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ABSTRACT
The seasonal variation and spatial distribution of atmospheric particles at three islands in the Taiwan Strait were
investigated. Atmospheric particles (PM10) were collected at three offshore islands (i.e., Kinmen islands, Matsu islands,
and Penghu Islands) and two coastal regions (i.e., Xiamen and Fuzhou) in the years of 2008–2012. Field sampling results
indicated that the average PM10 concentrations at the Kinmen islands were generally higher than other sampling sites,
suggesting that a superimposition phenomenon was regularly observed during the air pollution episodes at Kinmen Islands
and Xiamen region. PM10 samples were analyzed for their chemical composition, including water-soluble ions, metallic
elements, and carbonaceous content. The most abundant water-soluble ionic species of PM10 were recognized as SO42–,
NO3–, and NH4+, indicating that PM10 was mainly composed of secondary inorganic aerosols. Although natural crustal
elements dominated the metallic content of PM10, the most abundant anthropogenic metals of PM10 were Zn and Pb.
Enrichment factor calculations showed that Ni, Cr, and Zn were the enriched elements emitted mainly from anthropogenic
sources. Moreover, the OC concentration of PM10 was always higher than that of EC at all sampling sites. High OC/EC
ratios of PM10 were commonly observed at the sampling sites on the Matsu Islands, the Fuzhou region, and the Penghu
Islands. Source apportionment results indicated that vehicular exhausts were the main source of PM10, and followed by
industrial boilers, secondary aerosols, soil dusts, biomass burning, petrochemical plants, steel plants, oceanic spray, and
cement plants at the island and coastal sampling sites in the Taiwan Strait.
Keywords: Atmospheric particles in the Taiwan Strait; Superimposition phenomenon; Chemical characteristics; Spatiotemporal
distribution; Source apportionment.

INTRODUCTION
The Taiwan Strait, located between Taiwan and mainland
China, is one of the busiest marine transportation routes
worldwide. Large quantities of anthropogenic particulate
pollutants are emitted from the densely populated urban
and thriving industrial areas to the west and east banks of
the Taiwan Strait. The west bank of the Taiwan Strait covers
the areas at the coastal region of Fujian Province, while the
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east bank covers the areas at the west coastal region of the
Taiwan Island. Both the west and east banks of the Taiwan
Strait were densely populated and thriving industrial areas,
which emit huge amount of particles transported toward the
Taiwan Strait via atmospheric dispersion. Major metropolitan
areas are Xiamen and Fuzhou in the west bank, and Taipei,
Taichung, and Kaohsiung in the east bank of the Taiwan
Strait.
The impacts of Asian duststorms, biomass burning, and
Asian haze on ambient particulate air quality commonly
occur in spring and winter, when large quantities of natural
and anthropogenic air pollutants are driven toward and
across the Taiwan Strait. Three major islands, including
Matsu Islands, Kinmen islands, and Penghu islands, located
in the Taiwan Strait may have significant difference in the
chemical composition of atmospheric particles in four seasons.
The Matsu Islands are located at the Minjiang Estuary at
the northwestern Taiwan Strait, facing Fuzhou City in the
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Southeast China. The Matsu Islands have an annual average
temperature of 18.4°C, scare and unevenly distributed rainfall,
and the prevailing winds from the Northeastern Monsoons
(from October to April of next year) and the Southwestern
Monsoon (from May to August). The Matsu Islands consist
of 36 small islands divided into four major townships,
covering the entire areas of 29.51 km2. The islands have no
large-scale industries and emission sources, which qualifies
the islands as a background environment. The Kinmen islands
located at the Xiamen Bay in the southwestern Taiwan Strait,
facing Xiamen City. The Kinmen islands have subtropical
monsoon weather with an annual average temperature of
21.0°C, an annual rainfall of 1,043 mm, and the prevailing
winds from the northeast (from fall to spring of next year)
and the southwest (from May to August). The Kinmen Islands
cover two major islands and several separately distributed
small islands with a total area of 150.0 km2. Kinmen islands
have a few industrial sources, including an oil-fired power
plant, ceramic plants, and distillery. But, there are plenty
of industrial plants surrounding the Xiamen Bay in the
mainland side, which might emit huge amount of particles
from coal-fired power plants, stone processors, ceramic plants,
porcelain products, and textile industrial. These particles
could be blown and transported across the Xiamen Bay to
the Kinmen Islands, resulting in high PM10 concentrations.
Major industrial sources surrounding the Xiamen Bay are
illustrated in Fig. S-1.
The Penghu Islands are offshore islands located at the
southeastern Taiwan Strait, facing the southwestern coast
of the Taiwan Island. The Penghu Islands have a total area
of 128.0 km2, which has the subtropical weather being
mainly influenced by East Asian Monsoons. The potential
sources at the Penghu islands include an oil-fired power
plant, construction sites, and vehicular exhausts.
In winter and spring, the prevailing winds were blown
northeasterly during the period of the Northeastern Monsoons
in the Taiwan Strait. The contributions of long-range
transportation dominated at the Penghu islands, followed
by the Matsu Islands and the lowest at the Kinmen islands.
There were very few local sources at the Penghu islands.
PM10 was mainly transported from the coastal regions of
China, Korean Peninsula, or Japan Islands toward the Penghu
Islands (Lin et al., 2004). Previous studies reported that
cyclonic air circulation was generally observed at the
Xiamen Bay due to the topography of Bay Area, which
inhibited the dispersion of PM10 (Li et al., 2013a). Although
both long-range transport and local emissions were the
main causes for the accumulation of atmospheric particles
at the Xiamen Bay, the contribution of local emissions was
generally higher than that of long-rang transport. The
Matsu Islands were located at the northern Taiwan Strait.
The contribution from long-range transport was generally
higher than that of local emissions. For the past few years,
the ambient air quality of the Matsu and the Kinmen Islands
deteriorated gradually, and PM10 is responsible for the
poor ambient air quality particularly in spring and winter.
According to previous field monitoring data, high levels of
PM10 (> 125 µg m–3) found at the Kinmen Islands during
the Northeastern Monsoon periods are likely blown from the

northern upwind sources, suggesting that a superimposition
phenomenon was regularly observed during the air pollution
episodes in the Kinmen and Xiamen regions. The high PM10
concentrations observed at the Xiamen Bay were not only
caused by long-range transport but also by local emissions,
which was termed as “superimposition phenomenon”. If
the anthropogenic PM10 was blown northerly by long-range
transport, higher PM10 concentrations should occur at the
downwind sampling sites. However, field sampling results
showed that the PM10 concentrations at the central area of
the Xiamen Bay were higher than those at the upwind and
downwind sites in the Xiamen Bay during the Northeastern
Monsoons in spring and winter. Previous studies reported
that high PM10 concentrations occurred in the Xiamen Bay
were mainly caused by local emissions instead of longrange transport.
Local emissions from the Kinmen and Xiamen regions
are thus more significant than those transported from a long
distance by the Northeastern Monsoons (Li et al., 2013a, b;
We et al., 2015). Previous results (Li et al., 2013a, b) reported
that the sampling sites located at the central area of Xiamen
Bay had higher PM10 concentration than those at the
upwind and downwind sites in the Xiamen Bay during the
Northeastern Monsoons in spring and winter. It suggested
that PM10 concentrations observed at the Xiamen Bay were
not only caused by long-range transportation but also by local
emissions. A superimposition phenomenon was regularly
observed during air pollution episodes in the Xiamen Bay.
Their results indicated that local emissions from the
Xiamen Bay Area were more significant than long-range
transport during the periods of the Northeastern Monsoons.
The atmospheric particles at the Matsu Islands from June
to August had the lowest concentrations in the whole year, the
average monthly concentrations were lower than 50 µg m–3,
and rose from October to May of the sequential year. This
phenomenon concurs closely with the change of wind
direction, showing that wind direction is highly correlated
with poor particulate air quality. The prevalence of the
Northeastern Monsoons commonly occurred in winter and
spring. The concentration of atmospheric particles at the
Penghu Islands is always lower than the Ambient Air
Quality Monitoring Stations in Taiwan. The highest PM10
concentrations were generally observed during the Asian
duststorm periods, which deteriorated the ambient air quality
from late winter to late spring.
Previous researches have investigated the seasonal
variation and spatial distribution of ambient air pollutants by
using the field measurement data obtained from the coastal
stations of TAQMN (Chester et al., 2000; Tsai et al., 2008;
Tsai et al., 2010). TAQMN is an abbreviation of Taiwan
Air Quality Monitoring Network (TAQMN) which was
established by the Environmental Protection Administration
of Taiwan since 1993. So far, the sampling of atmospheric
particles has not been exerted at the offshore islands in the
Taiwan Strait. The results revealed that the possible
accumulation of air pollutants in the offshore and coastal
regions causing air pollution episodes due to the combination
of long-range transport and local emission sources has not
been thoroughly investigated yet (Tsai et al., 2010). In order
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to ascertain the spatiotemporal variation and to characterize
the chemical composition of atmospheric particles at the
offshore islands and along the coastal region in the Taiwan
Strait, three island sites and two coastal sites were selected
for sampling PM10 in this particular study. This study aims
to investigate the spatiotemporal variation and chemical
characteristics of atmospheric particles (PM10) around the
coastal regions in the Taiwan Strait. Source identification
and apportionment of atmospheric PM10 were further
determined.
METHODS
Sampling Protocol
PM10 samples were collected at three island sites (i.e.,
Kinmen, Matsu, and Penghu) in the Taiwan Strait and two
coastal sites (i.e., Fuzhou and Xiamen) (see Table S-1) along
the western bank of the Taiwan Strait in the years of 2008–
2012. The coastal sampling sites were located at the Fuzhou
coastline and metro Xiamen, while the island sampling sites
were located at the Matsu Islands, the Kinmen Islands, and
the Penghu Islands. The locations of the island and coastal
sites in the Taiwan Strait are illustrated in Fig. 1.
The coastal sampling sites in the Fuzhou areas have three
sites located along the coastline of the Minjiang Estuary
(see Fig. 1(a)), while the Xiamen sampling sites have five
sites at metro Xiamen located around the Xiamen Bay (see
Fig. 1(b)). Three sampling sites along the coastline of the
Minjiang Estuary were located at Huangqi Junior high
School (HQ), Baison High School (BS), and Meihua High
School (MH). The coastal sampling sites located in metro
Xiamen (XM) include the Xiamen University, Jinjing
Elementary School, Anhai Elementary School, Xiangzhi
Elementary School, Daderng High School. These coastal
sites are mostly nearby a street and thus likely to be
influenced by fine particles emitted from vehicular exhausts
and/or industrial areas along the coastal region of Xiamen,
which is surrounded by high-density industries, power plants,
vehicular exhausts, and textile industries. Three sampling
sites at the Matsu Islands include Nankan Meteorological
Station (NK), Zhongshan Junior High School (BG), and
Donyin Town Hall (DY). The Matsu islands’ major
stationary sources are thermal power plants, breweries, gas
stations, and no industrial processes. Recognized as a
national park, the Kinmen Islands’ local emission sources
are well controlled.
Air pollutants are mainly emitted from the upwind
northern and northeastern industrial areas in the Jinjiang
River Basin during the Northeastern Monsoon periods
(Hsu et al., 2010; Li et al., 2013a, b). The sampling site at
the Penghu Islands is located at the northwestern tip of the
main island, named the Hsiao-men fishery village, in order to
avoid local sources near the Makung City, the most populated
area at the islands. The Hsiao-men sampling site is
approximately 12 m above the ground and 500 m and 50 m
far from the coastline and the major roads, respectively.
The sampling of PM10 was respectively conducted at the
island and coastal sampling sites around the Taiwan Strait
from 2008 to 2012. Twenty-four hour PM10 was collected
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by a high-volume sampler from 9:00 am to 9:00 am of the
sequential day at each site. In this study, the sampling
frequency of PM10 collected by high-volume samplers is
summarized in Table S-2. Due to limiting financial support
from Taiwan EPA and the shortages of human resources and
PM10 samplers, the PM10 sampling could not be conducted
simultaneously. The numbers of PM10 samples collected at
these three islands were 750, 204, and 420, respectively,
High-volume samplers of same brand name were used to
collect PM10 with the sampling flow rate of 1.4 m3 min–1.
This sampling method was complied with the sampling
method of NIEA A102.12A. Quartz-fiber filters used in this
study are manufactured by Pall Corporation. Quartz filters
were selected in this study since we are interested in the
chemical composition of water-soluble ionic species, metallic
elements, and carbonaceous content. Before weighing, the
quartz-fiber filters were equilibrated in a desiccator at
temperatures between 20°C and 25°C and relative humidities
(RH) between 35% and 45% for forty–eight hours. After
conditioning, the filters were then weighed by a microbalance
with the precision of 1 µg to determine the PM10 mass. The
moisture could be mostly removed in the process of
conditioning (Cheng and Tsai, 2000; Yuan et al., 2006).
Chemical Analysis
After PM10 sampling, the quartz fiber filters were
temporarily stored at 4°C to conserve their chemical
stability, and they were then sent back to a Air Pollution
Laboratory which were the main laboratory responsible for
chemical analysis of PM10 at National Sun-Yat Sen
University for further chemical analysis. All quartz fiber
filters were divided into four identical parts prior to the
chemical analysis. One quarter of the quartz fiber filter
was analyzed for water-soluble ionic species with an ion
chromatography (DIONEX, Model DX-120). Major anions
(F–, Cl–, SO42– and NO3–) and cations (NH4+, K+, Na+, Ca2+
and Mg2+) were further measured. An additional quarter of
the quartz fiber filter was analyzed for the metallic content
of PM10 with an inductively coupled plasma-atomic emission
spectrometry (ICP-AES) (Perkin Elmer, Model Optima
2000DV). The metallic elements measured for this study
included Na, Ca, Al, Fe, Mg, K, Zn, Cr, Ti, Mn, Ni, Pb,
and Cu. Another quarter of the quartz fiber filters was used
to determine the carbonaceous content of PM10. Elemental,
organic, and total carbons (OC, EC, and TC) were measured
with an elemental analyzer (Carlo Erba, Model 1108).
Prior to sampling, the quartz fiber filters were preheated at
900°C for 1.5 hours to expel carbon impurities from the
filters. A quarter of each filter was heated in advance at
340°C for 100 min to expel organic carbon (OC) prior to
carbon analysis. The heating time adopted herein (100 min)
(Wang et al., 2008) was in the between of that (340°C for
120 mins) adopted by Cachier et al. (1989) and that (340°C
for 43 mins) used by Lavanchy et al. (1999). After which the
amount of elemental carbon (EC) was determined. Another
eighth of the quartz fiber filters was analyzed without
heating to determine the total carbon (TC). The amount of
organic carbon (OC) was then estimated by subtracting the
EC from the TC.
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(a) Domain 1
Matsu Islands

Fig. 1.

(b) Domain 2
Kinmen Islands

(c) Domain 3
Penghu Islands
Fig. 1. Location of PM10 sampling sites at three target domains in the Taiwan Strait.
Quality Assurance and Quality Control
Quality assurance and quality control (QA/QC) for both
PM10 sampling and chemical analysis were conducted in
this study. Prior to PM10 sampling, the volumetric flow
rate of each PM10 sampler was carefully calibrated with a
film flow meter (SENSIDYNE MCH-01). The quartz filters
were handled with care, so as to prevent potential cracking
during the sampling procedures, as they were placed on the

PM10 samplers. After sampling, aluminum foil was used to
fold the quartz filters which were then temporarily stored
at 4°C and transported back to the Air Pollution Laboratory
for further chemical analysis. The sampling and analytical
procedures were similar to those described in previous studies
(Witz et al., 1990; Cheng and Tsai, 2000; Lin, 2002; Yuan
et al., 2006; Tsai et al., 2008; Tsai et al., 2010).
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Chemical Mass Balanced (CMB) Receptor Model
The source apportionment of ambient PM10 was assessed
using a receptor model based on the principle of chemical
mass balance (CMB) (Kothai et al., 2008; Yatkin and Bayram,
2008; Li et al., 2013; Shi et al., 2014; Chen et al., 2015).
Since the detailed descriptions of CMB receptor model (e.g.,
CMB 8.0) are available elsewhere, only a brief summary is
presented as supplementary file S1-1 and Table S-3. Ten
major local source profiles (noted by * in Table S-3) obtained
from previous studies were selected to conduct the source
apportionment of PM10 in this study (Li et al., 2013b).
These sources surrounding the Xiamen Bay included stone
processing, cement industries, ceramic plants, tile industries,
coal burning, coal ash, fugitive dusts, biomass burning,
construction dusts, and road dusts as shown in Table S-3.
WRF Model Operation and Domain Setting
Weather research and forecasting model (WRF V3.1) is
a newly proposed meteorological model by NOAA/ESRL,
which was used to simulate air flow fields in the investigated
areas for this study. In comparison to the past models (such
as MM5, Model 3, and SAQM), WRF produces a friendly
environment for massively parallel computation by the
improved characteristics of non-hydrostatic air flow fields
and provides various choices for physical parameterizations
(Jiang et al., 2008; Kumar et al., 2012; Lo and Huang,
2012; Huang et al., 2013; Shahid et al., 2015). WRF is good
for investigating regional-scale air flow field program analysis
(Borge et al., 2008; Peckham et al., 2012). To simulate the
air flow fields of the investigated areas, the WRF model was
conducted for March 6th and Oct. 8th in 2013 and Apr. 11th
in 2014, respectively. In addition, their initial 24-hour periods
in advance were selected as pre-integration stages for the
investigated cases. There were three domains, defined by
Lambert projection and used for model simulation, applied
for model operation, which are summarized in Tables S-4
and S1-2.
RESULTS AND DISCUSSION
Spatiotemporal Variation of PM10 Concentration
Fig. 2 illustrates the seasonal variation of ambient PM10
concentrations, which were generally higher in winter and
spring than those in summer and fall at all sampling sites.
More specifically, the PM10 concentrations at the XM and
KM sites were mostly higher than those at other sampling
sites. The PM10 concentrations ranged from 79.59 to 88.59
µg m–3 and from 94.83 to 120.24 µg m–3 at the KM and
XM sites, respectively. Comparing the island site (KM) to
the coastal site (XM), the PM10 concentrations at the XM site
were 1.2 to 1.4 times than those at the KM site, indicating that
the PM10 concentrations at the metropolitan Xiamen were
relatively higher than those at the Kinmen Islands. According
to the PM10 concentrations measured at different sampling
sites in areas of Kinmen and Xiamen islands, the high PM10
concentrations were always observed at the sites adjacent
to the industrial areas along the southeastern coast of Xiamen
Bay. The PM10 concentrations in winter were always higher
than those in summer, because the prevailing wind at the
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Xiamen Bay is dominated by Northeastern Monsoons in
winter, which could blow particulate pollutants from the
eastern coastal region of North mainland China, Korea
Peninsula or Japan Islands to the Xiamen Bay. However,
local emissions from the surrounding region of the Xiamen
and Kinmen were as important as long-range transportation
by Northeastern Monsoons, and thus a superimposition
phenomenon was regularly and commonly observed during
the air pollution episodes in Kinmen and Xiamen regions.
A similar trend of the PM10 concentrations was observed
at the FZ and MT sampling sites. The PM10 concentrations
at the FZ site were 1.1 to 1.5 times higher than those at the
MT site. The PM10 concentrations observed at the FZ site
were generally higher than the MT site for all seasons,
showing that ambient PM10 at the Matsu Islands and the
Fuzhou regions was not only influenced by long-range
transport, but also by local emissions from the metropolitan
Fuzhou. The level of atmospheric PM10 was highly influenced
by meteorological condition, thus PM10 concentrations in
spring, fall, and winter were much higher than those in
summer. PM10 concentrations measured in summer were
much lower than those in other seasons. In general, prevailing
southerly or southwesterly breezes accompanied with clean
marine aerosols were usually observed in summer, which
observed in the warm afternoon in summer. Both contributed
to the reduction of PM10 concentrations in the ambient air.
Unlike other two investigated areas, the PM10 concentrations
at the Penghu Islands (PH site) were very consistent for all
seasons, because there were no large industrial sources in
this region. The emission came mainly from the northern
and northeastern China. The highest PM10 concentrations
were observed during the Asian duststorm periods with a
significant increase of atmospheric aerosols, particularly PM10,
and have been observed at the PH site, which commonly
deteriorated the ambient air quality of the Penghu Islands
from late winter to late spring. Compared to the island and
coastal sites, the PM10 concentrations were always higher
at the coastal sites than those at the island sites. Moreover,
the highest PM10 concentrations were generally observed
at XM and KM sites, which located at the southern Taiwan
Strait, suggesting the anthropogenic emissions transported
to northern Taiwan Strait by the Northeastern Monsoon.
The PM10 concentrations were significantly increased at
the southern Taiwan Strait. A superimposition phenomenon
was regularly observed around the southern Taiwan Strait,
which means local emissions and long-range transport
were both important at the southern Taiwan Strait (Li et al.,
2013a). Long-range transportation from northeastern coastal
regions of North mainland China Korea Peninsula, and
Japan Islands were significantly might affected the ambient
atmospheric at northern than those at the southern Taiwan
Strait. Moreover, the highest PM10 concentrations of 154
µg m–3 at Matsu Islands, 170 µg m–3 at the Kinmen Islands,
and 60 µg m–3 at the Penghu Islands, respectively, were
observed on March 6th, 2013, April 11th, 2014, and October
8th, 2013. The air masses transported toward the above
target islands were further interpreted by the simulated
surface wind fields of these three spatial domains defined
in this study.
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Fig. 2. Spatiotemporal variation of PM10 concentration at the island and coastal sampling sites in the Taiwan Strait.
Summer was defined as June to August, Fall as September to November, Winter as December to February, and Spring as
March to May for the sampling periods of 2008–2012.
Chemical Characteristics of PM10
This study investigated the seasonal variation and chemical
characteristic of atmospheric particles in the areas around
the Taiwan Strait. Table S-5 summarizes the concentrations
of atmospheric particles and their chemical composition at
the island and coastal sampling sites in the Taiwan Strait.
Fig. 3(a) illustrates the seasonal variation of ionic species of
PM10 at the islands and coastal areas in the Taiwan Strait
which were selected for this study. Chemical analysis of
PM10 showed that the most abundant water-soluble ionic
species were SO42–, NO3–, and NH4+, indicating that
secondary inorganic aerosols (SIA) were the major
components of PM10. The probable chemical compounds of
PM10 were ammonium sulfate ((NH4)2SO4) and ammonium
nitrate (NH4NO3) (Yao et al., 2003; Han et al., 2007; Kocak
et al., 2007), which were originated from the neutralization
of sulfuric and nitric acids with ammonium (Stockwell et
al., 2003). Table 1 summarizes the mass ratio of secondary
inorganic aerosols to water-soluble ions and PM10
concentration (SIA/WSI and SIA/PM10), respectively, during
the sampling periods. The secondary inorganic aerosols
accounted for 61.01–90.78% of WSI and 18.78–43.82% of
PM10, respectively. The concentrations of SIA at the KM
and XM sites were generally higher than those at the MT
and FZ sites, and the PH site in the Taiwan Strait. At all
sampling sites, the concentrations of SO42– and NO3– were
significantly higher at the FZ and XM sites located at the
west-bank of the Taiwan Strait. It was speculated that the
secondary SO42– and NO3– were mainly attributed to the
burgeoning industrial development in the coastal region of
southeastern China. This suggested that anthropogenic
emissions from southeastern China could migrate toward
the XM, KM, FZ, and MT sampling regions in the Taiwan
Strait during the Northeastern Monsoon periods. The
percentages of water-soluble ionic species in PM10 at the

PH site were generally the lowest compared to other four
sampling sites in all seasons except in spring.
Previous studies used the extent of the neutralization of
acidic sulfate and nitrate by ammonia to evaluate the
acidic characteristics of atmospheric particles (Pathak et
al., 2009). A comparison of ammonium concentrations to
non-sea salt sulfate plus nitrate concentrations ([NH4+]/(nss[SO42–] + [NO3–]), in the unit of micro equivalents per cubic
meter (µeq m–3) is shown in Fig. S-2. The microequivalent
concentrations of SO42–, NO3–, and NH4+ (µeq m–3) were
determined by dividing the mass concentration (µg m–3) by
its equivalent molecular weight. The nss-SO4 is the excess
sulfate that was calculated by subtracting the amount of
SO42– of marine from that of SO42– in the atmosphere
(Cheng et al., 2000). We can then determine the nss-[SO42–]
concentration by equation nss-SO42– = SO42– – 0.251 × Na+.
The results showed that the neutralization ratios (NR) of
PM10 were generally smaller than unity at all sampling
sites, suggesting that atmospheric particles in these three
targeted regions were mostly acidic. It is mainly affected
by the transportation of acidic particles emitted from the
up-wind sources at the Jinjiang River Basin (Hsu et al.,
2010; Li et al., 2013a, b).
Fig. 3(b) illustrates the metallic content of PM10 sampled at
the island and coastal sampling sites in the Taiwan Strait.
Crustal elements (Ca, Mg, Fe, and Al) contributed the
major metallic content of PM10, while the concentrations
of trace metals (Cd, As, Ni, and Cr) increased during the
Northeastern Monsoon periods, showing that Northeastern
Monsoons could bring atmospheric particles with high
content of trace metals emitted from multiple sources. The
concentrations of Ca and Fe observed at the FZ site over
the rural open lands were mostly higher than those at the
MT site. Moreover, Al and Ca are the main elements in the
earth’s crustal coarse dusts mainly emitted from cement
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Fig. 3(a). Spatiotemporal variation of ionic concentration of PM10 sampled at the island and coastal sampling sites in the
Taiwan Strait.
Table 1. The mass ratio of secondary inorganic aerosols
(SIA) to water-soluble (WSI) and PM10 concentration at
all sampling sites during the sampling periods.
Sampling
SIA/WSI
SIA/PM10
Sites
(%)
(%)
Spring
FZ
78.20
28.33
MT
75.17
30.50
XM
83.85
27.64
KM
87.04
37.37
PH
61.01
31.09
Summer
FZ
71.82
23.97
MT
62.98
21.88
XM
81.69
43.82
KM
89.85
39.26
PH
76.67
18.78
Fall
FZ
72.26
28.25
MT
71.41
26.20
XM
83.46
32.28
KM
90.78
38.61
PH
87.10
21.00
Winter
FZ
76.95
30.59
MT
76.90
26.85
XM
85.80
35.33
KM
84.10
33.43
PH
63.21
21.58
Secondary Inorganic Aerosols (SIA) = NO3– + SO42– +
NH4+; WSI: Water-soluble Ions.
Season

plants, road dusts, and the wind-blown dusts. Anthropogenic
metallic elements could be transported to the Minjiang
Estuary from urban and industrial sources in the northern
mainland China, Korean Peninsula or Japan Islands through
long-range transportation by the Northeastern Monsoons.
Among these crustal elements, Al, Ca, and Fe were the

most abundant metals, with much higher concentrations of
Al than other crustal elements, especially at the PH
sampling site. Al and Ca come mainly from cross-boundary
wind-blown dusts and local fugitive dusts emitted from
construction sites; both of which could significantly
increase the loading of atmospheric particles (Huang et al.,
1994; Li et al., 2013a). The concentrations of Ca and Fe at
the XM sites were generally higher than those at the
Kinmen sites, suggesting they came mainly from rural
open lands, construction, stone processing plants located
at the north coastline of the Xiamen Bay.
In contract, the concentrations of anthropogenic elements
(Zn, Ni and Pb) at the XM and KM sites were always
higher than those at the MT, FZ, and PH sites. Zn and Pb
were the major trace components among the anthropogenic
elements. Moreover, anthropogenic metallic elements could
be transported to Xiamen Bay from the eastern coast of
mainland China, Korean Peninsula or Japan Islands through
long-range transportation by the Northeastern Monsoons.
Previous studies reported that the high number of vessels
navigating through the Taiwan Strait could result in high
Zn and Pb emissions (Li et al., 2013a). Oil burning on
heavy vessels is the major source of Pb in the ocean, which
makes it a good trace marker for vessel emissions. In addition
to vessel exhausts, Pb could be emitted from municipal and
industrial waste incinerators (Nriagu, 1988; Pirrone et al.,
1996).
The highest concentrations of Al were observed at the
PH site in the season of spring, suggesting that atmospheric
particles might came from Asian duststorms, which blew a
huge amount of natural mineral dusts toward the southern
Taiwan Strait from Inner Mongolia. Previous studies have
commonly used Al and Fe as the reference elements for
crustal particles in the Enrichment Factor (EF) calculations.
The results showed that the chemical compositions of
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Fig. 3(b). Spatiotemporal variation of metallic concentration of PM10 sampled at the island and coastal sampling sites in
the Taiwan Strait.
atmospheric particles sampled at the Penghu Islands were
very much similar to the soil dusts emitted from the Inner
Mongolia (Jen et al., 2014).
Atmospheric organic carbons (OC) are emitted as
primary aerosols directly from original sources as well as
atmospheric photochemical reactions through the oxidation
of volatile organic compounds (VOCs) via gas-to-particle
conversion (Pandis et al., 1992). However, atmospheric
elemental carbons (EC) originated predominantly from the
incomplete combustion such as fossil fuel combustion and
biomass burning. Consequently, the relationship between
OC and EC concentrations can reflect the origin of
carbonaceous particles (Turpin and Huntzicker, 1991, 1995).
The correlation between OC and EC is expected to be high if
major fractions of OC and EC are emitted from a dominant
primary source (Na et al., 2004). As EC is a stable species
against the oxidation occurred in the atmosphere, it is a very
good tracer of primary anthropogenic sources and has been
widely applied to estimate the concentrations of secondary
organic compounds (SOC) (Feng et al., 2009; Lin et al.,
2009). The EC tracer method assumes primary OC (POC)
comes from the same combustion sources with EC. If the
primary OC/EC ratio ((OC/EC)pri) is available, we can then
determine the SOC concentration by equation (1),
SOC = OC – EC  (OC/EC)pri

(1)

However, the (OC/EC)pri is a source- and seasonal-specific
parameter, and is also affected by the carbon determination
method (Khan et al., 2012). The observed minimum OC/EC
ratio at a specific sampling site was often used to represent
the (OC/EC)pri on the assumption that the meteorological
conditions are not favorable for the SOC formation during the
sampling periods (Turpin and Huntzicker, 1995). This study
estimated the primary OC/EC ratio ((OC/EC)pri) determined
as the smallest ratio of particulate OC to EC in each season
at all sampling sites, representing the primary OC and EC
of PM10 (Millet et al., 2005; Hu et al., 2012).

Fig. 3(c) illustrates the spatiotemporal variation of
carbonaceous contents and their mass ratios (OC/EC) of
PM10 sampled at the island and coastal sites in the Taiwan
Strait. Primary organic carbons (POC) are emitted from
anthropogenic sources, while secondary organic carbo (SOC)
are formed by chemical reactions in the atmosphere.
Elemental carbon (EC), which has a chemical structure
similar to that of pure graphite, originates primarily from the
direct emissions of fuel combustion and waste incineration.
The concentrations of OC in PM10 at the island sites in the
Taiwan Strait were always higher than those of EC for all
seasons. The mass ratios of OC to EC (OC/EC) ranged
from 2.0 to 3.0 at the MT, FZ, and PH sampling sites, and
from 1.5 to 2.0 at the KM and XM sampling sites. The
highest OC and EC concentrations of PM10 were both
observed at the XM site, which was adjacent to major
stationary sources, such as petrochemical plants, industrial
complexes, and direct emissions of fuel combustion. The
OC/EC ratios were always higher than 2.2 for PM10 at the
FZ, MT, and PH sampling sites, showing that there were
secondary organic aerosols formed in the Minjiang Estuary
(Turpin et al., 1990; Hildemann et al., 1991). Under certain
meteorological conditions (e.g., Northeastern Monsoons),
emissions of huge amounts of volatile organic compounds
(VOCs) from various sources (e.g., textile industry at the
Jinjing River Basin) contribute to the formation of secondary
organic aerosols (Hsu et al., 2010). The OC/EC ratio has
been used in other studies to clarify whether the carbonaceous
aerosols are primary or secondary. A high OC/EC ratio
coupled with a poor correlation implies an influx of urban
pollutants from elsewhere or the secondary OC formed from
atmospheric reactions. On the other hand, a high correlation
indicated primary emissions and secondary carbon formation
derived from primary carbons (Turpin and Huntzicker, 1995;
Strader et al., 1999).
Fig. S-3 illustrates the seasonal variation of the estimated
secondary OC concentration and their contribution to the total
OC (SOC/OC) of PM10 sampled at the island and coastal
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Fig. 3(c). Spatiotemporal variation of carbonaceous concentration and their mass ratios (OC/EC) of PM10 sampled in the
Taiwan Strait.
sampling sites in the Taiwan Strait. The concentrations of
secondary organic carbons (SOC) were estimated using the
EC-tracer method (Turpin and Huntzicker, 1991). Moreover,
the primary OC to EC ratio, (OC/EC)primary, was simplified
as the smallest ratio of particulate OC to EC (OC/EC)min in
each season. The concentrations of SOC and OC on each
sampling day are shown in Fig. S-3. A similar trend of
concentrations of OC and the highest average concentrations
of SOC were observed at the FZ, MT, and PH sampling
sites, while the highest ratio of SOC/OC occurred at the
PH (0.60) and MT sampling sites (0.53), respectively, in
summer.
Source Apportionment of PM10
Table 2 summarizes the source apportionment of PM10
collected at all sampling sites in this study, and an obvious
seasonal variation was observed. According to the results
of source apportionment, vehicular exhausts were the main
source of PM10 at the XM, KM, FZ, and MT sampling sites,
and followed by industrial boilers, secondary aerosols, soil
dusts (including road dusts), biomass burning, petrochemical
plants, steel plants, oceanic spray, and cement plants at the
sampling sites. Among these, soil dusts, vehicular exhausts,
petrochemical plants, and industrial boilers were the major
sources in metro Xiamen, whereas soil dusts and biomass
burning dominated in the Kinmen Islands. The contribution of
vehicular exhausts to PM10 in metro Xiamen was always
higher than that at other sampling sites, since metro Xiamen
has the heaviest traffics compared to other areas. Although
vehicular exhausts were the dominant source, biomass
burning and secondary aerosols were also significant sources
causing an increase in PM10 at urban and suburban areas.
In winter, the Northern Monsoons transported suspended
particles from the upwind emission sources (e.g., Jinjiang
River Basin) to the downwind sites on Kinmen Islands,
causing a significant increase in secondary inorganic aerosols
mainly composed of sulfate and nitrate. Moreover, the
contribution of secondary aerosols to PM10 in metro Xiamen
was generally higher than that in the Kinmen Islands. In
contrast, the contribution of biomass burning to PM10 in
the Kinmen Islands was commonly higher than that in

metro Xiamen.
The source apportionment of PM10 at the MT and FZ
sampling sites located at the northwestern Taiwan Strait
indicated that soil dusts, sea salts, secondary aerosols and
vehicular exhausts were the main sources of PM10. Sea
salts at the offshore island sites contributed 3–10% more
than those at the coastal sites, and increased significantly
during the northeasterly winds. Soil dusts at the coastal
sites in the Minjiang Estuary contributed about 2–11% more
than those at the offshore island sites. The contribution of
biomass burning rose significantly as high as 7% of PM10
in fall and winter, reflecting the open burning of agricultural
debris in most areas of the Minjiang Estuary. It is
noteworthy that, during the Northeastern Monsoon periods,
polluted air mass transported mostly from the north due to
the influence of high pressure anticyclone system centered
at the Mongolian Plateau. The air masses originated from
the north mainland China, Korean Peninsula, or Japan
Islands passed through major industrial developing cities
along the coastal regions of eastern China’s coastal zone
(Hsu et al., 2010).
Surface Wind Fields of Three Domains in the Taiwan
Strait
In order to figure out the surface wind field, an analysis
of the weather (synoptic) charts near the land’s surface was
carried out in this study. As the weather charts provide
data on the atmospheric state (i.e., on the distribution and
characteristics of air masses, the atmospheric fronts, the
different baric systems such as cyclones, anticyclones,
troughs, crests, etc.,), a synoptic analysis allowed us to
follow the changes in the evolution of weather systems in
the investigation regions.
There were three peak PM10 concentrations observed in
three target domains, which were 154 µg m–3 at the Matsu
Islands, 170 µg m–3 at the Kinmen Islands, and 60 µg m–3
at the Penghu Islands, respectively. On March 6th, 2013, a
peak PM10 concentration commonly was higher than 110
µg m–3 was observed at the Matsu Islands. As illustrated in
the weather chart (Fig. S-4(a)), the northern Taiwan Strait
including the Matsu Islands and the northern Taiwan
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Table 2. Source apportionment of PM10 sampled at the island and coastal sampling sites in the Taiwan Strait.
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Island was covered by the western Pacific subtropical high
(WPSH) pressure system. In the early morning of that day,
the prevailing wind at the Matsu Islands turned from the
northwest to the northeast. An anticyclonic high pressure
cold frontal system was observed at the Matsu Islands,
resulting in stable atmosphere that restricted the dispersion
of air pollutants in the ambient air.
At the Daytime of April 11th, 2014, a peak PM10
concentration of 170 µg m–3 was observed at the Kinmen
islands. The prevailing wind of Domain 2 came from the
northeast. A peak PM10 concentration appeared at 10:00–
11:00 AM of that day whenever the cyclonic circulation
phenomenon occurred. It was also observed that the
prevailing winds turned gradually from the northeast to the
northwest, because a cold high pressure frontal system
existed around the Yangtze River Basin, of which the
Kinmen Islands are located at the leading edge of the cold
frontal system. Under this circumstance, the dispersion of
air pollutants in the plenary boundary was inhibited due to
the stable atmosphere (Fig. S-4(b)).
On October 8th, 2013, the center of Typhoon Danas was
located in the eastern offshore region of the Taiwan Island
and moved gradually toward Japan. Under this atmospheric
condition, the western bank and the western offshore regions
of the Taiwan Island were mainly influenced by leeward
effects caused by the peripheral circulation of Typhoon

(a) Matsu Islands

(c) Penghu Islands /Daytime
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Danas closely contacting the Central Ridge of the Taiwan
Island (Fig. S-4(c)). A stable wake pressure zone was
observed within this area and the near-surface wind speeds
were as low as 1 m sec–1. Hence, the dispersion of air
pollutants in the ambient air of the Penghu Islands was
unfavorable and caused high PM10 concentration as high as
50 µg m–3. As a matter of fact, the PM10 concentration was
usually very low during these periods. The leeward effects
may be the most important factor causing poor ambient air
quality at the Penghu Islands.
Fig. 4 illustrates the simulated surface wind fields in
three island domains. There were three important features
regarding the near surface winds. We selected the highest
PM10 concentrations observed in the season of spring at
different island domains. The air masses came obviously
from different directions for these three domains. Fig. 4(a)
showed that the air masses moved toward the south due to
strong northward winds (Domain 1). The air mass plumes
became concentrated at these regions. The results also
suggested that high PM10 concentrations at the MT and FZ
islands were mainly affected by long-range transportation
particularly under the calm wind conditions. Fig. 4(b) showed
that the surface wind fields were generally dominated by the
Northeastern Monsoons in the season of spring in the Kinmen
Islands (Domain 2). At the highest PM10 concentrations,
the wind directions turned from the northeast to the southwest.

(b) Kinmen Islands

(d) Penghu Islands /Nighttime

Fig. 4. Simulated surface wind fields at the peak PM10 concentration events at the island sampling sites in the Taiwan
Strait.
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There was a low pressure cyclone system centered at the
northwest offshore region of the Kinmen Islands, coupled
with the Southwestern Monsoons. A significant cyclonic
air circulation was observed in the region. These results
indicated that a superimposition phenomenon was
observed during the air pollution episodes mainly affected
by the combination effects of long-range cross-boundary
transportation and local emissions at Xiamen and Kinmen
regions. Figs. 4(c) and 4(d) illustrate the surface wind fields
at the Penghu Islands (Domain 3) where the surface wind
fields varied in the daytime and at nighttime. In the daytime,
the air masses were divided into two separate zones. On
the west side of the Penghu Islands, a strong northward
prevailing wind was coupled with the sea-land breeze,
causing by the sea breezes in the southwestern coastal
region of the Taiwan Island. Conversely, the surface wind
directions moved to the east on the east-side of the Penghu
Islands.
CONCLUSIONS
The spatiotemporal distribution, physicochemical
characteristics, and source apportionment of PM10 sampled
at three offshore islands and two relevant coastal regions in
the Taiwan Strait were compared. This study revealed that
the PM10 concentrations were generally higher at the
Kinmen and Xiamen domain than other two domains. A
superimposition phenomenon was regularly observed at
the southwestern Taiwan Strait, indicating that both local
emissions and long-range transport were important at the
southwestern Taiwan Strait. Long-range transportation
from northeastern coastal regions of North mainland China,
Korean Peninsula or Japan Islands would affect the ambient
atmospheric particle concentration at the northern than
those at the southern Taiwan Strait.
Chemical analysis of PM10 showed that the most abundant
water-soluble ionic species were SO42–, NO3–, and NH4+,
suggesting that PM10 was mainly composed of secondary
ammonium sulfate and ammonium nitrate. Crustal elements
(Ca, Mg, Fe, and Al) contributed the major metallic content
of PM10, while the concentrations of trace metals (Cd, As,
Ni, and Cr) increased during the Northeastern Monsoon
periods, showing that Northeastern Monsoons could bring
anthropogenic particles with high content of trace metals
emitted from diverse sources. The concentrations of OC in
PM10 at the island sites in the Taiwan Strait were always
higher than those of EC for all seasons. The mass ratios of
OC to EC (OC/EC) at the sampling sites ranged from 2.0 to
3.0 at the MT, FZ, and PH sampling sites, and from 1.5 to 2.0
at the KM and XM sampling sites, suggested the formation of
secondary aerosols was commonly observed in the Taiwan
Strait.
The simulated surface wind field showed that the air
masses came from different directions for three islands
domains. In the Matsu Islands domain, the surface winds
came mainly from the north, which blew atmospheric
particles from long-range transportation toward the
northwestern Taiwan Strait. In the Kinmen Islands domain,
high pressure cyclonic systems caused the accumulation of

atmospheric particles in the Xiamen Bay from both local
sources and long-range transportation, i.e., the superimposition
phenomenon. In the Penghu Islands domain, the surface
winds in the east-side of the islands coupled with the sealand breezes resulted in the accumulation of atmospheric
particles due to sea-land breeze effects. These results
concluded that both prevailing winds and sea-land breezes
highly influenced the surface wind fields covering the island
and coastal region, which resulted in the superimposition
phenomenon of poor air quality causing by the combination
of local sources and northward long-range transportation.
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