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Abstract

Intensive field samplings followed by laboratory measurements were performed to characterize the particles collected
at urban and rural sites in southern Taiwan during the Asian dust storm (ADS) periods in 2000 and 2001. These
particles were size-resolvedly (cut sizes of eight-and ten-stages) sampled by two side-by-side micro-orifice uniform-
deposited impactors (MOUDI). Results show that the concentrations of PM, 5, PM, 5 1o and PM increased during the
ADS periods and these PM,, concentrations, > 150 ugm~>, were roughly 2 to 3 times higher than the average PM,
concentrations measured in non-ADS periods. The concentrations of particle-bearing water-soluble ions including four
crust-related species (Ca®", Mg?", Na™*, and K "), three secondary aerosol-associated species (SO3~, NO53, and NH,),
and one sea-connected species (Cl7) increased and their size distributions changed during the ADS periods in
comparison with those during non-ADS periods, implying that they were partially from foreign sources. This supports
the increasing health concerns for ADS. The SO3~ had a major mode in fine size range (0.56—1.0 um) while the Ca®*
obtained a major mode in coarse size (3.2-5.6 um) at both sites.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Most of natural aerosol emissions (~90%) originate
from desert/loess areas or marine (Pueschel, 1995).
Similarly, Asian dust storm (ADS) particles are frequently
emitted from the deserts of central Eurasia. For instance,
an intense dust storm which lifted desert soil particles into
the atmosphere was generated over the Badain Jaran
Desert in China from 14 to 15 April 1998. The annual dust
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emission amount is some 43 million tons, and the dust
emission in the spring season accounts for a half of this
amount (Xuan, 1999). These particles can be carried east
by prevailing winds at middle latitude and deposited in
East Asia areas, i.e., Korea, Japan, and Taiwan. Strong
dust storms usually contain diversified organic matter and
nutrients that may cause adverse health effects and
substantial economic damage. Some epidemiological
studies have revealed that suspended particulate matter
(PM) considerably influences respiratory health. Particu-
larly, relationships between suspended PM and lung-
function parameters, respiratory symptoms and mortality
have been studied (Dockery et al., 1993). This brings the
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concerns of particle concentration and size distribution
and particle-bearing species in ADS events.

Ma et al. (2001) investigated the characteristics of
single particles sampled in Japan during the ADS
period. Those particles were sampled in Kyoto, Japan
from the middle of April to the end of July 1999. Their
results revealed that the mass concentration in Asian
dust events was roughly 3-5 times higher than that of
the highest concentration measured in non-ADS sea-
sons. Moreover, they indicated that the single particles
were generally sharp-edged and irregular in shape and
contained mostly crustal elements such as Si, Fe, Ca,
and Al. Particles which have more than 40% Si content
comprised nearly 50% of coarse single particles in ADS
events. Main concentration range of Al in single ADS
particles was 10-20%, and those of Ca and Fe were
below 10% (Ma et al., 1999). Mori et al. (2002) reported
that the concentration of Al in the desert soil source
aerosol was 5.3 x10°pgm™> and the aerosol mass
concentration was 9.0 x 10*pgm™ on the basis of Al
concentration in aerosol at the dust storm source.

More observations of aerosol concentrations were made
during several ADS periods in a wide Asian region
including the eastern part of China (Zhou et al., 1981;
Wang et al., 1982; Zhang et al., 2003; Guo et al., 2004),
Japan (Mizohata and Mamuro, 1978), Korea (Chun et al.,
2001; In and Park, 2002), the North Pacific Ocean (Duce et
al., 1980; Uematsu et al., 1983), Hawaiian Island (Shaw,
1980; Parrington et al., 1983), and source regions (Ren et
al., 1993; Zaizen et al., 1995; Husar et al., 2001).

Nevertheless, more regional/global studies are neces-
sary to picture the adverse effects resulting from ADS
events but there are no data available yet about the
characteristics of particles associated with ADS in south-
ern Taiwan. In addition, the air quality of Pingtung
County in southern Taiwan, in terms of PSI value, is one
of the worst in Taiwan. The non-attainment days of PM,
in southern Taiwan show an increasing trend in the recent
years, especially at Chaochou in Pingtung County (Kao,
2001). Thus, this study aims : (1) to investigate the
characteristics of particle size distribution in Pingtung and
Chaochou, (2) to analyze the particulate composition in
different size ranges, and (3) to analyze water-soluble ions,
associated with secondary aerosols and crustal sources, in
particles during the ADS periods. Additionally, the results
of this investigation were used to evaluate if partial
southern Taiwan’s high PM was imported from vicinal
sources in the ADS events.

2. Experimental

2.1. Sampling

ADS events occurred within the two stages of our
experimental periods. In this investigation, it is regarded

that 19-23 March 2000 and 8-12 April 2001 were the
“before ADS period” while 25-28 March 2000 and
14-18 April 2001 were the “after ADS period”. More-
over, 24 March 2000 and 13 April 2001 were the “during
ADS period”, of which heavy-dust incidents were only
observed in southern Taiwan from morning to after-
noon on those two days.

Atmospheric suspended particles were sampled simul-
taneously in southern Taiwan at Chaochou (namely,
CC) and Pingtung city (namely, PT). PT city is a
metropolitan in southern Taiwan Plain with local
sources of anthropogenic pollutants and others from
Kaohsiung Area. On the other hand, CC represents the
rural background air of an open plain with much less
local pollutants in southern Taiwan Plain.

A dichotomous sampler and a micro-orifice uniform-
deposited impactor (MOUDI) were used simultaneously
to collect the PM at each sampling site. In general,
particles <10pum in aerodynamic diameter are called
respiratory particulates or PM;,, whereas PM> 5 denotes
fine particles <2.5pum in aerodynamic diameter (Ohl-
strom et al., 2000). Applying a dichotomous sampler
(Graseby Andersen G241), particle concentrations can
be discussed in the three ranges, diameter<2.5um,
2.5um<diameter <10 um, and diameter<10pm. The
dichotomous sampler was equipped with an inlet having
a cut point of 10 um. The PM,q particles were divided
into two size fractions, a coarse fraction (2.5 um <dia-
meter <10 um, PM, 5 ;o) and a fine fraction (diameter-
<2.5um, PM,; 5) using a virtual impactor with a 2.5 um
cut point when entering the sampler. The dichotomous
sampler was operated at a total flow rate of 16.71 Imin~!
(1.67 and 151min~" for coarse and fine flows, respec-
tively). In this sampler, particles were collected using 37-
mm Teflon fiber filters supported by polyolefin rings.

For understanding the detail size distribution, one
eight-stage (at PT site) and one ten-stage (at CC site)
MOUDI were also used to measure the size distributions
of particles and the chemical species in the ambient air.
The principles and description about the MOUDI were
mentioned in our previous study (Chen et al., 1996). The
eight-stage MOUDI includes the cutoff points of 18, 10,
5.6,3.2, 1.8, 1.0, 0.56, 0.32, 0.18, and 0.056 pm while the
ten-stages MOUDI includes cutoff points of 18, 10, 5.6,
3.2, 1.8,1.0,0.56,0.32,0.18, 0.1, and 0.056 pm. The flow
rate of MOUDI was adjusted to 301min~' and each
sample was extracted continuously per 12 h.

Hourly wind speed was recorded and the mean wind
speed during each sampling period was calculated. At
PT and CC sites, particles were collected on the rooftop
of a single-story building. Before and after field
sampling, the sampling filter papers (used in both the
dichotomous sampler and MOUDI) were weighed on an
electronic balance (AND HM202) with a reading
precision of 10 pg to determine the mass concentration
after being conditioned at 25°C and 40% relative
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humidity for 24 h. The sample filters collected from the
field were stored in a refrigerator at 4°C before they
were chemically analyzed to limit possible loss of volatile
components.

2.2. Chemical analysis and quality control

After sampling, the filter was normally extracted
within 24h after weighing. Water-soluble inorganic
species, Na™, K™, Mg“, Ca’*, NH;, CI~, NO;3,
and SO7~ at each filter were extracted using 100 ml of
ultra-pure water (specific resistance>18.3 MQcm). All
the extraction solutions were filtered using a cellulose
acetate filter (ADVANTEC MFS, Inc. USA, cat no:
CO20A025A, pore size: 0.2 um, diameter: 25 mm) and
stored in plastic vials in the refrigerator at 4 °C until they
were chemically analyzed. The inorganic species were
analyzed using ion chromatography (DIONEX 100) and
an electrochemical detector (DIONEX CDM-1). The
method detection limit (MDL) was estimated by
repeatedly analyzing a predefined quality control solu-
tion. The detection limits are: 0.86ngm73 for Na*,
1.48ngm~ for K*, 1.6ngm~ for Mg*>*, 1.29ngm™3
for Ca’™, 2.21ngm_3 for NH,, 5.7ngm_3 for CI™,
3.5ngm™ for NO7, and 7.56 ngm™> for SO3™.

3. Results and discussion
3.1. Particles mass concentration

The variation of particle mass concentration is
determined by mass conservation equation, and is
influenced by advection, diffusion, wind erosion, and

deposition processes. In general, it appears to be “during

Table 1

ADS” > “after ADS” > “before ADS” in PM, concen-
tration (Table 1). The trend of PM;q, concentration
variation measured at each site was consistent with the
one obtained from the air pollutant monitoring station
at the same site. The concentrations for PM; s, PM; s 4,
and PM, increased during the ADS periods. Exceeding
the National Ambient Air Quality Standards in Taiwan
(125 pgm™?), the range of mean mass concentration of
PM,, was 156-260 pgm > (Table 2), apparently higher
than that (51.7-100.1 pgm~>) collected in Kyoto, Japan
by Ma et al. (2001) in 1999 ADS events.

3.2. PM;5/PM;y, PM> s ;9/PM; s and PM, s 19/ PM

For both sites, the ratio of PM, s to PM;q during the
ADS periods in 2000 and 2001 were below 0.5 (ranged
from 0.37 to 0.45). On the contrary, the ratio of PM, 5 to
PM in non-ADS periods in 2000 and 2001 all exceeded
0.5 (ranged from 0.58 to 0.74). In general, the
percentages of PM,s/PM;, were approximately
60-70% before and after the ADS periods, but this
ratio decreased to <45% during the ADS periods,
because the coarse particulate concentrations (PM; 5 1¢)
increased during the ADS periods. Moreover, Fig. 1(a)
shows that the levels of PM, s 1o/PM, s in non-ADS
period were below 0.46 and 0.45 in 2000 and 2001,
respectively, at PT site. Similarly, Fig. 2(b) shows the
ratios of PM, s 19 to PM, 5 in non-ADS periods were
below 0.45 and 0.46 in 2000 and 2001, respectively, at
CC site.

3.3. Mass size distribution during ADS period

At PT site, the mass size distributions during the ADS
periods in 2000 and 2001 were uni-modal and peaked

Atmospheric PM;, concentrations (ug m™>) at the sampling sites and air pollutant monitoring stations in southern Taiwan during the

ADS and non-ADS periods

Sample period N Sample values Air pollutant monitoring values

PT (urban) CC (rural) PT (urban) CC (rural)
Case I: In 2000
Before ADS period 5 101-147 59.4-147 86-119 121-168
(2000.3.19-2000.3.23) (125+17.2) (114+34.3) (104+14.3) (144+20.5)
ADS period (2000.3.24) 1 232 260 217 304
After ADS period 4 111-148 83.9-159 117-139 132-172
(2000.3.25-2000.3.28) (133+17.1) (112+34.7) (127+9.3) (151+16.4)
Case II: In 2001
Before ADS period 5 40.7-93.2 51.6-102 49.3-115 46.5-133
(2001.4.8-2001.4.12) (64.3+19.4) (66.5+20.7) (70.5+27.0) (75.3+34.3)
ADS period (2001.4.13) 1 156 186 142 175
After ADS period 5 66.4-123 69.2-138 87.6-116 72.2-145
(2001.4.14-2001.4.18) (91.4427.3) (92.5+32.9) (96.8+16.2) (98.34+30.2)
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Table 2
Atmospheric suspended particulates concentrations (ugm™>) during ADS periods
Sampling date ~ PT (urban) CC (rural)
PM; s PMs s 10 PMio PM,s/PMiy  PMys PMss 10 PM, PM; 5/PMjo
2000.3.19 106 41.0 147 0.72 94.5 42.5 137 0.69
3.20 81.9 35.1 117 0.70 78.1 31.9 110 0.71
3.21 69.7 31.3 101 0.69 42.8 16.6 59.4 0.72
3.22 84.8 41.2 126 0.67 76.4 37.6 114 0.67
3.23 86.4 46.6 133 0.65 92.6 54.4 147 0.63
3.24* 85.8 146 232 0.37 107 153 260 0.41
3.25 85.8 422 128 0.67 62.4 25.5 87.9 0.71
3.26 106.6 41.4 148 0.72 57.1 26.8 83.9 0.68
3.27 75.5 35.5 111 0.68 87.3 30.7 118 0.74
3.28 94.2 50.8 145 0.65 106.5 52.5 159 0.67
Mean +s.d. 87.9+12.5 40.6+598 128+16.6 0.68+0.03 77.5+20.3 3544126 1134321 0.69+0.03
2001.4.8 30.9 9.8 40.7 0.76 38.2 134 51.6 0.74
49 43.1 20.3 63.4 0.68 37.2 15.2 52.4 0.71
4.10 49.8 19.4 69.2 0.72 42.8 19.3 62.1 0.69
4.11 41.8 21.6 63.4 0.66 44.9 19.3 64.2 0.70
4.12 65.2 28 93.2 0.70 69.4 32.6 102 0.68
4.13* 70.2 85.8 156 0.45 72.5 113.5 186 0.39
4.14 72.6 46.4 119 0.61 80 58 138 0.58
4.15 82.4 40.6 123 0.67 74.9 42.1 117 0.64
4.16 514 21 72.4 0.71 49.2 17.3 66.5 0.74
4.17 55.7 20.6 76.3 0.73 494 22.2 71.6 0.69
4.18 45.8 20.6 66.4 0.69 49.8 19.4 69.2 0.72
Mean +s.d. 5394155 248+109 7874258  0.69+0.04 53.6+155 2594142  79.5429.3  0.69+0.05

Note: When calculate the mean in Table 2, the ADS days (3.24* in 2000 and 4.13* in 2001) are excluded.

between 3.2 and 5.6pum in diameter. However, mass
median diameter (MMD) in 2000 (i.e., 3.08 pm) was
higher than that in 2001 (i.e., 2.04 um). Unlike the mass
size distribution at PT site, the mass size distribution at
CC site shows bi-modal (Fig. 3). During the ADS
periods, the highest peaks of PM mass size distributions
were between 3.2 and 5.6 um in diameter in both years,
but the second high peaks occurred at 1.0-1.8 pm in
2000 and at 0.56—1.0 um in 2001. Besides, at CC site, the
MMD in 2001 (i.e., 1.35 um) was lower than that in 2000
(i.e., 2.71 pm) (Table 3). Fig. 3 also shows that the
particles sampled in 2000 had larger size than those
sampled in 2001 during the ADS periods. Consequently,
Figs. 3(a) and 4(b) show that coarse particles were
dominant during the ADS periods in 2000 and 2001.

3.4. Size distribution of major aerosol species during
ADS period

3.4.1. SO; and NO3

At PT sites in non-ADS, the size distributions of SO3~
were uni-modal in fine size and peaked in the range from
0.56 to 1.0 um (Fig. 4(a)). At CC sites in non-ADS days,
the size distributions of SO3~ were bi-modal both in fine
and coarse sizes with the fine part from 0.56 to 1.0 um

and the coarse part from 3.2 to 5.6 um (Fig. 5(a)). In
ADS days in 2000, at both sampling sites, the size
distributions of SO3~ were bi-modal both in fine and
coarse sizes with the fine part from 0.56 to 1.0 um and
the coarse part from 3.2 to 5.6 um (Figs. 4(a) and 5(a)).
However, the size distributions of SOz~ at both
sampling sites in ADS days in 2001 were uni-modal in
fine size and peaked in the range from 0.56 to 1.0 pm. At
PT site, the size distribution of NO3 in ADS in 2000 was
uni-modal in coarse size and peaked in the range from
3.2 to S.6pum (Fig. 4(b)), but those in 2001 were bi-
modal in fine and coarse sizes with the fine part from
0.56 to 1.0 pm and the coarse part from 3.2 to 5.6 um. At
CC site, the distributions in 2000 were bi-modal in fine
and coarse sizes with the fine part from 1.0 to 1.8 um and
the coarse part from 3.2 to 5.6 um (Fig. 5(b)). Although
the distributions of NO3 in 2001 were also bi-modal in
fine and coarse sizes, the fine and the coarse parts were
from 0.56 to 1.0 pm and from 3.2 to 5.6 pm, respectively.
Moreover, at PT site, for NO3 during the ADS periods
in both 2000 and 2001, the major mode occurred in
coarse size in the range from 3.2 to 5.6 um (Fig. 4(b)).
However, at CC site, for NO3 during ADS periods, the
major mode occurred in coarse size in 2000 but in fine
size in 2001 (Fig. 5(b)). Table 3 shows that the MMDs of
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Fig. 1. PM, s 1¢/PM; s variation during 2000 and 2001 ADS periods in southern Taiwan. (a) PT (urban), (b) CC (rural).

NO3 during the ADS period in 2000 at PT and CC sites
(i.e., 2.37 and 1.88 um, respectively) were higher than
those in ADS days in 2001. In general, the levels of size
distribution for both SO3~ and NOj3 were elevated
during ADS periods in comparison with those during
non-ADS periods. The results reveal that partial SO3~
and NO3, commonly found in secondary aerosols, were
from foreign sources during the ADS periods in south-
ern Taiwan.

3.4.2. NH; and CI~

NH, (i.e, ammonium sulfates and nitrates) is
another secondary aerosol-associated species. At both
sites, the size distributions of NH, in non-ADS periods
were uni-modal and peaked in the range from 0.56 to

1.8 um (Figs. 4(c) and 5(c)). The size distributions of
NH, (i.e., ammonium sulfates and nitrates) in ADS in
both 2000 and 2001 were uni-modal in fine size and
peaked in the range from 0.56 to 1.0 pm (Figs. 4(c) and
5(c)). In contrast with NO3 and SO3~, Table 3 indicates
that the MMDs of NH,~ during the ADS period in 2000
at urban (PT) and rural (CC) sites were lower than those
in ADS days in 2001. At PT site, the size distributions of
CI™ in ADS in 2000 were tri-modal in fine and coarse
sizes and with the fine part from 0.18 to 0.32 um and
from 0.56 to 1.0 um, and the coarse part from 3.2 to
5.6 um (Fig. 4(d)). Likewise, the size distributions of C1™
in ADS in 2001 were also tri-modal in fine and coarse
sizes and with the fine part from 0.18 to 0.32um and
from 0.56 to 1.0 um, and the coarse part from 1.8 to
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Fig. 2. PM; s 1o/PM/ variation during 2000 and 2001 ADS periods in southern Taiwan. (a) PT (urban), (b) CC (rural).

3.2 um. Generally, the levels of size distribution for both
NH, and CI™ increased during ADS periods compared
with those during non-ADS periods.

Ma et al. (2001) observed that even though CI in the
soils of desert and loess areas in northwest of China was
not detected, significant concentration of Cl in coarse
fraction in ADS events was detected in single particles;
almost all of the single particles sampled on ADS days
did contain sulfur and chlorine. In particular, high
frequencies of chlorine were reported in other areas of
Japan because dust particles are absorbed or coalesced
with particles containing sea salts during the long-range
transport (Wang and Guanghua, 1996). Therefore, they
indicated that the high Cl concentration on non-ADS
days compared to that on ADS days was possibly
caused by marine components transported from Osaka

bay (about 40 km southwest from the Kyoto sampling
site) by southwest winds on non-ADS days. Accord-
ingly, it is inferred that the high Cl concentration on
non-ADS days in our study, was probably due to the
marine species transported from Taiwan Strait (about 10
and 70km west from the Kaohsiung and PT sites,
respectively) by coastal winds on non-ADS days. In
addition, the ADS particles might be altered by the
mechanisms of absorption and oxidation during their
long-range transport.

3.4.3. C&" and others

At both sites, the size distributions of Ca?>" in non-
ADS particles peaked in the range from 3.2 to 5.6 um
(Figs. 4(e) and 5(e)) and the size distributions of Ca®" in
ADS in 2000 were bi-modal in fine and coarse sizes with
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the fine part from 0.18 to 0.32 um and the coarse part
from 3.2 to 5.6 um. However, the distributions at PT and
CC sites in 2001 were uni-modal in coarse size and
peaked in the range from 3.2 to 5.6 um (Figs. 4(e) and
5(e)). In southern Taiwan, for Ca®>* during the ADS
periods in both years, the major mode occurred in
coarse size in the range from 3.2 to 5.6 pum at both urban
and rural sites (Figs. 4(e) and 5(e)). At PT site, the size
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Fig. 3. Size distributions of particles sampled at PT (urban) (a)
and CC (rural) (b) sites during the ADS periods in 2000 and
2001.

Table 3

distributions of Mg?" in ADS in 2000 were bi-modal in
fine and coarse sizes with the fine part from 0.32 to
0.56 um and the coarse part from 3.2 to 5.6 um, but the
distribution in 2001 was uni-modal in coarse size and
peaked in the range from 3.2 to 5.6um (Fig. 4(f)).
Furthermore, at PT site, the size distributions of K" in
ADS in 2000 were tri-modal in fine and coarse sizes with
the fine part from 0.18 to 0.32um and from 0.56 to
1.0 um, and the coarse part from 5.6 to 10 um (Fig. 4(g)).
Unlike the case at PT site, the MMD of K™ at CC site in
2000 (0.73 um) was lower than that in 2001 (0.75 um).
On the whole, the levels of size distribution for Ca?",
Mg®", K", and Na™ were raised during ADS periods in
comparison with those during non-ADS periods. These
results suggested that more contents of crustal elements
from China were transported into the atmosphere of
southern Taiwan during the ADS events.

4. Conclusions

This study presents the first investigation of char-
acteristics of particles sampled in southern Taiwan
during the ADS periods in 2000 and 2001. The CC
sampling site had the highest PM;, concentrations
(260 pgm ™) during the ADS period in 2000, approxi-
mately 2.3 and 3.3 times the non-ADS particle
concentrations (i.e., 113 pgm~2 in 2000 and 79.5 pgm ™3
in 2001) at the CC sampling site. Results show that the
percentages of PM, s/PM;, were approximately in the
ranges from 60% to 70% before and after the ADS
periods, but this ratio decreased to smaller than 45%
during the ADS periods, because the coarse particulate
concentrations (PM, s_1o) increased during the ADS
periods in southern Taiwan. For Ca®" during the ADS
periods in both 2000 and 2001, the major mode occurred
in coarse size in the range from 3.2 to 5.6 um at both the

MMD for mass and major aerosol species sampled at PT and CC sites during the ADS periods in 2000 and 2001

Species MMD (pum)

PT site urban CC site rural

24 March 2000 13 April 2001 24 March 2000 13 April 2001
Mass 3.08 2.14 2.71 1.35
Norm 0.88 0.83 0.87 0.75
NO3 2.37 1.88 2.27 1.17
NH, 0.91 0.96 0.67 0.68
cl- 2.73 2.01 1.96 2.43
Na™* 3.42 2.17 2.32 3.31
K* 1.39 1.60 0.73 0.75
Mg** 3.02 3.42 3.21 2.70
Ca®* 4.04 3.55 2.39 3.16
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urban and rural sites in southern Taiwan. At CC (rural)
site, the size distributions of Na™ in ADS in 2000 were
bi-modal in fine and coarse sizes and with the fine part
from 0.56 to 1.0um and the coarse part from 10 to
18 um.
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