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[1] Both the Yangtze River Delta (YRD) and the Pearl River Delta (PRD), the two
most rapidly developing areas in eastern China, have suffered from serious air pollution,
and thus, numerous investigations were devoted to studying these problems. Other areas
in eastern China have received less attention despite similar rapid development in

their industries and economy. In this study, we analyzed air-quality data from Kinmen
Island (24°27'26"N, 118°19'36"E) located off Fujian Province and between the two
above-mentioned deltas. Our results clearly show that the study area is experiencing
serious air quality deterioration. Particularly, high levels of suspended particulate matter
(PM) were observed during winter, when the northeasterly monsoon prevails. For
example, concentrations of wintertime PMq (particles < 10 pum in diameter) frequently
exceeded 100 pg/m? in the last three years. In addition to the air-quality data analysis,
aerosol samples were collected between 22 November 2007 and 6 March 2008 and
subjected to chemical analyses of various species. Our findings show that the three
principal PM components include organic, mineral, and sulfate species with moderate to
minor fractions of nitrate, sea salt, elemental carbon, and trace metal oxides. The high
PM levels observed over the island may be partly attributed to the transport from a
mixed-type industrial area located ~40 km northeast of Kinmen. Our study could
partially fill the air quality data gap between the YRD and PRD regions, and highlight the
alarming fact that air pollution has gradually expanded along eastern China’s coastal zone.

Citation: Hsu, S. C,, et al. (2010), High wintertime particulate matter pollution over an offshore island (Kinmen) off
southeastern China: An overview, J. Geophys. Res., 115, D17309, doi:10.1029/2009JD013641.

1. Introduction

[2] Aerosol particles are composed of a complex mixture
of various chemical components, such as sulfate, nitrate, and
ammonium salts, mineral dust, sea salt, and carbonaceous
species [Andreae and Crutzen, 1997]. These particles have
significant adverse affects on visibility deterioration, public
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health, the environment, ecology, climate, and biogeochem-
istry [Seinfeld, 1989; Andreae and Crutzen, 1997; Prather
et al., 2008]. For instance, airborne dust causes radiative forcing
[Tegen et al., 1996], although it has large uncertainties in terms
of the magnitude and direction (positive or negative) of the
forcing due to the irregular shape of dust particles
and modified physicochemical properties during transport
[Intergovernmental Panel on Climate Change, 2001; Kahnert
et al., 2005]. Dust associated with iron has been confirmed
to contribute essential micronutrients, such as iron, to the
oceans, stimulating primary production [Martin et al., 1994],
which is likely linked to carbon sequestration [Cooper et al.,
1996]. Carbonaceous aerosols have been demonstrated to
enhance global warming, as they have strong capabilities for
radiation forcing [Seinfeld, 2008]. Sulfate aerosol particles
serve as the most important cloud condensation nuclei,
therefore affecting climate change via the indirect radiative
aerosol effect [Charlson et al., 1992]. Chemical toxins, such
as heavy metals and persistent organic particulates, associated
with inhalable particles (<10 pm in diameter, also referred to
as PM ), are harmful to human health [Ondov et al., 2006;
Yauk et al., 2008; Wei et al., 2009]. For example, Finkelman
et al. [1999] drew attention to aerosol fluorides, mainly
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Figure 1. Location maps. (a) A regional map showing the
relative location of Kinmen Island off Fujian Province, south-
eastern China, between the Yangtze River Delta (YRD) in
northern China and the Pearl River Delta (PRD) in southern
China. Also shown are five Taiwan EPA air quality stations
(red stars): Kinmen and Matsu, two offshore island stations
of southeastern Fujian Province; Linyuan, an industrial sta-
tion close to the Linyuan Petrochemical Park, southern Tai-
wan; Wanli, a background station at the northern tip of
Taiwan; and Magong, an offshore island background station
on the Penghu Islands in the Taiwan Strait. (b) A local map
showing the aerosol sampling station on Kinmen Island (pink
triangle; 24°2726"N, 118°19'36"E) operated for this study.
An air-quality monitoring station (red star) maintained by
Taiwan’s EPA is ~3 km south of our sampling site. Jingjiang
City and Shishi City are located 40—50 km northeast of Kin-
men Island. These are the two areas suggested to most likely
be the source of air pollutants deteriorating Kinmen air qual-
ity (see text for more information).

originating from coal combustion, which may induce dental
and skeletal fluorosis.

[3] It has been well documented that both the Yangtze
River Delta (YRD) in northern China and the Pearl River
Delta (PRD) in southern China are suffering from severe air
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pollution in terms of their PM and ozone levels [Chan and
Yao, 2008]. Accordingly, numerous field investigations
have been devoted to determining the characteristics and
formation mechanisms of pollution in these regions, and
pollution control and management strategies have been
implemented by governmental agencies. In the recent decade,
the remaining coastal zones in eastern China (aside from
the two deltas mentioned above) have also experienced
accelerated economic growth with the expansion of low-end
industrial and manufacturing operations. As demonstrated
from satellite images, spatial distribution of aerosol optical
thickness (AOT) over eastern China has clearly been asso-
ciated with a zonal increase in air pollution [Chu et al., 2003;
Guo et al., 2009]. Unfortunately, there are few observational
studies on air pollution and the physicochemical character-
istics of atmospheric particulates reported from this area
[Fang et al., 2009]. Kinmen Island is situated off Fujian
Province in southeastern China. Its position is in-between the
YRD and the PRD (Figure 1a), two of the most dynamic areas
characterized by rapid development in industrialization and
urbanization in China. Thus, Kinmen Island may be subject to
substantial influence of air pollutant emissions from the YRD
and PRD following long-range transport (LRT), aside from
local source contributions, depending on the meteorological
and synoptic atmospheric conditions. Kinmen Island could,
therefore, be a key location for comprehensive investigations
of the relevant issues related to regional air pollution, partly
filling an important data gap.

[4] Few studies on atmospheric particles, as well as other
air pollutants, have been reported for Fujian Province.
Moreover, any study performed in this region was con-
ducted for short time periods and focused on only a few
chemical species, such as polycyclic aromatic hydrocarbons
(PAHSs) [Hong et al., 2007; Wang et al., 2007]. Hong et al.
[2007], however, concluded that the PAH pollution was not
serious in Xiamen, another island off the southeastern Fujian
Province, around 8 km west of Kinmen (Figure 1b).

[5] In this study, we analyzed air-quality data for PM
(PM;y and PM, 5), sulfur dioxide (SO,), nitrogen oxides
(NOy) (including nitrogen dioxide (NO,) and nitric oxide
(NO)), and carbon monoxide (CO) on Kinmen Island,
collected by the Environmental Protection Administration
(EPA) of Taiwan (Republic of China), with an emphasis
on PM. More importantly, we give an overview of various
chemical components of aerosol particles collected during
the winter season between late November 2007 and early
March 2008, a comparably polluted season in the study
area. On the basis of the present data set of aerosol
chemistry, we discuss regional air pollution in terms of its
chemical characteristics, source contributions, and implica-
tions on various environmental processes.

2. A Brief Background of the Study Location

[6] Kinmen Island is located off Fujian Province, China
(Figure la). It comprises an area of 132 km® and has a
population of about 57,000. Kinmen’s annual mean tem-
perature is 20.9°C, with a maximum in August and mini-
mum in January. Average annual precipitation in Kinmen is
1072 mm, concentrated between April and September, while
its annual relative humidity averages 79%. Northeasterly
monsoons begin approximately in mid-September, whereas
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in mid- to late May southwesterly winds start to prevail. At
present, tourism is the primary type of economy in Kinmen.
There are few industrial activities on the island, mainly
limited to two low-sulfur heavy-oil-fired thermal power
plants: Ta-Shan and Xia-Xing Thermal Power Plants. The
former is located 7 km southwest of our aerosol sampling
site and 4 km from EPA’s Kinmen air-quality monitoring
station. The latter is 7.5 km southeast of our sampling site
and 8.8 km from the EPA air-quality station. The energy
output of the two power plants is 64.6 and 20.3 MW,
respectively. The impact of these local emission sources
on the Kinmen PM levels may be insignificant, particularly
during the northeasterly monsoon season, as the power
plants are located downwind of most of the island’s land
area, including the two monitoring stations.

3. Materials and Methods

3.1. Air-Quality Data Acquisition

[7] Air-quality data, including those for PM, SO,, CO,
and NO, (sum of NO, and NO), and meteorological para-
meters (temperature, relative humidity, and wind speed and
direction) were obtained from an air-quality monitoring station
on Kinmen (24°25'45.72"N, 118°18'55.05"E) (Figure 1b)
operated by the EPA of Taiwan. The instruments used at this
station included a model 43 pulsed fluorescent SO, analyzer
(equations A-0276-009), model 48 gas filter correlation
ambient CO analyzer (RFCA-0981-054), model 42 chemi-
luminescence NO-NO,-NOy Analyzer (RFNA-1289-074),
and model 650 (Wedding and Associates) PM;, Beta gauge
automated particle monitor (EQPM-0391-081). In this
report we use hourly (http://taqgm.epa.gov.tw/taqm/zh-tw/
HourlyData.aspx) and monthly (http://tagm.epa.gov.tw/
tagm/zh-tw/MonthlyAverage.aspx) data to demonstrate the
severe air pollution over Kinmen Island during winter. The
Kinmen EPA station was situated approximately 3 km south
of our aerosol sampling station, which is described in more
detail below. For comparison, monthly data were used from
an industrial air-quality monitoring station (Linyuan, within
1 km of the Linyuan Petrochemical Industrial Park; 22°28’
45.64"N, 120°24'42.64"E), in Kaohsiung County, Southern
Taiwan (Figure 1a). In order to identify whether or not the
high PM levels in Kinmen were influenced by regional LRT,
mainly from northern China and the YRD, data from three
additional Taiwan EPA monitoring stations were selected
(Figure la): Wanli (25°10'46.8"N, 121°41'23.57"E) at the
northern tip of Taiwan, Magong (23°34'08.51"N, 119°33’
58.17"E) on Penghu Island in the Taiwan Strait, and Matsu
(26°09'39.42"N, 119°56'57.75"E), another offshore island
of Fujian Province approximately 250 km northeast from
Kinmen.

3.2. Aerosol Sampling

[8] In this study, two types of aerosol samples were col-
lected: dichotomous samples, including PM, s (particle size
less than 2.5 um aerodynamic diameter) and PM, 5_;o (par-
ticle size from 2.5 to 10 pum in diameter), as well as total
suspended particulate (TSP) samples. The aerosol sampling
station was set at Jinning Elementary and Junior High
School (24°27'26"N, 118°19'36"E), located 3 km north of
the Kinmen EPA air-quality monitoring station. The aero-
sol samplers, including a low-volume dichotomous sampler
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(Thermo Andersen SA241) and a high-volume (Hi-vol)
TSP sampler (Tisch Environmental, Inc.), were set up on
the rooftop of a two-story building (~10 m above ground
level). The former collected both PM,s and PM, s g
aerosol samples on a daily basis and was operated at a flow
rate of 16.7 L/min; the substrates used were pre-weighed
PTFE membrane filters (47 mm diameter, 1 um pore size).
The latter collected TSP samples for 48 h and was operated
at a mean flow rate of ~60 m>/hr; the substrate used were
pre-baked 8” x 10" quartz fiber filters. The sampling period
extended from 22 November 2007 to 6 March 2008. The
daily filter-based PM, 5 and PM; (i.e., sum of PM, 5 and
PM, 5_10) mass concentrations, obtained via the gravimetric
method, showed good linear correlations (R = 0.88 for PM, 5
and 0.83 for PM,,) with the hourly average concentrations
measured by the Taiwan EPA. However, the ratios of our PM
mass data relative to the EPA data were only 0.65 for both
PM, 5 and PM ;. These differences are likely attributed to the
conditioning of our samples, resulting in loss of a certain
aerosol water fraction [Lee and Hsu, 1998]. The average
ambient relative humidity was up to 70 £ 12% during the
sampling period.

3.3. Sample Preparation and Chemical Analysis
of Aerosol Samples

[9] The post-weighed PM, s and PM, 5 ;o samples were
extracted with 20 mL Milli-Q water (18.2 MQ) for one
hour. Residual membrane samples were further digested
with an acid mixture (2 mL nitric acid + 2 mL hydrofluoric
acid) using a microwave digestion system (MARSXpress,
CEM Corporation, Matthews, NC). The aqueous extracts
were analyzed for ionic species, using ion chromatography
(Dionex ICS-90 for ammonium ion (NH;) and ICS-1500
for sulfate (SO3 "), nitrate (NO3), chloride (C1"), and fluoride
(F") ions), and 22 water-soluble metals, using a quadrupole
inductively coupled plasma mass spectrometer (ICP-MS;
Elan 6100; Perkin Elmer, USA). The digested filter solu-
tions were analyzed for the water-insoluble fraction of
selected metals using ICP-MS. A 1.77 cm? punch of each
TSP-laden quartz filter was used for the measurement of
both organic carbon (OC) and elemental carbon (EC), using
a DRI-2001 carbon analyzer, which was operated using the
IMPROVE/TOR protocol [Chow and Watson, 2002]. Each
1/8 piece of TSP filter that had been punched for the OC and
EC analysis was then further subjected to extraction with
50 mL Milli-Q water for the determination of water-soluble
organic carbon (WSOC), using a total organic carbon ana-
lyzer (O.1. Analytical Model 1010). Detailed descriptions of
the methods used for the chemical analyses can be found in
the literature [Hsu et al., 2007, 2008, 2009a].

3.4. Data Processing and Estimation of Aerosol
Components

[10] In this study, we considered the spring season (first
quarter) as the period from March to May, the summer season
(second quarter) from June to August, etc. The concentrations
of non-sea salt SOF (nSSSOif) were calculated by subtracting
the concentrations of sea salt SO3 (SSSOﬁ_) from the total SO
concentrations. The SO3 concentrations were estimated
by multiplying Na" concentrations by a factor of 0.252 [Hsu
et al., 2007], the typical sulfate-to-sodium mass ratio in
seawater.
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Figure 2. Scatterplots of the estimated mineral component
fractions obtained by multiplying the Al concentrations by a
factor of 12.5, which was adopted in this study, versus the
Malm et al. [1994] method for (a) PM, 519 and (b) PM, 5
Kinmen aerosol particles. The insets in each plot are the
plots based on all data points, whereas the enlarged plots
exclude two and three outliers, respectively. Also shown in
the enlarged plots are the linear regression lines (forced
through the origins) and the regression equations.

[11] Note that EC and OC were measured using the
Hi-vol TSP samples collected on quartz filters, different
from the other chemical species that were measured from
the low-volume dichotomous samples collected on PTFE
membrane filters. Therefore, weight concentrations of EC
and OC were calculated by dividing the quartz filter-
obtained EC and OC atmospheric concentrations by the
PTFE-obtained PM mass concentrations, assuming that EC
and OC are mostly associated with PM;, aerosol particles
[Viidanoja et al., 2002; Ho et al., 2003; Fang et al., 2008],
with little carbonaceous mass in the very coarse fraction of
atmospheric particles (>10 pym in diameter). Accordingly,

D17309

the chemical mass balance was constructed only for PM;,
as it is not possible to precisely assign portions of the TSP-
derived EC and OC to PM, 5 and PM; 5_1,.

[12] Specific mass contributions of various sources to
PM,, were calculated using established source reconstruc-
tion techniques [Malm et al., 1994; Brook et al., 1997]. The
major components considered in our study included minerals
(soil), particulate organic matter (POM), elemental carbon
(EC), sea salt, trace element oxides, and secondary inor-
ganic particulate species, including sulfates, nitrates, and
ammonium.

[13] Typically, crustal elements such as aluminum (Al),
silicon (Si), calcium (Ca), iron (Fe), and titanium (Ti) are
calculated as oxides, as described by Malm et al. [1994] and
Brook et al. [1997], to estimate the total mineral dust mass,
as follows:

PMuineral = 2.20 Al + 2.49 Si + 1.63 Ca + 1.58 Fe
+ 1.94 Ti + 1.41 Potassium (K) (1)

[14] Silicon content was not measured in this study. This
is because the use of hydrofluoric acid (HF) could volatilize
silicon as silicon tetrafluoride (SiF;) during microwave
digestion. We thus assumed the Si concentration to be thrice
that of the Al concentration, which essentially agrees with Si
concentrations measured in soil dust in China in previous
studies [Bi et al., 2007]. We also investigated simplifying the
estimation of mineral dust contribution by multiplying the Al
concentration by a factor of 12.5 [Hsu et al., 2008; Andreae
et al., 2008].

PMnineral = 12.5 x Al (2)

Interestingly, the results from the two estimation methods
were very consistent (Figure 2). For PM; s_1, the mean ratio
of the latter method-derived values versus the former method-
derived values was 1.06 with a correlation coefficient (R) of
0.99 (n = 102), and for PMj, s, the mean ratio was 1.08 with a
correlation coefficient (R) of 0.98 (n = 103). The mineral
proportions for three PM, 5 ;¢ and two PM, 5 samples were
>100% and therefore were not considered in the regression.
The reason for the overestimation of the three PM; s ;¢
samples was that their PM loadings were low (<10 pg/m®),
likely leading to larger errors in weighing and, thus, mass
contents. However, the overestimation of the two PM; s
samples was likely due to considerably high Al concentra-
tions yet low concentrations of other crustal elements (Ca, Fe,
Ti, and K), resulting in the Fe/Al mass ratios being rather low
as well (<0.1), as discussed in section 4.6. Note that the results
from this study are hence reported based on the simplified,
latter estimations.

[15] Sea salt contribution is generally calculated from
either sodium ion (Na") or CI™ as follows [Malm et al., 1994;
Ho et al., 2003]:

PMeasar = 1.82 x CI™ 3)

PMeasat = 2.54 % Na™ (4)
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Figure 3. Scatterplots of the estimated sea salt component fractions in PM;y Kinmen aerosols obtained
by applying three methods (i.e., Malm et al.[1994], Ho et al. [2003], and our method as described above):
(a) Malm et al. versus Ho et al.; (b) ours versus Malm et al.; (c) ours versus Ho et al.; and (d) ours versus
half the sum of Malm et al. and Ho et al. (i.e., 1/2 x (Malm et al. + Ho et al.)). Also shown are the linear

regression lines forced through zero and equations.

Equation (3) is occasionally corrected with a factor of 0.89
when considering chloride depletion due to acid substitution
[Seinfeld and Pandis, 1998]. However, we defined PMgeggare
as the total concentration of C1", Na', and magnesium ion
(Mg2+), which is similar to that used by Sciare et al. [2003]
(seasalt=Na" + Cl” +ss5-SO3 +ss-Ca® + Mg*" +ss-K"). As
a consequence, results derived from equations (3) and (4)
are moderately consistent with each other (Figure 3a); the
former being 80% of the latter with a correlation of R = 0.83.
On the other hand, our results may have a certain over- or
underestimation when compared to the results derived from
the two methods cited here (Figures 3b and 3c). However,
results derived from using our definition of sea salt
are almost equal to the average values derived from the two
methods, with a mean ratio of 1.02 and an excellent corre-
lation coefficient of R = 1.00 (Figure 3d). This supports
the validity of our method, even though we realize that a
portion of water-soluble chloride, sodium, and magnesium

might originate from anthropogenic sources (in the case of
chloride) and/or mineral soils (in the case of sodium and
magnesium).

[16] In previous studies [e.g., Viidanoja et al., 2002, and
references therein], particulate organic matter (POM) was
calculated as follows:

POM = 1.6 x OC (5)
The conversion factor from OC to POM used here is 1.6
[Viidanoja et al., 2002], whereas in other investigations
factors were used with a wide range from 1.4 to 2.2 [Cass
et al., 2000; Turpin and Lim, 2001; Edgerton et al., 2005;
Andreae et al., 2008]. The determinants for choosing a
suitable factor are relatively complex [Turpin and Lim,
2001]. Considering the influence of urban and industrial
PM sources on our study location, we adopted a value
of 1.6.
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Table 1. Summary of Enrichment Factor Values for Trace
Elements in PM;, Kinmen Aecrosols

Range Mean + S.D.*

Co 0.1-2.4 0.9 +04
Y 0.04-2.6 0.8+£0.5
Sr 0.1-12.9 14+1.7
Ba 0.3-33.2 34+52
Mn 0.3-6.5 21+13
Rb 0.3-11.8 35+£21
Ni 0.3-2.7 1.3+£05
Cr 1.2-13.8 39+24
\% 0.2-8.0 1.7+14
Cu 6.9-133 23 £ 17
Zn 17-753 183 + 146
Mo 3.8-193 39 £32
Cd 76-3066 756 + 551
Sn 41-1276 269 + 206
Sb 156-3350 1163 £ 772
Tl 11-371 72 £52
Pb 51-1599 420 + 300
As 23-677 185 + 146
Se 1020-28303 5305 + 3818
Ge 3.8-92 24 £ 17
Cs 1.2-66.8 13.1+£9.2
Ga 2.2-51.6 16.6 £ 10.1

%One standard deviation.

[17] Landis et al. [2001] determined the mass contribution
of trace element oxides as follows:

TEO = 1.47 Vanadium (V) + 1.29 Manganese (Mn)
+ 1.27 Nickel (Ni) + 1.25 Copper (Cu)
+ 1.24 Zinc (Zn) + 1.32 Arsenic (As)
+ 1.08 Lead (Pb) + 1.20 Selenium (Se)
+ 1.37 Strontium (Sr) + 3.07 Phosphorous (P)
+ 1.31 Chromium (Cr) + 1.41 K

Following Landis et al. [2001], we also estimated the con-
tribution of heavy metals as metal oxides by employing the
following equation, considering additional trace metals which
have been analyzed in our studies and thus their enrichment
factors (EFs) have been calculated:

TEO = 1.3 x [0.5 Sr + 0.5 Barium (Ba) + 0.5 Mn
+0.5 Rubidium (Rb) + 0.5 Ni +0.5 Cr +0.5 V
+ Cu + Zn + Molybdenum (Mo) + Cadmium (Cd)
+ Tin (Sn) + Antimony (Sb) + Thallium (TI)
+ Pb + As + Se + Germanium (Ge) + Cesium (Cs)
+ Gallium (Ga)]

We calculated the EFs of the analyzed metals in PM;, as
follows:

EFcrust = (CX/CAl)aerosol/(CX/CAl)crust

where (Cx/Capaerosol 18 the concentration ratio of a given
element X to Al in aerosols, and (Cx/C a1)erust 18 the concen-
tration ratio of a given element X to Al in the average crustal
abundance [Taylor, 1964]. The degree to which the element
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X in an aerosol sample is enriched or depleted relative to a
specific source (e.g., average crust) can be assessed using
EF values. Depending on the EFs (Table 1), all analyzed trace
elements were considered in different weights. Elements
having enrichment factors of <1.0, such as cobalt (Co) and
yttrium (Y), were not taken into account in the calculation,
as they were identified to be of exclusive crustal origin.
Elements having EFs between 1 and 5 were multiplied by a
factor of 0.5, as they were identified as originating from two
sources, (i.e., anthropogenic and crustal sources). Elements
having EFs of >5.0 were multiplied by unity as they were
identified to be dominated by anthropogenic origins. Fur-
thermore, the multiplicative factor was simply set to 1.3,
such that the metal abundance would be converted to oxide
abundance when considering those used by Landis et al.
[2001], when no adequate literature information on metal
speciation was available for evaluation. Therefore, note that
here we report only the results of the heavy metal oxide
components using our equation.

[20] The secondary inorganic species, sulfate, nitrate, and
ammonium, were considered individually. Also, we must
note that a fraction of the sulfate concentration was of sea
salt origin, and a portion of the nitrate might be the product
of heterogeneous reactions between nitric acid and sea salt
aerosol. Nevertheless, both sulfate and nitrate were consid-
ered as secondary particulate species.

3.5. Air Mass Backward Trajectory Analysis

[21] We calculated 48-h air mass back trajectories using the
NOAA Hybrid Single Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model with a 1° x 1° latitude-longitude
grid and the final meteorological database. The 6-hourly final
archive data were generated from the National Center’s for
Environmental Prediction (NCEP) Global Data Assimila-
tion System (GDAS) wind field reanalysis. GDAS used a
spectral medium-range forecast (MRF) model. More details
about the HYSPLIT model can be found at http://www.arl.
noaa.gov/ready/open/hysplit4.html (NOAA Air Resources
Laboratory).

4. Results and Discussion

4.1. A Year-Long Air Mass Trajectory Analysis

[22] Air mass trajectories at two elevations of 50 and
500 m between December 2007 and November 2008 were
analyzed using the HYSPLIT model. Results for 50 m tra-
jectories are depicted on a seasonal basis in Figure 4. As the
500 m trajectories were essentially consistent with the 50 m
trajectories, they are not shown here. During the northeast-
erly monsoon season (i.e., generally from late September to
mid-May), air masses are primarily advected from north-to-
northeast, originating on the Asian continent and passing
along East China’s coastal line. This is particularly true in
winter. Nevertheless, air masses may occasionally (mainly
in spring and fall) be transported over oceanic areas as well.
In contrast, southeast winds with a maritime origin prevail
in summer. Consequently, the study area, Kinmen Island,
is expected to be substantially affected by the outflow of
air pollution from the Asian continent associated with the
northeasterly monsoon.
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Figure 4. The 48-h air mass backward trajectories at 50 m above ground level for the period between
December 2007 and November 2008. They were analyzed using the NOAA HYSPLIT model. Presented
here are the results from: (a) winter, (b) spring, (c) summer, and (d) autumn.

4.2. Air Pollution During the Winter Monsoon

[23] Based on the data set obtained from the EPA of
Taiwan, monthly and seasonal variations in the monitored
species, such as PM;, SO,, CO, and NO,, were constructed
and shown in Figures 5 and 6, respectively. Several features
in terms of seasonality were identified: (1) All selected spe-
cies peaked in the winter and spring months, when the
northeasterly monsoon prevailed, and decreased in the sum-
mer months, when southeasterly winds prevailed; mean-
while, concentrations in autumn were high only on occasion.
(2) Concentrations in the recent three years (2006 to 2008)
appear to be relatively higher than in the two preceding years
(2004 and 2005). (3) Monthly PM;, concentrations in the
recent three years frequently exceeded 100 ug/m’ during
the northeasterly monsoon months, revealing an apparent
increase in PM pollution, which needs to be verified in the
future. Surprisingly, the monthly average PM;, concentration
in March of 2008 at Kinmen was rather high at 150 pg/m?,
exceeding the Taiwan National Ambient Air Quality Stan-
dard (125 pg/m?) for 24-h average PM, and being 2.3 times
higher than the USA National Ambient Air Quality Standard
for 24-h average PM, s levels (i.e., 65 ug/m?). Moreover,
the daily PM, concentrations in the aerosol-sampling period
between December 2007 and February 2008 exceeded Taiwan’s
(or USA’s) 24-h air-quality standard on 32 (or 76) days.

Such levels and seasonal patterns were very similar to those
measured in Hangzhou City, Zhejiang Province, eastern
China [Cao et al., 2009], located ~600 km north of our
sampling site.

[24] For comparison, the monthly patterns of these species
at the industrial site, Linyuan, which is located outside a
petrochemical park in Southern Taiwan (Figure 1b), are also
shown in Figure 5. Surprisingly, levels and distributions of
monthly concentrations of PM;,, SO,, and CO in Kinmen
are quite similar to those at Linyuan. PM,, concentrations
in Kinmen were gradually approaching or even exceeding
those at Linyuan. Another feature of the PM;, concentrations
is that the background, summertime concentrations (around
30 pg/m’) in Kinmen were obviously lower than those
(around 40 pg/m?) at Linyuan. The most distinct difference
between the two sites exists in NO,, which is much higher at
the urban/industrial site of Linyuan, than at the rural site
of Kinmen. Such high NO, concentrations at the industrial
site are due to proximity to fresh emissions from combus-
tion sources which may include both mobile and stationary
sources, which were prevalent at Linyuan. Accordingly,
this comparison highlights the magnitude of the air pollu-
tion problems especially the PM levels in Kinmen. Based
on the results of the air mass trajectory analyses, the high
PM levels over Kinmen Island were likely due to areal- to
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regional-scale transport of polluted air masses from the
northeast.

[25] For further evaluation of the influence of regional
LRT on the high PM levels in Kinmen, we compared the
monthly variations in PM with those observed at three other
sites: Wanli, Magong, and Matsu. These three sites were
influenced by LRT of continental pollution from Asia dur-
ing the northeasterly monsoon [Junker et al., 2009]. As
shown in Figure 5, the similar seasonal trends in air quality
parameters at all these sites highlight the regional nature of
the air pollution problem. The Kinmen site, though not near
significant local sources, was particularly impacted by high
levels of PM;, SO, and CO, comparable to those observed
at the highly industrial Linyuan site. These findings suggest
that Kinmen was impacted mainly by trans-boundary trans-

port of air pollutants, along with LRT of pollutants from
regional sources, which is also demonstrated by the air mass
trajectories (Figure 4). Therefore, we further quantitatively
evaluated the influence of regional LRT from northern China
and the YRD.

[26] Because Kinmen is approximately located in between
the two background air-quality stations, Wanli and Magong,
data from these two stations were used for reference. The
differences (21.1 ,ug/m3 for Wanli and 21.7 ,ug/m3 for
Magong) in PMyq concentratlons between the northeasterly
winter (49.7 + 10.3 pg/m® for Wanli and 49 5+ 8.8 pg/m’
for Magong) and summer (28.6 + 5.7 ug/m® for Wanli and
27.8 £ 6.9 pug/m® for Magong) monsoons during the study
period (2004-2008) were nearly identical, suggesting that
this value (21 pug/m’) could be regarded as the regional
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influence on the study area. Hence, we estimated the
contribution of regional LRT to the PM levels (95 pg/m?)
during the northeasterly monsoon on Kinmen Island to be
22% on average, indicating that PM pollution in Kinmen
was not dominated by regional-scale LRT. In regards to
Asian dust, which is mainly derived from northern China’s
deserts and the Gobi Desert, according to our recent studies
[Hsu et al., 2008], the contribution of Asian dust to ambient
PM levels in the region south of 25°N is only ~3.5 zig/m> on
average during the northeastern monsoon, indicating that
Asian dust does not constitute an important source of acrosols
in Kinmen either.

4.3. Diurnal Patterns in Wintertime Pollution

[27] As depicted in Figure 7, we further analyzed the
hourly variations in a day for PM;o, PM, 5, SO, and wind
speed during the winter when the aerosol filter samples were
collected (i.e., from December 2007 to February 2008). The
outlier data points shown in each plot highlight the extreme
data and thus the air-quality deterioration. Again, we found

D17309

several crucial features as follows: (1) Extreme PM;, con-
centrations, arbitrarily defined as double the 24-h PM
standard in Taiwan (i.e., 2 x 125 ug/m’), occurred pre-
dominantly in the morning hours, around 7:00 A.M. to
10:00 A.M. local time (local time is used throughout this
paper). In a few cases, this spike was observed in the second
half of the day (i.e., 12:00 P.M.—12:00 A.M.). (2) Interest-
ingly, extreme PM, 5 concentrations seemed to occur later
in the day (i.e., 9:00 A.M. to 12:00 P.M.). (3) In contrast,
extreme SO, concentrations occurred slightly earlier than
the former two species and spanned a longer period of the
day (i.e., 6:00 A.M. to 12:00 P.M.). (4) Wind speed usually
decreased in early morning, around 4:00 A.M. to 7:00 A.M.
In particular, note that even though the median (50%) wind
speed was minimal at 5:00 A.M., the 75% (low end of each
box) value was also minimal at 6:00 A.M. In other words,
the circulation may have become nearly stagnant with
abnormally low wind speeds of less than 2 m/s during the
morning hours. Briefly, the peaks in the PM and SO, levels
during the morning hours (7:00-10:00 A.M.) were often
associated with low wind velocities and likely low mixing
layer heights, which resulted in poor ventilation [Krishnan
and Kunhikrishnan, 2004]. However, the relative roles in
the contributions of primary versus secondary aerosols are
not fully understood from the present data set, as discussed
by Brock et al. [2008].

4.4. Case Studies of High PM Episodes in Winter

[28] In order to further explore the high wintertime PM
episodes in Kinmen, two cases were selected for analysis in
detail: 6-9 December 2007 and 5—8 January 2008. Figures 8 and
9 illustrate the hourly variations of PM;, and PM, s, as well
as SO,, CO, NO,/NOy, temperature, relative humidity, and
wind speed and direction during these periods.

[29] During the period of 6-9 December 2007 (Figure 8),
the PM;y maximal hourly concentration reached nearly
600 pg/m® at 6:00 AM. on 7 December, while the
corresponding maxima in SO, and NO,/NO, appeared
earlier (at 5:00 A.M.), with the CO maximum occurring
later (at 8:00 A.M.). Note that the PM, 5 concentration at the
peak time was <200 ,ug/m3, i.e., coarse aerosols (PM, 5_1¢)
dominated the PM burden. At that time, the prevailing
winds were from the NE and had low speeds of less than
2 m/s. In the case 5-8 J anuary 2008 (Figure 9), three hourly
PM,, spikes of >400 pug/m” took place at 8:00 A.M. on
5 January, 10:00 A.M. on 7 January, and 9:00 A.M. on
8 January. In these cases PM, 5 mass accounted for ~35%,
~40%, and ~45% (i.e., all <50%) of the PM,, peak levels,
respectively. In contrast to the former case, peaks in SO,,
CO, and NO, concentrations were concurrent with those in
PM,,, except on 5 January, when no corresponding SO,
maximum was observed. Also, winds were weak in this
case, and blew mainly from the northern to northeastern
direction, similar to the former case. In summary, we may
conclude that the high PM levels in Kinmen were primarily
due to the transport of polluted air masses from north to
northeast of the island and ineffective dispersion due to
the decreased wind speeds and lower mixing layer height,
resulting in rapid accumulation of air pollutants [Krishnan
and Kunhikrishnan, 2004].
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4.5. Main Chemical PM Components

[30] During the sampling period between 22 November
2007 and 6 March 2008, our gravimetrically derived daily
PM, 5 and PM, 5| concentrations averaged 39 and 26 pg/m’,
respectively, with a mean C/F (coarse to fine mode aerosol)
mass ratio of 0.67.

[31] Based on the chemical analysis of these aerosol
samples, the major components of PM;, aerosols included
sulfate (23.7 = 7.2%), mineral particles (18.6 + 5.9%), and
particulate organic matter (POM, 18.5 + 6.8%). The minor
components were ammonium (7.5 £ 2.2%), nitrate (5.1 +
2.1%), sea salt (4.9 + 1.7%), EC (2.7 £ 1.3%), and heavy metal
oxides (0.9 £ 0.2%). Unidentified components accounted for
a significant portion (17.9%) of the PM mass (Figure 10).
Note that we have assumed that OC and EC contents mea-

data outliers representing extreme data.

sured in TSP filter samples could represent their exclusive
association with PM;q aerosol particles [Chou et al., 2005;
Fang et al., 2008]. Interestingly, the three main PM com-
ponents, i.e., sulfate, mineral species, and POM, made up
the majority of the bulk aerosol, while sea salt comprised
only a minor fraction, which was similar to observations
made in the USA [Malm et al., 2004], even though our study
location was on an island (i.e., coastal area). Also, the pat-
terns observed during our study were similar to those
observed in Hangzhou City, Zhejiang Province, Eastern
China [Cao et al., 2009]. Noticeably, nitrate accounted for a
modest fraction (5.1%) of all chemical species, which was
substantially lower (12%) than in the urbanized city, Hong
Kong [Yuan et al., 2006]. Trace element oxides represented
only 0.9% of Kinmen PM;, whereas Cass et al. [2000] found
that their proportion could reach 14% in ultrafine particles.
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Nevertheless, if inhaled, certain transition metals may act as
biochemical catalysts and cause molecular damage, even
when present at lower ambient levels [Lingard et al., 2005].

[32] As shown above, we noticed that the variability in
the proportion for each component is relatively small (all <50%)
during the sampling period despite the variability in the
atmospheric concentrations of PM and chemical species
being rather large (up to one order of magnitude or more).
This implies a somewhat constant mix of regional sources
during the northeasterly monsoon (i.e., during winter). As
mentioned above, there were only a few industrial activities
on the investigated island, suggesting that distant sources,
rather than local ones, contributed to the measured anthro-
pogenic substances.

[33] Furthermore, the mean concentrations of all analyzed
chemicals in PM;, (i.e., total of PM, s ;o and PM, 5) are

reported here, as depicted in Figure 11. Overall, the con-
centrations of most species were higher than those measured
in rural areas, and are even comparable with those observed
at industrial sites around the world, particularly in developed
countries [Chester et al., 2000; Malm et al., 2004; Hueglin
et al., 2005; Koulouri et al., 2008]. For instance, the mean
concentration for nss- sulfate was 16 pg/m® and ammonium
averaged at 5.0 pg/m?, substantially higher than those
(<6 pg/m® for ammonium sulfate) observed in the USA
[Malm et al., 2004]. Note also that the mean concentra-
tions for heavy metals, such as Zn, Pb, Cu, Cr, Sn, As, Cd,
Sb, Se, Mo, and Ga were rather elevated; among them, As,
Se, and Ga are mostly attributed to coal combustion [Xu
et al., 2004]. Also noticeable was the high average con-
centration of fluoride (144 ng/m?), which was significantly
higher than typical levels of fluoride in rural and urban
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areas, which at times are even below analytical detection
limits. The high fluoride concentrations may also be related
to coal combustion in upwind areas [Ando et al., 2001; Xu
et al., 2004].

4.6. Sources of High PM in Kinmen

[34] As depicted in Figure 12a, Fe and Al showed
excellent correlations in both PM, 5_1¢ and PM; 5 aerosol
particles, and the mean Fe/Al mass ratios were 0.43 in
PM,; 510 and 0.21 in PM, 5. When compared to the aver-
age crust composition (0.68 [Taylor, 1964]), Chinese loess
(0.57 [Zhang et al., 2003]), and Chinese desert dust (0.44—
0.83 [Zhang et al., 1997]), Fe/Al mass ratios in Kinmen
aerosols were quite low. In order to examine if the dust
aerosols fraction was composed of local soil dust, we ana-
lyzed soil samples collected from five sites around 2 km from
the aerosol sampling station. Fe/Al mass ratios in local soil

dusts ranged from 0.47 to 0.56, confirming little influence of
local soils.

[35] Interestingly, Fe/Al ratios in aerosols, particularly
PM, s, were very close to those (0.10-0.15) measured in
fugitive dust aerosols collected within the ceramic manu-
facturing factories in Guangzhou, south China (C.Y. Chan’s
unpublished data). More importantly, the low Fe/Al ratio
(0.21) in Kinmen PM, 5 aerosols was very similar to that
(average 0.20) measured in four sets of size-resolved aero-
sols collected from Cizao Town, Jingjiang City in April
2009 (Figure 12b), which is the most important area pro-
ducing architectural pottery materials (e.g., tiles), named
as “ceramic town of China.” Additionally, the size distri-
bution of both Al and Fe displayed a bimodal pattern (not
shown), peaking at 5.6-10 and 1.0-1.8 pum, which was
different from that (mono-modal pattern) observed in
Taipei [Hsu et al., 2009b]. The average mass median
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samples collected in this study. Numbers indicate the pro-
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diameter (MMD) of Al was only 1.8 um, which is also
significantly smaller than that (3.6 ym) observed in Taipei
[Hsu et al., 2009b], thus facilitating LRT. The reason why
the Fe/Al ratios in ceramic dust aerosols are so low is that
clays, being the chief material of ceramic products, are
composed mostly of kaolinite, Al,03-2S10,:2H,0, which
contains low Fe. Therefore, fugitive dust emitted from the
nearby ceramic manufacturing plants is likely one of the
main sources of ambient PM in Kinmen.

[36] According to Querol et al. [2007], aerosols in the
glazed ceramic production areas in Spain are characterized
by high levels of Zn, As, Se, zirconium (Zr), Cs, Tl, lithium
(Li), Co, and Pb. Interestingly, aside from high levels of Zn,
Pb, As, Se, and TI in our samples, Cs, which is usually
recognized as a typical crustal element, had a high enrich-
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ment factor of ~10 relative to average crust composition,
indicating a non-dust source and, thus, likely ceramic-
related sources. Additionally, other chemical evidence that
supports this indication includes the observations of high
nss-sulfate, along with high volatile metals, such as As and
Se, as well as high fluoride, which mainly originate from
coal combustion [Xu et al., 2004; Cao et al., 2009]. This is
reasonable because large quantities of coke may be used as
energy sources in pottery/porcelain manufacturing.

[37] Fujian Province is well known as one of the five
famous traditional pottery/china-producing areas in China.
Fujian, Jinjiang City, which is located 40—50 km northeast
of Kinmen Island (Figure 1a), hosts the most important area
of architectural ceramic/porcelain products, of which wall
and glazed tiles dominate the national production in China
(65% for wall tiles and >90% for glazed tiles in China)
(http://unn.people.com.cn/GB/22220/39486/6624407 .html).
Consequently, Jinjiang City is likely the key source area
contributing to the high PM levels on Kinmen Island in the
northeasterly monsoon, although this requires further inves-
tigation. In addition to architectural ceramic materials,
Jinjiang City is a very important area for producing sports
shoes and jackets, with a contribution to the worldwide pro-
duction of 20% and 21%, respectively (http://unn.people.
com.cn/GB/22220/39486/6624407 .html).

[38] Note that high POM contents averaging 18.5% of the
bulk PM;,, and moderate OC/EC mass ratios averaging at
4.4 (Figure 13a), were measured in the Kinmen aerosols.
This mean ratio was close to the average value (3.8), which
was observed in 14 cities across China in winter [Cao et al.,
2007] during the same season (winter) as our sampling time.
These OC/EC ratios approximately fall within the range
between aerosols influenced by biomass burning (=5) [Ryu
et al., 2004] and traffic exhaust (<2.0) [Watson et al., 1994].
An OC/EC ratio of >2.0-2.2 has been adopted to indicate
the presence of secondary organic aerosols in earlier studies
[Turpin et al., 1990; Chow et al., 1996], while ratios below
this threshold are considered to signify aerosol which was
primarily derived from fossil fuel combustion. Consequently,
the relatively high OC/EC ratio (4.4) observed here suggests
that traffic emissions may not have been the predominant
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regression.

source of carbonaceous aerosols, whereas biomass burning
could have been a possible source. As mentioned above,
Jinjiang City is a very important manufacturing area of sport
shoes and jackets. Chemicals used in shoemaking, particu-
larly the solvents, have been demonstrated to be a significant
source of ambient VOCs in the PRD [Chan et al., 2006].
Accordingly, secondary organic aerosols may form through
the oxidation of VOCs and gas-to-particle conversion of
the resulting reaction products [Xiao et al., 2009]. Thus
oxidation products of VOCs emitted from Jinjiang City might
have been one of the principal contributors to OC observed
in Kinmen.

[39] Nonetheless, the measured mean OC/EC ratio cannot
be used to precisely differentiate between secondary organic
aerosols and organic aerosol species derived from biomass
burning, as they may have similar OC/EC ratios [Sillanpdid
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et al., 2005; Tan et al., 2009]. Also note that OC/EC ratios
are site specific. In order to assess the contribution of bio-
mass burning, we further examined the relationship between
OC and non-sea-salt K*, showing a slope of 7.5 with a
moderate correlation (R = 0.53; Figure 13b). This seems to
suggest that biomass burning could also be a possible source
of OC in Kinmen aerosols [Duan et al., 2004], which is
reasonable, as biomass fuels are commonly used in rural
parts of China during the winter months for heating and
cooking. On the other hand, the contribution of secondary
organic species to the ambient OC currently cannot be
precisely determined and thus merits more investigations
in the future.

4.7. Implications for Regional Pollution, Atmospheric
Chemistry, and Climate

[40] The combined evaluation of air-quality data and
aerosol chemical composition demonstrates that Kinmen is
impacted by substantial air pollution associated with indus-
trial operations in areas to the north along the coast of Fujian
Province, especially during the northeastern monsoon. Our
finding also clearly suggest that PM sources are numerous
and of mixed nature, which has important implications for
atmospheric chemistry of aerosol particles in terms of their
physicochemical properties, mixing states (internally versus
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Figure 13. Scatterplots of (a) OC and EC in TSP aerosol
filter samples and (b) OC measured in the TSP and non-
sea-salt K" measured in the PM aerosol filter samples col-
lected on Kinmen Island. Linear regressions were computed
for each plot by forcing and not forcing the line through the
origin.
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Figure 14. Spatial distribution of the Fine mode Aerosol
Optical Thickness observation from the NASA/Terra
MODIS sensor over the western Pacific Ocean in the pre-
vailing northeasterly monsoon seasons (i.e., winter and
spring) averaged between 2000 and 2006.

externally mixed), and gas-particle interactions, thus influ-
encing radiative forcing and human health [Shao et al., 2006].
Certain anthropogenic activities, including ceramic/pottery
manufacturing as well as shoe-making and textile industries
in Jinjiang City, Fujian Province, were shown to likely be the
chief air pollution sources for Kinmen Island. Aside from
traditional anthropogenic emission sources, such as fossil fuel
combustion, traffic exhausts, biomass burning, and fugitive
road dust, these abovementioned sources may have signifi-
cant contributions to PM pollution in China as well, because
many industrial cities like Jinjiang City, with mixed emission
sources, are prevalent and distributed widely throughout China,
while their influences on regional air quality has largely been
overlooked.

[41] More importantly, while most studies addressing air
pollution in China have been focused on the YRD and the
PRD regions, our study shows that areas in-between (e.g.,
Fujian Province) these two urban and industrial hubs suffer
from severe air pollution as well. Remote sensing observa-
tions, such as the Fine mode Aerosol Optical Thickness
(FAOT) from NASA'’s Terra MODerate Resolution Imaging
Spectro-radiometer (MODIS) sensor (Figure 14) [Kaufinan
et al., 2002; Remer et al., 2005; Lin et al., 2007, 2009],
confirm our conclusion. As shown in Figure 14, the spatial
distribution of FAOT data reveals that fine aerosol pollution
may extend from the YRD toward the PRD regions, forming
a tongue-like, regional pollution zone, which is also con-
sistent with the distribution of tropospheric NO, in eastern
China [Zhang et al., 2007]. Aside from their adverse impacts
on human health, mixed aerosol particles could also pose
complex effects on climate forcing on a regional scale [Qian
et al., 2009]. Therefore, such middle- to large-scale pollution
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phenomena, particularly in China, warrant further scientific,
as well as regulatory, attention.

5. Summary

[42] Based on our results, we can draw the following
conclusions:

[43] 1. Air-quality data measured on the offshore island,
Kinmen, between 2004 and 2008 reveal consistently high
PM concentrations during the study period, particularly in
winter. Highest values were achieved in the last two years
(i.e., 2007 and 2008).

[44] 2. Abnormally high PM concentrations preferentially
occurred in the early morning and are essentially due to
ineffective dispersion because of low wind speeds and lower
mixed heights, leading to the accumulation of primary
aerosols and likely the formation of secondary aerosols,
which merits more investigations in the future.

[45] 3. The principal components of aerosol particles were
sulfate, mineral dust, and POM. Other minor components
include nitrate, ammonium, sea salt, EC, and heavy metal
oxides. Unidentified components accounted for 18% of the
total aerosol mass.

[46] 4. Clay mineral dust and reactive gas (e.g., SO,)
emissions from ceramic industries in the northern part of
Fujian Province’s coastal area, specifically Jinjiang City,
likely constituted the key components of the observed aerosol
pollution in Kinmen. An additional crucial PM source were
organic aerosols, likely resulting from biomass/biofuel burning
activities in rural areas of Fujian Province as well as oxi-
dation of VOCs presumably emitted from petrochemical
sources and solvents used in shoemaking factories, warrant-
ing future investigations.

[47] 5. The numerous and mixed sources of Kinmen
ambient aerosols result in critical implications for atmo-
spheric chemistry, e.g., in terms of aerosol mixing state and
gas-particle interactions. Furthermore, these aerosols are
likely involved in complex climate forcing processes. Com-
bining our findings with satellite images, we clearly show the
large-scale extent of aerosol pollution along the coastal lines
of Eastern China, extending from the YRD to the PRD, and
thus imposing significant regional-scale effects on air quality,
biogeochemical cycles, and climate.
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