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This study identified characteristics of heavy metals in ambient total suspended particulates (TSP) and air
pollutants (PM;g, CO, NOy, SO, and O3) collected on clear and misty days at an urban-residential area and
an industrial area in the largest industrial city, Korea, for one-year study period. Average concentrations
of TSP at the urban-residential (130 pg/m?) and industrial (141 pg/m?) areas on misty days were 1.9-2.1
(p<0.05) times higher than those on clear days. Concentrations of heavy metals in the TSP from both
areas on misty days were significantly (p <0.05) higher than those on clear days. In particular, Pb and

ﬁgwords" Mn concentrations on misty days were 2.4-2.6 (p <0.05) and 1.7-1.8 (p <0.05) times, respectively, higher
Heavy metal at both areas as compared to clear days. Clear days showed higher correlations between TSP and heavy
Correlation metal concentrations than on misty days at both areas. Average concentrations of PMo, CO and NO,
Air pollution simultaneously measured at/near the sampling sites on misty days were significantly (p <0.05) higher
Misty days than on clear days at both areas. Average O3 and SO, concentrations showed a similar increase pattern

at only one area.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A lot of studies have reported that long term exposure to high
concentrations of particulate matter (PM) in urban ambient air can
lead to increases in hospital admissions, respiratory disease, can-
cer risk, cardiovascular mortality, and morbidity of human beings
[1-8]. PM can carry toxic or hazardous pollutants such as heavy
metals, polycyclic aromatic hydrocarbons (PAHs), elemental and
organic carbons (EC/OC), etc [9-13]. Numerous studies have dealt
with toxicity, adverse pulmonary and cardiovascular disease, and
mortality associated with specific PM constituents such as heavy
metals [6,14-16].

Characteristics of the components and concentrations of PM in
ambient air easily vary with changes in meteorological conditions
[17,18]. Deteriorated urban air quality (UAQ) on hazy days may be
associated with atmospheric chemistry and aerosols or PM [19,20].
For example, PM formation or size increase mechanisms, including
gas-to-particle conversion or particle coagulation, are affected by
changes in ambient temperature or humidity [21]. Concentrations
of heavy metals in ambient air would also be affected by changes
in meteorological conditions [22,23].

According to the Indian Ocean Experiment (INDOEX) and the
United Nations Environment Program (UNEP) report [24], haze can
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have “profound effects on human health, crop yield and rainfall pat-
terns in the region”. Schichtel et al. [25] reported haze trends in the
USA and Okada et al. [26] also reported individual aerosol particles
inIndonesian haze episode. Air pollution levels on hazy or mist days
which have reduced visibility and increased humidity can be worse
than those on normal days [27-31]. For example, haze episode days
showed 10 times higher concentrations of water soluble ions [27],
3.0 and 1.6 times higher ones of OC and EC, respectively [28], and
more acidic ions [29] as compared normal days. Only a few studies
of urban air quality on haze or mist days have been conducted in
Korea [29,32]. In particular, there has been no scientific study on
ambient levels of PM and heavy metals associated with haze or mist
episode available for a typical industrial city in Korea. The purpose
of this study is to investigate different characteristics between on
clear and misty days on the ambient levels of TSP and heavy met-
als collected from urban-residential and industrial areas during the
sampling period of a year. Also, this study compared the ambient
levels of air pollutants (PM;g, CO, NOy, SO, and O3) between on
clear and misty days.

2. Materials and methods
2.1. Study area description
The metropolitan city of Ulsan is the largest industrial city in

Korea with a population over 1.1 million. Ulsan has three national-
scale industrial complexes (ICs), including a non-ferrous metal IC,
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Fig. 1. A map and a satellite photo of the investigated areas in Ulsan, Korea.

petrochemical IC, and mechanical/shipbuilding IC. Fig. 1 shows the
location of Ulsan in Korea and a satellite photo of the investigated
areas. The urban-residential site was located at a center of a typical
residential area, Yaum-dong, in Ulsan. The site was located 4 km
from the center of a petrochemical IC to the north. Because prevail-
ing winds at the site are the north-western and northern series
from spring, fall, and winter periods, the urban-residential site
may not be greatly influenced by industrial emissions. The indus-
trial site was located at a center of a petrochemical IC which has
many fine chemical and petrochemical production facilities such
as propylene and epoxy resin, dye and pigment, and petrochemi-
cal fiber production facilities. The air quality at the industrial site
is influenced by industrial emissions and located in a central area
of the PC-IC, and thus the site can play a role in a representative
sampling place for an industrial area. The distance between the
urban-residential site and the industrial site was approximately
3.8km.

2.2. Sampling protocol

TSP samples were collected from an urban-residential area and
an industrial area in Ulsan from January to December 2007. Contin-
uous five daily (24 h) air samples during the selected week periods
every month were obtained using a high-volume air sampler (Tisch
Co.). For monthly representative sampling, five consecutive days
during the second week of each month were selected and air sam-
ples were simultaneously taken at both the urban-residential and
industrial areas. Glass fiber filters (20 cm x 25 cm, Whatman Co.)
were used for TSP measurements. The airflow rate for TSP sampling
was 1.2-1.5m3/min.

2.3. Experimental protocols for TSP and heavy metals

Airborne TSP concentrations were calculated by gravimetry
using the weight difference of the filters before and after airborne
PM sampling. The filters before and after sampling were kept in
electric desiccators at a temperature of 204+1°C and a relative
humidity of 50 + 1% for 48 h to minimize moisture effects in the
weighing process. Filters conditioned in the desiccators after the
collection of air samples were cut into four even strips and then
one of the strips was used for heavy metal extraction. Heavy met-
als in the filters were extracted using an ultrasonic extraction
method (1078 W, 220V, 4.9A) in a mixture solution of HNO3:HCl
(1:1, v/v) specified in the Korean acts on the standard methods
and procedures for extraction of metals for analysis of pseudo-
total metal content in air pollutants. The solution was then boiled
at 80°C for 1h in a water bath to extract the heavy metals. The
extracted solution was filtered using a GF/C filter with a 0.45 um

pore size. The filtered solution was used for the analysis of heavy
metals.

The qualitative and quantitative analyses of heavy metals were
performed using inductively coupled plasma-optical emission
spectrometry (ICP-OES). Standard solutions of the trace reference
materials (Accu Co. Ltd.), which were accredited by US NIST, were
diluted for quantitative analysis of the heavy metals. The rela-
tive standard deviation (RSD) in concentrations of all elements
measured using the prepared standard solutions of the reference
materials was less than 2%. Each analysis solution was measured
four times to obtain the concentration values of heavy metals. Dif-
ferences in the concentrations of the heavy metals in repeated
measurements of the analysis solution obtained through dupli-
cate extraction of some sampling filters (about 10%) was less than
5%. Detection limits of the ICP-OES were 0.331ngmL-! for Cd,
1.520ngmL-! for Cu, 0.580ngmL~! for Cr, 4.173ngmL~! for Pb,
0.263ngmL~! for Mn, 1.136 ngmL~! for Fe, and 1.668 ngmL~! for
Ni.

2.4. Data collection of air pollutants and meteorological
conditions

The ambient levels of the air pollutants (PM;g, CO, NOy, SO,
and O3) were obtained from the Ulsan air quality monitoring net-
work (UAQMN) operated at the TSP sampling sites selected for
this study. This study compared the average levels of the air pollu-
tants, obtained from the hourly based measurement data, between
11 misty days and 31 clear days during the investigated period,
from January to December of 2007. Misty days and clear days were
identified from the announcement of the Korea Meteorological
Administration which evaluated the days based on information on
humidity and visibility in the atmosphere. In this study clear days
were defined as the days in which rainfall, haze and mist were not
observed. Misty days were defined as the days which had a relative
humidity above 75% and a visibility range above 1 km but less than
10 km. Simple meteorological conditions, such as temperature, rel-
ative humidity, wind speed and direction, were obtained from the
UAQMN located in the same place as the TSP sampling sites. Other
meteorological data such as visibility and sunlight duration time
were obtained from the Ulsan meteorological station (UMS). A
ambient ventilation index (AVI) to evaluate air exchange rate in the
atmosphere of the study areas was calculated by using the infor-
mation on maximum mixing depth (MMD) and wind speed (WS),
i.e., AVI crate (m2/s)=MMD (m) x WS (m/s), obtained from the UMS
and UAQMN, respectively. This study utilized SPSS v12.0 for statis-
tical analysis. Independent samples t-tests were done to compare
the means of the sample groups collected on clear and misty days
at the study areas.
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Table 1
Comparison of fluctuations in TSP concentrations on clear and misty days.

Area Clear days

Misty days

Avg +SD (pg/m?)

(SD/Avg) x 100 (%)

Avg +SD (pg/m?) (SD/Avg) x 100 (%)

Urban-residential 62425 40.3
Industrial 73+23 31.5
Industrial/urban 1.18 0.78

130+£32 243
141423 16.3
1.08 0.67

Note: Avg and SD represent average and standard deviation of TSP concentrations, respectively.
Industrial/Urban ratios were calculated based on the average values of TSP concentrations.

3. Results and discussion
3.1. TSP concentrations

Table 1 compares the average (Avg) and standard deviation
(SD) of TSP concentrations on clear and misty days at urban-
residential and industrial areas during the study period. Fig. 2
shows a time series of the concentrations of TSP measured at the
urban-residential area on days with different meteorological con-
ditions, including normal (clear), misty and rainy days. The average
concentrations of TSP on misty days at both the urban-residential
and industrial areas were approximately two (1.9-2.1) times higher
significantly (p <0.05) than those on clear days. The average con-
centration of airborne TSP on clear days was 62 pg/m3 with a range
0f25-119 ug/m? at the urban-residential area and it was 73 pg/m3
with a range of 41-131 ug/m? at the industrial area. The average
concentration of TSP at the urban-residential area on misty days
was 130 pg/m3, ranging from 85 to 184 pg/m3. At the industrial
area, the average concentration of TSP was 141 pg/m? ranging from
104 to 179 pg/m3. The degrees of fluctuation in each concentration
to the average value of TSP concentrations on misty days (16.3% and
24.3%) were much lower than those on clear days (31.5% and 40.3%)
atboth study areas. The fluctuation degrees (24.3% and 40.3%) at the
urban-residential area were higher than those (16.3% and 31.5%) at
the industrial area.

3.2. TSP vs PMjq concentrations

Fig. 3 shows the daily average concentrations of TSP and PM;g on
clear and misty days at the urban-residential area during the study
period of one year. Observed values of TSP and PM( (130 £32 and
93 + 14 pug/m3, respectively) on misty days (shown as rectangu-
lar boxes in Fig. 3) were much higher than those values (62 + 25
and 36+ 14 pg/m3, respectively) on clear days (shown as outside
of the rectangular boxes in Fig. 3). By comparing the average val-
ues, we found that TSP and PM;g concentrations on misty days
were 2.1 and 2.5 times higher, respectively, than those on clear
days. We can infer that an increase in PM;g concentrations result-
ing from meteorological conditions or increased chemical and
physical reactions on misty days were higher than those in TSP
concentrations [33]. In particular, increased humidity on mist days
can lead to increase concentrations in coarse particles via growth

mechanisms such as hygroscopic growth and condensation of the
particles [34].

The average PM;y concentration was from 66% to 71% of the
average concentration of TSP, during the study period of one year
(including mist and clear days) in Ulsan. The average contribution
of PMg to TSP in Ulsan was much higher value as compared 42%
in Oxford, Ohio, USA and 47% in Jawaharlal Nehru Port and Sur-
rounding Harbor Region, India [35,36]. The range of average ratio
of PM1o/TSP in Ulsan was 0.60-0.72 (0.72 +0.44) on misty days
was higher than on clear days (0.60 +0.56). The average ratio of
PM1o/TSP (0.724+0.44) on misty days was higher than on clear
days (0.60+0.56). However, the standard deviation in the ratio
of PM1(/TSP on misty days was lower than on clear days. This
means the correlation between PM;g and TSP concentrations on
misty days was higher than on clear days. Parameters which affect
PM;o and TSP concentrations on misty days may be less compli-
cated or more uniform than those on clear days. This explanation is
possible because meteorological conditions on misty days fluctu-
ated less than on clear days. For example, ambient temperature,
relative humidity, and wind speed on misty days (15.4+7.3°C,
57.0+12.7%,1.2 £ 0.2 m/s) showed less variation than on clear days
(14.5+8.9°C, 50.2+15.6%, 1.5+ 0.4 m/s).

3.3. Pollution roses

Directional profiles of the prevailing and major winds were sim-
ilar at urban-residential and industrial areas (Fig. 4). However, wind
speeds of the prevailing and major winds at the industrial area were
much higher (almost two times) than those at the residential area.
On clear days at the industrial area, strong winds with speeds of
4.0m/s or above were coming from all directions, excluding the
northern and south-western series of winds. On misty days at the
industrial area, however, strong winds were coming from only the
north-east and north-west directions.

Figs. 5 and 6 represent SO, and NO, pollution roses, with com-
paring on clear days and misty days, at the urban-residential area
and the industrial area, respectively. Thus, air samples on clear
days at the industrial area were easily affected by SO, emissions
from the industries mainly located in south and south-south east-
ern areas of the PC-IC and by NO, emissions from the industries
mainly located in the north-western and west-west-northern areas
of the PC-IC. On misty days the industrial samples were affected by

Table 2
Average and standard deviation (Avg 4 SD) data of air pollutants and meteorological conditions from the Ulsan air quality monitoring networks during the study period.
Item PM;o SO, 03 NO NO, co WS Temp RH
Unit pg/m? ppb ppb ppb ppb ppb m/s °C %
Urban residential Clear 36 + 14 5+4 22 £12 10 £ 12 23 £ 11 380 + 204 1.5+ 04 14.5 + 8.9 50.2 £ 15.6
Misty 93 + 14 11+38 22 +10 18 + 20 36 + 12 696 + 158 1.2 +0.2 154+ 7.3 57.0 + 12.7
Industrial Clear 52 4+ 23 11+£8 19 £ 10 23 £20 24 £ 10 706 + 337 2.7 £0.8 14.5 £ 8.9 50.2 £ 15.6
Misty 100 + 23 13+7 2348 21+ 17 3449 1173 + 339 24404 154+ 7.3 57.0 + 12.7

Note: WS, Temp, and RH stand for wind speed, temperature, and relative humidity, respectively.
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Fig. 2. A time series of the concentrations of TSP at the urban-residential area on days with different meteorological conditions.

NO, emissions from similar sources of NO, to those on clear days.
However, SO, at the industrial area on misty days was affected by
various SO, emission sources including from the industries located
in the north-western and north-eastern areas of the PC-IC. Since
the urban-residential site was not located near the industrial facil-
ities and the wind speeds at that site were relatively weak, the
urban-residential area would not have been substantially affected
by industrial air emissions. The urban-residential area would be
substantially affected by local traffic emissions. SO, and NO, at the
urban-residential area both on clear and misty days were mainly

affected by traffic emissions.

3.4. Air pollution levels

Table 2 and Fig. 7(a) and (b) represent the average con-
centrations of PMjg, O3, SO,, NOy, and CO on clear and misty
days at urban-residential and industrial areas, respectively, dur-
ing the TSP sampling period of one year. The PM;( concentrations
(based on 24h average) on 5 days out of 11 misty days dur-
ing the study period exceeded the ambient daily PM;¢ standard,
100 pg/m3, in Korea (Table 3). However, PM;y concentrations
on clear days did not exceed the standard of PM;g. In general,
average concentrations of air pollutants on misty days were sig-
nificantly higher than those on clear days at both areas. The
average concentrations of PMyg, SO,, NO, NO,, and CO on misty
days were 2.5 (p<0.05), 2.2 (p<0.05), 1.8 (p<0.05), 1.5 (p<0.05)
and 1.8 (p<0.05) times higher, respectively, than on clear days

200

150

Conc. (ug m's)

at the urban-residential area during one-year study period. Also,
the average levels of PMg, O3, NO;, and CO on misty days were 1.9
(p<0.05),1.3(p<0.05),1.5(p<0.05),and 1.9 (p <0.05) times higher,
respectively, as compared those on clear days at the industrial area.

The differences in concentrations of PMg and SO at the urban-
residential area on misty days compared to clear days were higher
than those at the industrial area. Average wind speeds at the urban-
residential area were 1.5 and 1.2 m/s on clear days and misty days,
respectively. However, average wind speeds observed at the indus-
trial area were 2.7 and 2.4 m/s on clear and misty days, respectively.
Average ambient temperature and relative humidity at the urban-
residential area were the almost same as those at the industrial
area on clear days (14.5°C and 50.2%) and on misty days (15.4°C
and 57.0%). Thus, the highly increased rates of PMyy and SO, at
the urban-residential area may be associated with its lower wind
speeds compared to the industrial area [18]. Lower wind speed at
the urban-residential area could reduce the degree of dispersion of
relatively heavy air pollutants, such as PM;g and SO,.

The industrial area concentrations of NH4*, SO42~ and NO3~
(major components of secondary aerosols) in PM1g on a misty day
were 0.172, 0.080 and 0.167 wmol/m3, respectively, and on a clear
day were 0.052, 0.012 and 0.045 p.mol/m?3, respectively. The ratios
of NH4*, SO42~ and NO3~ in PM; on the misty day to the clear day
were 3.3, 6.7 and 3.7, respectively. Sun et al. [27] reported that the
increased concentration ratios of NH4*, SO42~ and NO3~ in PMyq
on haze-fog episodes in the winter season in Beijing were found
to be 8.6, 10.8 and 16.8, respectively, as compared to clear days.
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Fig. 3. Daily average concentrations of TSP and PM;, on clear days (outside box) and misty days (inside box) at the urban-residential area during the study period.
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Fig. 4. Wind roses at the urban-residential area (a) and at the industrial area (b) during the study period.

Wang et al. [28] reported that the concentrations of NH4*, SO42~
and NO3~ in TSP on haze days in spring season in urban Beijing
were 3.8, 3.6 and 3.5 times higher than those on clear days, respec-
tively. The increased ratios of NH4* and NO3;~ in PM1q on the misty
day in Ulsan were similar to those in TSP on spring haze days in
Beijing. The ratios of [NH4*] to [SO42~ and NO3~] in PMyq in Ulsan
on the misty and clear days were 0.70 and 0.91, respectively, which
are lower than unity. This indicated ammonia, an important alka-

line gas in the atmosphere [28], is not completely neutralized by
acidic species (H,SO4 and HNO3). The ratios of [NH4*] to [NO3~]
in PMyg in Ulsan were 1.02 and 1.16 on the misty and clear days,
respectively. This indicated that a major component of the total
secondary aerosols (NH4HSO,4, (NH4),SO4, and NH4NO3) in PM;q
in the industrial area was NH4NO3 on both misty and clear days.
Wang et al. [28] also reported that the major species of the sec-
ondary aerosols in Beijing were (NH4),SO4, NH4NO3 and Ca(NO3),.

Table 3

Ambient air quality standards in the city of Ulsan, the republic of Korea, and other countries.
Pollutant PM;o SO, O3 NO, co
Unit/time wg/m3/24h ppb/24h ppb/8h ppb/annual ppb/8h
Ulsan 100 40 60 30 7000
Korea 100 50 60 30 9000
USA 150 140 75 53 9000
EU 50 47.8 61.1 213 8732
WHO 50 10.6 50.9 213 9000

" 24 standard: 60 ppb.
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Fig. 5. SO, (upper) and NO, (bottom) pollution roses at the urban-residential area.

Wang et al. [37] also identified that majority of the total secondary
aerosol in Shanghai was identified as (NH4),SO4. The mol ratios of
NH4* to SO42~ in PMjq in Ulsan were 1.08 and 2.17 on the misty
and clear days, respectively. This showed that in the industrial area
of Ulsan, the secondary aerosols in PM;g could include NH4NO3
as well as (NH,4),SO4 on the misty day. However, air emissions of
sulfur oxides at the industrial area on misty days would be similar
to those on clear days. Thus there might be no large difference in
the loading rate of PM7¢ and SO, between on misty days and on

Table 4

clear days. Therefore, elevated concentrations in PM¢ and SO, on
misty days may be associated with increased humidity and reduced
wind speed [27], resulting in decreased atmospheric dispersion and
increased ambient accumulation of air pollutants, as compared on
clear days.

The substantially higher CO concentrations on misty days may
be partially associated with decreased combustion efficiency of
fuel or waste in industrial boilers or incinerators, which may be
due to increased moisture levels in fuel or waste accompanied

Concentrations of TSP and heavy metals in TSP from the urban-residential and industrial areas on clear and misty days [unit: ng/m? (all heavy metals), ug/m? (TSP)].

Day Statistics  Urban-residential area Industrial area
TSP Pb Ccd Cr Cu Mn Fe Ni TSP Pb Ccd Cr Cu Mn Fe Ni
Clear days (n: 31) Avg 62 46.2 2.0 4.1 1395 55.3 1307 4.4 73 58.2 24 7.8 1561 1019 2089 11.5
Max 119 189.3 105 123 2647 1182 2940 159 131 2451 113 196 3659 213.7 4796 27.2
Min 25 7.4 0.1 1.0 60.7 18.2 358 0.0 41 7.3 0.0 2.6 60.4 45.8 662 1.7
Misty days (n: 11)  Avg 130 110.8 35 53 1423 97.5 1979 7.8 141 1514 4.0 83 178.0 1736 2863 14.7
Max 184 177.4 76 171 2208 217.0 3143 244 179 291.6 146 149 301.8 2947 5866 30.3
Min 85 50.4 1.1 1.7 92.2 50.6 1028 3.0 104 56.7 1.2 1.0 1116 839 1214 9.3
M/C Avg 21 2.4 1.8 13 1.0 1.8 1.5 1.8 1.9 2.6 1.7 1.1 1.1 1.7 14 13

Note: M/C: ratio of average concentrations of pollutants on misty days to on clear days.



412

B.-K. Lee, G.-H. Park / Journal of Hazardous Materials 184 (2010) 406-416

N

2

W {3 E w

Color

Clear days

Conc.(ppb) [ ~5 | ~10 | ~15 [ ~20 | ~25 | ~30

Misty days

S 4% 8% 12% 16% 20% 24%

Conc.(ppb) | ~10 | ~30 | ~50

Color

Fig. 6. SO, (upper) and NO, (bottom) pollution roses at the industrial area.

by increases in relative humidity levels [38]. The decreased effi-
ciency of industrial boilers or incinerators would lead to increases
in incomplete combustion of fuel or waste resulting in higher CO
concentrations at the industrial area. However, this hypothesis was
not confirmed in this study.

3.5. Heavy metal concentrations

Fig. 8(a) and (b) shows the time series concentrations of four
heavy metals in TSP collected from the urban-residential and indus-
trial areas for the study period. Concentrations of heavy metals
in TSP observed on misty days substantially increased compared

to those on clear days, similar to the increasing trend in TSP con-
centrations on misty days. The increase patterns in concentrations
of four heavy metals in the urban-residential and industrial areas
were similar to each other. Fig. 9 and Table 4 compare the con-
centrations of TSP and seven heavy metals extracted from the TSP
samples collected from the urban-residential and industrial areas
on misty days (11 days) and on clear days (31 days). This study
analyzed the results of independent samples t-test to compare the
means of concentrations obtained on clear and misty days at the
study areas. All the components except Ni at the urban-residential
area and Mn at the industrial area were satisfied the equal variance
assumption between clear and misty days. The concentrations of

Table 5
Average of ventilation index (average + standard deviation) on clear and misty days.
Item MMD WS Ventilation index
Unit m m/s m?/[s
Clear days 1143 + 464 (446-2784) 1.4(0.9-2.1) 1613 + 943 (404-5719)

Misty days 1410 + 421 (502-2057)

1.1+0.2 (0.9-1.5) 1520 + 363 (754-1876)

Note: MMD and WS stand for maximum mixing depth and wind speed, respectively.

Ventilation index (m?2/s)=MMD (m) x WS (m/s).
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Correlation coefficients between concentrations of TSP and the heavy metals in TSP on clear and misty days at the urban-residential area.
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(a) Clear days

n=31 TSP Pb Cd Cr Cu Mn Fe Ni
TSP 1.000

Pb p 0.595<0.05 1.000

Cdp 0.483<0.01 0.961<0.01 1.000

Crp 0.580<0.01 0.561<0.01 0.543<0.01 1.000

Cup —-0.105 0.425<0.05 0.437<0.05 -0.182 1.000

Mn p 0.872<0.01 0.716<0.01 0.593<0.01 0.442<0.05 0.179 1.000

Fe p 0.733<0.01 0.363<0.05 0.287 0.091 0.082 0.829<0.01 1.000

Ni p 0.344 0.510<0.01 0.519<0.01 0.011 0.652<0.01 0.543<0.01 0.439<0.05 1.000
(b) Misty days

n=11 TSP Pb Cd Cr Cu Mn Fe Ni
TSP 1.000

Pb p 0.581 1.000

Cdp 0.295 0.808<0.01 1.000

Crp 0.768<0.01 0.781<0.01 0.585 1.000

Cup -0.072 0.101 0.562 -0.014 1.000

Mn p 0.706<0.05 0.781<0.01 0.704<0.05 0.959<0.01 0.214 1.000

Fe p 0.153 -0.346 -0.157 -0.007 0377 0.160 1.000

Ni p 0.359 0.724<0.05 0.957<0.01 0.661<0.05 0.602 0.768<0.01 —0.049 1.000

Note: Bold values represent significantly correlate with p-values less than 0.01 or 0.05.

TSP, Pb, Cd, Mn, Fe, and Ni at the urban-residential area and TSP,
Pb, and Mn on misty days at the industrial area were significantly
higher than those on clear days. In particular, the average concen-
trations of lead (Pb) and cadmium (Cd) as typical anthropogenic
heavy metals [39] and manganese (IMn) as a typical soil origin heavy
metal in TSP collected on misty days were 2.4-2.6 (p <0.05),1.7-1.8
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Fig. 7. Concentrations of air pollutants on clear and misty days at the urban-
residential area (a) and the industrial area (b) during the study period.

(p<0.05), and 1.7-1.8 (p<0.05) times higher from the residential
area and industrial area, respectively, than on clear days (Table 2).

High concentrations of TSP and of heavy metals in TSP on
misty days compared to clear days can be explained by the differ-
ences between relative humidity and ambient ventilation indices
on misty days and clear days [17]. Average ambient temperatures
on clear days and on misty days were similar at 15.4+7.3°C and
14.5 £ 8.9°C, respectively. The average value of relative humidity
on clear days was 50.2 + 15.6% during the sampling period, while
on misty days it was 57.0 £ 12.7%. Particulate matter caught on
water droplets or vapors on misty days would experience a sort
of increased cage effect compared to clear days. Thus increased
humidity on misty days would reduce the volatility of particulate
matter collected on the filters and increase solubility and reactivity
among materials or air pollutants on the filters and in the ambi-
ent air. Table 5 shows the average and standard values of ambient
ventilation index, defined by production of the maximum mix-
ing depth and the average wind speed, on clear days and misty
days at the study areas. The average ambient ventilation index on
misty days was 1520 + 363 m?2/s, while the index on clear days was
1613 + 943 m2/s. The dilution effect of pollutants in the ambient
air on misty days would decrease compared to clear days. This rel-
atively limited dilution or dispersion of the ambient air on misty
days would increase the possibility of accumulation or incorpo-
ration effects of air pollutants, such as acid components, sulfate,
nitrate, and ammonium compounds, in the air environment near
the ground where mist would easily be observed. Further stud-
ies should be performed to determine a better explanation for the
increased concentrations in TSP and heavy metals in TSP on misty
days.

3.6. Correlation

This study utilized a statistical package (SPSS 12) to identify
the correlations among the concentrations of TSP and the heavy
metals in TSP collected on clear days and misty days from the urban-
residential and industrial areas for the study period. In the analysis
of the correlation coefficients of concentrations with significant
value (p) as shown in Table 6, there were so many components
showing high correlations on clear days and misty days from the
urban-residential area than from the industrial area. In the urban-
residential area, a lot of the component pairs showed significantly
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Fig. 8. Concentration variations of four heavy metals in the urban-residential and industrial areas on misty days (inside box) and clear days (outside box).

high correlations at levels of 0.01 and 0.05. In particular, Pb-Cd
pairs showed a very high correlation both on clear days (0.961,
p<0.01) and on misty days (0.808, p<0.01) representing com-
mon sources such as anthropogenic. Mn-TSP, Mn-Pb, and Mn-Cd

Table 7

Correlation coefficients between concentrations of TSP and the heavy metals in TSP on clear and misty days at the industrial area.

pairs Mn-Cd pairs also showed high correlations, (0.872, p<0.01),
(0.761, p<0.01), and (0.593, p<0.01), respectively, on clear days
and (0.706, p<0.05), (0.781, p<0.01), and (0.704, p<0.05), respec-
tively, on misty days representing common sources such as traffic

(a) Clear days

n=31 TSP Pb Ccd Cr Cu Mn Fe Ni
TSP 1.000

Pb p 0.696<0.01 1.000

Cdp 0.616<0.01 0.893<0.01 1.000

Crp —-0.051 0.218 0.012 1.000

Cup 0.494<0.01 0.401<0.05 0.622<0.01 -0.159 1.000

Mn p 0.644<0.01 0.606<0.01 0.497<0.01 0.375<0.05 0.475<0.01 1.000

Fe p 0.625<0.01 0.182 0.191 —0.140 0.443<0.05 0.679<0.01 1.000

Ni p 0.446<0.05 0.444<0.05 0.483<0.01 0.160 0.593<0.01 0.589<0.01 0.438<0.05 1.000
(b) Misty days

n=11 TSP Pb Ccd Cr Cu Mn Fe Ni
TSP 1.000

Pb p -0.118 1.000

Cdp —0.005 0.363 1.000

Crp 0.026 0.113 —0.625<0.05 1.000

Cup 0.049 0.250 0.744<0.01 —0.646<0.05 1.000

Mn p 0.395 0.370 0.339 0317 0.365 1.000

Fe p 0.698<0.05 —-0.399 -0.102 —-0.021 0.261 0.462 1.000

Ni p 0.302 0.486 0.763<0.01 —0.146 0.570<0.05 0.700<0.05 0.057 1.000

Note: Bold values represent significantly correlate with p-values less than 0.01 or 0.05.
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Fig.9. Concentration distribution of heavy metals in TSP from the urban-residential
and industrial areas on misty and clear days.

and soil origins. The pairs of Fe-TSP (0.733, p<0.01) and Fe-Mn
(0.829, p<0.01) on clear days and Mn-Cr (0.959, p<0.01), Ni-Cd
(0.724, p<0.05), Ni-Cd (0.957, p<0.01), Ni-Cr (0.661, p<0.05) and
Ni-Mn (0.768, p<0.01) on misty days represented significant cor-
relations.

In the industrial area, pairs of TSP-Pb (0.696), TSP-Cd (0.616),
TSP-Mn (0.644) and TSP-Fe (0.625) on clear days showed high
correlations at significant levels of 0.01 (Table 7). There were
not many pairs which show commonly high correlations both on
clear days and misty days at the industrial area, except TSP-Fe,
Cu-Cd, and Cu-Ni pairs. Also, the number of pairs representing
high correlations at the industrial area was smaller than that at the
urban-residential area. This analysis of correlations among TSP and
heavy metals in TSP indicates that TSP from the urban-residential
area was mainly affected by local traffic emissions, while TSP from
the industrial area was affected by air emissions from both indus-
trial sectors and local traffic sources.

4. Conclusions

By comparing the concentrations of TSP and heavy metals in
TSP between misty days and clear days at urban-residential and
industrial areas, the following conclusions were obtained:

(1) The average concentrations of TSP on misty days at both the
study areas were 1.9-2.1 times significantly (p <0.05) higher
than those on clear days. Ratios of PMo/TSP (0.7240.44) on
misty days were higher than those (0.60 & 0.56) on clear days.

(2) The average concentrations of PM;g, NO,, and CO on misty
days were 1.9-2.5, 1.5, and 1.8-1.9 times significantly (p <0.05)
higher than those on clear days, respectively.
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(3) The average concentrations of Pb and Mn in TSP on misty days
were 2.4-2.6 and 1.7-1.8 times significantly (p <0.05) higher
than those on clear days.

(4) A lot of pairs among heavy metals in TSP showed significantly
high correlations at levels of 0.01 and 0.05. In particular, Pb-Cd
(0.961 and 0.808, p<0.01) pair on clear and misty days at both
the study areas, and Mn-Cr (0.959, p<0.01) and Ni-Cd (0.957,
p<0.01) pairs on misty days at the industrial area showed a
very high correlation.
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