aerosol to understand the smog phenomenon
in Seoul. The city of Seoul is a mega-city with an area of 605
km? (0.6% of the total area of South Korea) but has about 25%
(11 million) of the total population, 32% of the total vehicles, and
more than 40% of the total national production. As a result, severe
environmental problems have risen in Seoul including frequent
visibility impairment episodes, commonly known as smog.

Several field measurements and modeling studies have been
carried out abroad to understand the relationship between visibil-
ity and air pollution and to develop control strategies to improve
visual air quality since the early 1970s [Sloane and White, 1986].
However few extensive studies have been undertaken in Korea.
Lee et al. [1986] measured the composition of PM-2.5 and TSP
and applied multivariate statistical analysis results by Groblicki
et al. [1981] to their measurements. It is difficult, however, to
apply a statistical result of one area to other areas.

tTo whom all correspondences should be addressed.

300

Visual range (VR) is commonly related to the total light extinc-
tion coefficient, b, as shown in Eq. (1).
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be: consists of four terms: scattering coefficient by particles,
bg.; absorption coefficient by particles, b,,; scattering coefficient
by gases, b,; and absorption coefficient by gases, b,.

Deet = by + bap + g + by @

The by is known as the Rayleigh coefficient with a value of
0.012X107*m ™. The by, can be calculated by a Hodkinson relation
[Hodkinson, 1966] from the NO, concentration. Thus, b, can be
estimated from Eq. (2) if both b, and b, are measured simulta-
neously along with NO, concentration.

Generally the contribution by gas molecules is minor compared
to that by particles. The fine fraction of particles, especially, be-
tween 0.1 ym and 1.0 um in diameter, are known to be mainly
responsible for particle light scattering [ Sloane and White, 1986;
Baik et al, 1994]. The ionic composition of fine particles is also
important since the light scattering and/or absorption capacity
of a particle is highly dependent on particle composition. Thus,
to understand the characteristics of and to develop control strate-
gies against the smog phenomenon in Seoul, both optical proper-
ties and particle characteristics, especially those of fine particles,
were simultaneously studied.

From March to November 1993, characteristics of the Seoul
smog phenomenon have been studied. Optical properties, the total
light extinction coefficient, b,,, and the light scattering by parti-
cles, by, and particle properties, the particle size distribution and
PM-3 particles mass loading and ionic composition are measured
with meteorological parameters: (1) to quantify the degree of vis-
ual air quality and (2) to identify the major variables that contri-
bute to visibility impairment.

MEASUREMENT

The measurement site for this study is located inside the Korea
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Fig. 1. Variation of optical and meteorological properties during Octo-
ber 1993.

Institute of Science and Technology (KIST) compound in Seoul.
The site is located about 1 km from the main streets and 3 km
from the business and industry areas and no large stationary pol-
lution sources.

Measurements were conducted between March and November
1993 except during the Yellow sand period to discriminate it from
smog phenomenon. Each measurement lasted between three to
seven days. In particular, to discriminate the characteristics of
smog phenomenon from that of clear period, a transmissometer
(Optec model LPV) and a nephelometer (MRI model 1598) were
continuously operated to measure b., and by, respectively, along
with ambient temperature and relative humidity (RH). A filter
sampler with a 3 um inlet was used to collect fine particles except
for the Spring, 1993 measurement for which a cascacde impactor
has been used. 47 mm teflon membrane filter (Whatman) was
used. The nominal aerodynamic D,s of the sampler inlet is 3 um
and the optical D,s measured by an optical particle counter is
about 2.1 um. Detailed apparatus and measurement procedures
were described by Baik et al. [1994].

RESULTS AND DISCUSSION

Fig. 1 shows a typical diagram of the variations of optical and
meteorological parameters. Since the variations of these parame-
ters for other periods show similar trend, only the October results
are shown. Optical coefficient values show a typical diurnal varia-
tion along with ambient temperature and RH, maximum coeffi-
cient values during the morning and minimum values during the
afternoon. This trend indicates that the effect of the variation
of mixing height is a dominant one that determines the overall
visual air quality of Seoul. However, the values of optical proper-
ties are clearly distinguished for each measurement period as
shown in Table 1 in which average values of optical properties
and RH are summarized. During April 1993, the nephelometer
was not operated for calibration and no data are available.

During 1993, the average prevailing visibility measured by Ko-
rea Administration of Meteorology was about 10.2 km or the b
value of 0.384X 1072 m™! to which our closest measured value
was 0.407X107° m™! during August 1993. Thus, the average sta-
tus of visual air quality at Seoul during 1993 was mild smoggy
state. There seems to be no apparent relationship between RH
value and optical properties, although, a severe smog episode dur-
ing November 1993 occurred when RH was high. This point is

Table 1. Seasonal variation of average optical and meteorological prop-

erties
Period (XAlwz)g. 3::,1: 1y (ﬁ ;§:3$p—1) ?i\igl by/bey Comment
Mar. 3-5, 1993 0.546 0.367 41 067 Smog
Apr. 21-24, 1993 0.497 - 63 - Smog
Aug. 23-27, 1993 0.407 0.214 78 053 Mild smog
Oct. 19-21, 1993 0.297 0.164 62 055 Clear
Nov. 3-5, 1993 0.790 0.630 78 079 Severe smog
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Fig. 2. Seasonal variation of light extinction budget (LEB).

discussed in detail below.

The relative contributions of b, to total light extinction vary
widely as shown in Table 1 and Fig. 2, but fall in two categories,
between 50% and 55% for clear and moderately smoggy periods
and between 67% and 79% for smoggy periods. The relative con-
tributions of gas molecules are less than 10% for all periods, with
similar values for all periods. The contribution by particulate light
absorption, by, calculated from Eq. (2), is also shown in Fig. 2.
The absolute values of by, do not vary noticeably for all periods,
but the relative contributions of b, to be vary between 36% and
43% for clear and moderately smoggy periods and between 17%
and 28% for smoggy periods. Therefore, it is concluded that the
absolute values of the by, by, and by terms are relatively constant
throughout the year while the values of by, vary widely and thus
determine the degree of visibility impairment in Seoul.

The size distribution data shown in Fig. 3 clearly imply that
the fine fraction of particles are mainly responsible for light scat-
tering. All the size distribution data were measured by a cascade
impactor. The measured histogram was converted to the contin-
uous size distribution by the Twomey algorithm [Twomey, 1975].
The measured size distributions are typical bimodal type with
the two mean peak sizes around 0.5 um and 5 um. The absolute
values of the fine fraction peak during the clear and mild smoggy
periods, Aug. and Oct., 1993 (20-40 yg/m®) are smaller by a factor
of two to eight than those during the smoggy periods, Mar., Apr,,
and Nov., 1993, (100-170 pg/m?®). Furthermore, the peaks af the
coarse particle fraction during the clear and mild smoggy periods
are generally higher than those at the fine particle fraction for
the measurements during Aug. and Oct., 1993.

Korean J. Ch. E.(Vol. 12, Ne. 3)



302 N.-J. Baik et al.

300r 200p
o~ E —— Cascade Impactor Histogram — F —— Cascade Impactor Histogram
\é S Twomey Inversion Data \;1505 --- Twomey Inversion Data
200} 2
[ , ~ 0t ]
~~ - A —~~ -
o t i 2 100k
g i )= © 100f -
o - A\ : S t f{,
3 100f AN T i
N F L N oof 71
F - i i g SO / 5\
) [ HR L O s Y =
[ Hol ] © 7
[ il N fh - 4
c iaaaal M T L St aaaal C o aaast 4 I P T
S I T7 0T 1 10
Aerodynamic particle size(um) Aerodynamic particle size(um)
(a) March, 1993 (b) April, 1993
80 150
e — Cascade Impactor Histogram — [ —— Cascade Impactor Histogram
£ --- Twomey Inversion Dota £ I Twomey Inversion Data
\C; 60 ~. -
(o)) )
3 3100F
=) ~E:
S 40 . Q
g 5 3
5 " g sof
N T 50r
320 S
O ; gt
° 4 L
e .j © r
) Fal S S
c aalal — e il + C s atal
0.1 _ 1 10 055 1
Aerodynamic particle size(um) Aerodynamic particle size{um)
(c) August, 1993 (d) October, 1993
250¢
o~ —— Cascade Impactor Histogram
€ 200F --- Twomey Inversion Dota
S
‘31505 A
a (]
2 3
o f
© 100F h
E-4 : i
S f H
3 E ;
(S- 50? J':
© e o
o: Aaadal i Al ali sl

0.1 1
Aerodynamic particle size(um)

(e) November, 1993
Fig. 3. (a)-(e). Seasonal variation of the particle size distribution.

data were fitted by a linear regression. In Fig. 4, excluding the
data for April, 1993 which is four day average, all data points
were sampled at either 24 hr or 12 hr intervals. The PM-3 concen-

Fig. 4 shows the relation between the optical properties (be
and by) and PM-3 concentrations. The figure demonstrates the
significance of fine particle fraction on visibility impairment. The

July, 1995
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Fig. 4. (a), (b). Correlation between PM-3 concentration and optical properties.

Table 2. Size distributed ion concentrations measured during April,
19939

Particle size Concentration (ug/m?) -
(um) NH,” Na* K- Ca** Mg** SO NO; Cl” Mass®

-0.259 - - - - - - - - 166
0.25-0.50 039 N/D N/D 037 0.16 154 048 004 738
0.50-0.96 095 N/D N/D N/D 004 285 139 009 1638
0.96-1.40 035 N/D N/D 068 027 242 126 007 156
1.40-2.50 008 N/D N/D 019 N/D 120 127 007 212
2.50-6.30 005 N/D N/D 081 009 058 083 009 179
6.30-10.0 005 N/D N/D 025 005 022 027 002 101
Sum (0.25-2.5) 1.77 N/D N/D 124 048 802 441 025 614
Sum 187 N/D N/D 230 062 882 551 036 106.0

UMeasurement period: Apr. 21, 11:40 a.m.-Apr. 24, 11:25 a.m. (about
72hr); Teflon 47mm diameter filter was used

DAverage TSP concentration during the sampling period measure
by a Hi-Volume air sampler was 2263 ug/m®

®No ion analysis has been carried out for this size cut

tration is in close relationship with both b, and b, but is better
with by,. Note that b, is the sum of by and other three terms
in Eq. (2). A similar tendency has been widely observed at Denver
[Groblicki et al., 1981], Los Angeles area [Larson and Cass,
1989], and Seoul [Baik et al, 1994].

The ion concentrations are shown in Tables 2, 3 and 4 for each
measurement period. The size distributed ionic concentration re-
sults for the April measurement in Table 2 clearly show that most
ions exist in the fine fraction of particles while the mass concen-
tration of the fine fraction is only about 60%. The only exception
for this trend is Ca?* ion which originates from crustal materials.
In Table 3, ionic compositions of daytime and nighttime are given
for the summer measurement. The data show that sulfate concen-
tration is higher during daytime than nighttime while nitrate and
chloride show opposite trend. Ammonium concentration shows
no such diurnal trend. The possible reason for this trend is cur-
rently under investigation. Table 4 shows ionic compositions of
a clear period, October, and a severe smog period, November, re-
spectively. While other ion concentrations for both periods do

Table 3. [on concentrations of PM-3 measured during August, 1993"

Concentration (ug/m®)
NH,- K*  SO# NO;- (I Mass

Sampling period

8/23 N? 206 N/D 838 294 106 460
8/24 N 026 N/D 251 016 121 52
8/25 D 151 N/D 935 042 057 399
8/25 N 041 N/D 385 029 066 164
8/26 D 052 N/D 480 N/D 053 158
8/26 N 08 N/D 235 016 111 276
8/27 D 124 775 799 012 024 233
8/27 N 056 N/D 493 033 158 150
Daytime average 1.09 - 738 027 045 263
Nighttime average® 0.82 - 404 0.78 112 220

(0.96) - (4.88) (0.93) (1.10) (26.3)
Total average 0.92 - 5.52 0.63 0.87 236

YConcentrations of Na*, Ca’", and Mg®* ions are below the detection
limits
YSampling time of each period is 12 hr;
N: 8:00 p.m.-8:00 am.; D: 8:00 am.-8:00 p.m.
YWhen excluding 8/24 N data, it rained during the daytime on Aug.
24

Table 4. Ion concentrations of PM-3 measured during Oct. and Nov.,
1993

Sampling Concentration (ug/m?)

period NH;* Na* K* Ca®* Mg®* SO~ NOy~ Cl- Mass
10/19 093 015 004 0.04 001 284 244 232 435
10/20 1.09 008 005 005 002 513 372 198 622
10/21 083 052 032 007 002 273 109 376 4638
Average 095 025 014 005 002 357 242 269 508

11/3 390 009 008 006 002 2097 1606 234 1212
11/4 303 010 006 005 001 1180 606 2.06 668
11/5 357 012 007 013 002 1432 1428 4.28 1300
Average 350 010 0.07 008 002 1570 12.13 2.89 1060

not differ significantly, concentrations of sulfate, nitrate, and am-
monium ions differ significantly. It demonstrates the importance

Korean J. Ch. E(Vol. 12, No. 3)
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Fig. 5. Seasonal variation of the major PM-3 ionic species.

of these ions on visibility.

Ion balance of cations and anions shown in Tables 2 and 4
indicate that there were excess anions for all periods, i.e., PM-3
in Seoul are acidic. The amount of excess anion ranges between
8 to 400 nano-eq/m>. Also, metal cation concentrations (Na*, Ca?*,
Mg?*, and K*) were generally very low, sometimes below the
detection limits. Considering that the concentrations of these ions
were reported to be significant [Shin and Kim, 1992], this trend
clearly show that fine particles are mostly from non-crustal sour-
ces. Nitrate concentration in PM-3 was high for all periods except
summer, Aug., 1993, more than 50% of sulfate mass concentration.
The average nitrate and sulfate concentrations in PM-2.5 during
1985 were 0.2 ug/m? and 9.7 pg/m?® respectively, with nitrate
being only about 2% of sulfate mass concentration [Lee et al,
1986]. This trend reflects the drastic increase of the number of
automobiles and the change of fuel from coal and heavy oils to
natural gas and light oils in Seoul.

Since the distance from the Yellow sea to the sampling site
was about 40 km and the prevailing wind was westerly, the effect
of sea salt was expected to be noticeable. But chloride concentra-
tion is higher than sodium concentration, in molar base, two to
seven times. Higher chloride concentration meant that there are
chloride emission sources in and around Seoul other than from
sea. Since Seoul metropolitan area is one of the most industrialized
areas in Korea, the city contains many chloride emission sources.

The cbntribution of water activity to visibility impairment is
twofold: (1) Water can associate with ionic species in fine particles
of which the diameter is less than 0.1 um and thus increase the
size of fine particles to 0.1 ym-2.0 ym diameter which is effective
in scattering visible light; and (2) Water itself is an effective light
scattering species. Therefore, when the concentrations of ionic
species are similar, as is the case for Aug. and Oct., 1993, water
activity or relative humidity affects the optical properties, yielding
higher optical coefficient values with higher RH value during Aug.,
1993 than Oct., 1993.

CONCLUSIONS
Field studies of optical coefficients along with meteorological
parameters and the fine particle mass concentration and composi-

tion have been carried out between March and November, 1993.

July, 1995

Variations of optical coefficients and relative humidity showed
a strong diurnal variation pattern; high values during the night
and low values during the day, implying visibility in Seoul is main-
ly governed by the diurnal variation of temperature and, thus,
mixing height. Light scattering by particles was the dominant pro-
cess, especially, during the smog episode periods, comprising
about 70%-80%, comparing to 50%-60% during the clear period.

QOccurrence of visibility impairment episodes is closely related
to the concentration of fine particles and the fraction of ionic
species in fine particles. The concentration of PM-3 and optical
coefficients (b, and b..,) show linear relationship. Sulfate concen-
tration is higher than nitrate for all periods. Elevated sulfate and
nitrate concentrations have been observed during the smog epi-
sode. When fine particle mass concentrations are similar for two
periods, the fraction of sulfate, nitrate, and ammonium ions are
critical to the occurrence and severeness of smecg. The concentra-
tion of nitrate has drastically increased compared to the 1985
measurement data. A smog episode could be characterized by
high mass loadings of PM-3 particles and larger fractions of sul-
fate, nitrate, and ammonium ions in the fine particles. Due to
both the acidic nature and the size of fine particles, a smog epi-
sode may cause harmful effects on the human respiratory system.
High relative humidity was one of the important factors for a
smog episode to be a severe one.
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NOMENCLATURE

VR :visual range [km]

b :extinction coefficient [X107% m™!]

by :scattering coefficient by particle [X107* m™!]
b, :absorption coefficient by particle [X1073 m™']
by :scattering coefficient by gas [ X107 m™']

b, :absorption coefficient by gas [ X107% m™!]
RH :relative humidity [%]

Dyso :50% cut off particle diameter [pm]
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