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[11 A super Asian dust (SAD) storm that originated from North China has affected East
Asia since 20 March 2010. The tempo-spatial and size distributions of aerosol Al, a tracer
of wind-blown dust, were measured on a regional aerosol network in March 2010. Two
dust events were recorded: the SAD and a relatively moderate AD event. The SAD clouds
raised Al concentrations to ~50 pg/m® on 21 and 22 March over the East China Sea (ECS)
and occupied there for ~5 days. The SAD plume also stretched toward the South China Sea
(SCS) on 21 March however, it caused a maximum Al concentration of ~8.5 pg/m® only,
much lower than that observed in the ECS. In comparison, a weaker dust plume on 16
March caused Al maximum of ~4 pg/m® over the ECS, and comparably, ~3 pg/m’® in the
SCS. Dry dust deposition was measured during the peak phase of the SAD at 178 mg/m?/d,
which corresponded to dry deposition velocities of 0.2—0.6 cm/s only, much lower than
the commonly adopted one (1-2 cm/s). The corresponding increase in dust deposition by

the SAD was up to a factor of ~12, which was, however, considerably disproportionate
to the increase in dust concentration (i.e., the factor of over 100). In certain cases,
synoptic atmospheric conditions appear to be more important in regulating dust

contribution to the SCS than the strength of AD storms.

Citation: Hsu, S.-C., et al. (2013), A super Asian dust storm over the East and South China Seas: Disproportionate dust
deposition, J. Geophys. Res. Atmos., 118, 7169-7181, doi:10.1002/jgrd.50405.

1. Introduction

[2] Asian dust (AD) storms occur annually in late winter and
spring over West and North China [Wang et al., 2000; Zhang
et al., 2003a]. There are two main AD sources, namely, the
Gobi deserts in northern China and Mongolia, and the
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Taklamakan Desert in western China [Sun et al., 2001; Zhang
et al., 2003a, 2003b]. The highest frequency (58%) of
dust storm occurrence in the Gobi deserts is in the April [Sun
et al., 2001], which is slightly different from the case in
Taklamakan Desert, wherein dust storms frequently occur in
April to July [Wang et al., 2005]. Massive quantities of AD
can be entrained into the free troposphere and then brought
by the prevailing westerlies, traveling thousands of kilometers
or more from source regions to neighboring countries, such as
Korea and Japan [Choi et al., 2001; Uematsu et al., 2002;
Trochkine et al., 2003; Uno et al., 2008], the North Pacific
[Duce et al., 1980; Gao et al., 1992, 1997, Husar et al.,
2001], and North America [VanCuren and Cahill, 2002].
Laurent et al. [2006] recently estimated the emission of dust
from the Chinese and Mongolian deserts between 100 and
460 Mt/yr compared with the earlier estimate of ~800 Mt/yr
by Zhang et al. [1997]. Of the latter amount, 30% is
redeposited around the dust sources, and 50% is carried
downwind to the oceanic regions [Zhang et al., 1997]. Around
East China, such as the Yangtze River Delta and the East
China Sea (ECS), AD may be subject to the regime of the
northeastern monsoon, usually following a frontal system.
The AD transported southeastward to Taiwan is carried by
the prevailing northeasterly monsoon winds within a thin
layer, usually below 1.5km [Chen et al., 2004; Hsu et al.,
2004, 2008, 2009a; Liu et al., 2009] and as far as Hong Kong
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[Fang et al., 1999; Wai and Tanner, 2005] and the South
China Sea (SCS) [Lin, 2007; Wang et al., 2011], where AD
have not well been simulated in model studies at times [Zhao
et al., 2003; Park et al., 2011]. For example, Park et al.
[2011] have modeled monthly mean PM;, concentrations for
the ECS and SCS to be 24.7 and only 1.4 pg/m® in March
2010, respectively, which are rather small as compared to
our observations on two islands (i.e., 99 and 21 pg dust/m®,
respectively), which is to be shown later. The main dust
sources that influence the southern ECS and Taiwan have been
identified to be around Badam-Julin Desert [Hsu ef al., 2008;
Liu et al., 2009].

[3] Dust aerosols are often associated with pollutant species
and, thus, can deteriorate air quality and pose risks to public
health [Chou et al., 2004; Hsu et al., 2005, 2006, 2009b; Chi
et al., 2008; Wu et al., 2010]. Likewise, dust aerosols can
profoundly affect the Earth’s climate through direct and
indirect influence on the radiation balance of the atmosphere
[Tegen et al., 1996; Chen et al., 2010]. Atmospheric deposi-
tion of Fe in dust aerosols has been well recognized as a
primary source of bioavailable Fe to the open oceans [Gao
etal.,2001; Mahowald et al., 2005], closely linking to oceanic
production and in turn carbon sequestration, particularly in the
high-nitrate low-chlorophyll regions [Jickells et al., 2005]. It is
further hypothesized that the enhanced dust (in turn Fe) supply
to the open oceans during the glacial ages plays a vital role in
reducing CO, in the atmosphere at that time [Martin, 1990].
Moreover, AD has been known to serve as a main source
of pelagic sediments over the North Pacific, and thus its
variability in cored sediments is often applied as a proxy of
paleoclimate [Rea, 1994]. Actually, it has been observed that
AD conveyed bioavailable iron to the northwestern North
Pacific, hence stimulating production [Iwamoto et al., 2011].
Phytoplankton in the Kuroshio Current flowing around the
East China Sea continental shelf break can mitigate the
demand pressure for iron, phosphorus, and nitrogen during
an AD event [Chung et al., 2011]. AD is also suggested to
enhance nitrogen fixation in the oligotrophic waters of
the North Pacific [Wong et al., 2002; Wu et al., 2003]. The
biogeochemical effects of AD deposition are closely related
to carbon sequestration [Bishop et al., 2002], which might
mitigate global warming.

[4] Most modeling studies have presumed that dust (and
dust-associated iron) deposition to the oceans is considerably
episodic in nature and event-dependent [Aumont et al., 2008].
Meanwhile, few field measurements that use observational
evidence can support the validity of such claims, particularly
for episodically severe dust storms. Numerical model investi-
gations can yield a wide range of results on dust concentrations
and deposition fluxes [Todd et al., 2008], whereas model
simulation proves to be a powerful approach [Mahowald
et al., 2009]. Aerosol optical depth (AOD) retrieved from
satellite remote sensing has been utilized as alternative means
to evaluate atmospheric deposition over the oceans [Jurado
et al., 2004; Singh et al., 2008] that, in turn, can be used to
assess the impact of eolian dust on marine ecosystems [Gao
et al., 2001; Lin et al., 2007, 2009, 2011; Shaw et al., 2008].
Nevertheless, investigations have found inconsistencies among
satellite retrievals, model simulations and observations
[Mahowald et al., 2005], thus requiring precaution and verifi-
cation [Mahowald et al., 2009]. Accordingly, comprehensive
field measurements are urgently needed to reduce the

uncertainties and thereby improve the performance of model
simulation and remote-sensing retrieval [Prospero et al.,
2010].

[s] AD has been postulated as a major iron source for the
SCS to fertilize the nitrogen fixer Trichodesmium, thus
enhancing nitrogen fixation [Wu et al., 2003; Wong et al.,
2002] and phytoplankton growth [Wang et al., 2012]. Despite
the identification of AD in a number of case studies in south-
eastern China and over the SCS [Lin, 2007; Zhao et al.,
2011; Wang et al., 2011], extensive aerosol observation has
not been conducted in this region, unlike the ECS, in where
AD has been periodically observed. AD transport processes
over the wide Chinese marginal seas remain unclear, particu-
larly in terms of demonstration from field measurements on
a regional scale. A super Asian dust (SAD) storm developed
over the Gobi Desert in North China and then struck the
entire East Asian region on 20 March 2010 [Li et al., 2011;
Park et al., 2011; Lin et al., 2012], which can be readily
identified by the spatial distribution of the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) total AOD and
natural-color images from both Terra and Aqua satellites
[Liu et al., 2011; Han et al., 2012a, 2012b; Li et al., 2012].
In addition to this SAD, about 5 days before the SAD event,
another moderate AD (MAD) event, which is much weaker
than the SAD, was also transported toward the region under
investigation. The two AD cases, which have considerably
different strengths, can exemplify the assessment of synoptic
atmospheric circulation patterns and their role in regulating
the long-range transport of AD to the SCS, aside from
dust strength. Briefly, on the basis of a regional aerosol
network [Hsu et al., 2012a, 2012b], the present study aims
to characterize the transport pathways and tempo-spatial
evolution of AD over the Chinese marginal seas and to explore
the controlling factors of the observed dust deposition. Be-
sides, we present high time resolution data on dust deposition
which are indeed so limited for the oceanic regions downwind
major dust sources, particularly during rare extreme dust
storms. Therefore, our results will offer implications for long-
range AD transport and deposition.

2. Materials and Methods

2.1.

[6] We set a Taiwan regional background aerosol (TaiBA)
network along the Chinese coastlines and in the marginal seas
beyond 30°N, which has four offshore island/coastal stations,
as depicted in Figure 1: Pengchiayu (PCY) islet in the southern
ECS, Dongsha (DS) island in the northern SCS, Kinmen
(KM) island on the Taiwan Strait, and Zhuhai (ZH) on the
campus of the University of Sun-Yat-Sen, Guangzhou, near
the Pearl River Estuary. By taking advantage of the TaiBA
network, we could readily observe the interesting features of
the regional and hemispheric transport of air species [Hsu
et al., 2012a, 2012b; Huh et al., 2012]. We collected daily
total suspended particulate (TSP) aerosol samples from the
four stations using high-volume TSP samplers (TE-5170D;
Tisch Environmental, Inc.) between 11 and 30 of March
2010. During the said interval, two AD events occurred: one
between 15 and 16 of March and another between 21 and 23
of March. A few samples were collected with a 2 day interval.
Whatman®41 cellulose filters (8" x 10”) were used as filtra-
tion substrates. Two sets of size-resolved aerosol samples

Sampling and Chemical Analyses
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Figure 1. Regional map of four TSP sampling stations (indi-
cated by pink stars), including Pengchiayu (PCY) in the
southern East China Sea, Kinmen (KM) in the Taiwan Strait,
Zhuhai (ZH) in the Pearl River Delta of Southeast China, and
Dongsha (DS) in the northern South China Sea; and the size-
resolved aerosol and dry deposition sampling station (indicated
by the red star), in Taipei (TP), North Taiwan. The base map
shows typical 1000hPa streamlines during winter/spring
(February, March, and April) for 1979-2005. Arrows indicate
prevailing wind directions. Color scale indicates wind speed
(nm/s). Northeasterly monsoon is obvious in the south of 30°N.

were collected in Taipei, northern Taiwan during the course of
the SAD (from 17:00 on 22 March 2010 to 17:00 on 24 March
2010, LST) and the ensuing 2 days (from 17:00 on March 24,
2010 to17:00 on March 26, 2010, LST; denoted as the normal
case or sample) by using a micro-orifice uniform deposit im-
pactor (MOUDI) sampler (Model 110, MSP Corporation,
Minneapolis, Minnesota); Teflon membrane filters (PTFE,
47 mm in diameter and 1.0 pm in pore size, Pall Gelman, East
Hills, NY) were used. All filter-laden particles were
completely dissolved in an acid mixture by using a microwave
digestion system (MARSXpress, CEM, Corporation, Mat-
thews, NC). The digestion solution was subjected to chemical
analyses for crustal elements, such as Al and Fe, using a
quadrupole-based, inductively coupled plasma mass spec-
trometer (Elan 6100, PerkinElmer, Waltham, Massachusetts).
Here Al served as an indicator of dust, directly representing
the dust particles [Duce et al., 1980; Prospero et al., 2003;
Hsu et al., 2004, 2008]. Quality assurance and control (QA/
QC) of data were validated by the analyses of a standard refer-
ence material (National Institute of Standards and Technology
SRM-1648, urban particulate), following the same treatment
as samples within a recovery of 100 &= 5% (n=5). The detection
limits of Al and Fe in the TSP samples were at 5 ng/m”’, whereas
that of Al in the size-resolved samples was as low as 0.5 ng/m”.
Detailed sampling and analytical methods were provided by
Hsu et al. [2008, 2009a, 2009b, 2010a, 2010b, 2010c].

[7] We employed a surrogate surface water glass dish
(19 cm in diameter and 8.5 cm in depth; SCHOTT DURAN)
for collecting the dry deposition of dust particles at the same
sampling site of the size-resolved aerosols during the passage

of the SAD plume, along with a routine collection of weekly
bulk deposition by using a cylindrical high-density polyethyl-
ene tank (30 cm in diameter and 36 cm in depth), principally
similar to those used by Azimi et al. [2003] and Inomata
et al. [2009]. These two kinds of containers were infused into
0.10 and 0-11 (dependent on whether or not raining occurred
at the beginning of deployment) of Milli-Q water prior to
use, respectively. The recovered water that was loaded with
deposited particles was filtrated through a pre-weighed poly-
carbonate membrane (0.45 mm pore in size and 47 mm in
diameter, Nuclepore) by using plastic filtration units (Nalgene
Filterware 300-4100), thus representing the insoluble fraction
of the collected particles that were assumed to be dominated by
the total deposited mineral dust particles (~70-90%) [Prospero
et al., 2010]. The insoluble particle loadings were gravimetri-
cally obtained after drying the particle-laden membrane filters.

2.2. AOD and Meteorological Data and Back
Trajectory Analyses

[8] In order to explicitly depict the tempo-spatial distribu-
tion and evolution of eolian dust loadings in the study re-
gion, the total AOD data were used in the present study.
Total AOD data with 1° x 1° resolution are the level 3.0
products (at 550 nm wavelength) from Moderate resolution
Imaging Spectrometer (MODIS) sensors on board Terra
and Aqua satellites. Because there are large blank over East
China and the studied marginal oceans on the MAD and
SAD days, therefore the composite AOD map on 15-16
and 21-22 March are adopted, as depicted in Figure 2.

[9] The synoptic conditions during the dust event were ana-
lyzed based on the National Centers for Environmental Predic-
tion (NCEP)/National Center for Atmospheric Research
(NCAR) Reanalysis [Kalnay et al., 1996]. The global
reanalysis data have a spatial resolution of 2.5° x 2.5° and a
temporal resolution of 6 h, including a three-dimensional wind
field and sea-level pressure. In addition, surface dust observa-
tions obtained from the World Meteorological Organization
(WMO) were used to identify the source of the dust event
[WMO, 2010]. In the WMO SYNOP (surface synoptic obser-
vations) code, the three-hourly weather reports for
distinguishing dust intensity from haze to severe dust storm
were employed in the present study to identify dust events.
Dust observations from more than 800 surface stations in
China were included for analysis.

[10] Five-day air mass back trajectories were calculated by
using the National Oceanic and Atmospheric Administration
(NOAA) Hybrid Single Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model with a 1° x 1° latitude-longitude
grid and the final meteorological database [Draxler and
Rolph, 2012; Rolph, 2012] to explore the likely transport
pathways of AD plumes arriving at the four TSP aerosol sta-
tions. The six-hourly final archive data were generated from
the NCEP Global Data Assimilation System (GDAS) wind
field reanalysis. The GDAS uses a spectral medium-range
forecast model. Details on the HYSPLIT model can be
found at http://www.arl.noaa.gov/ready/open/hysplit4.html,
as prepared by the NOAA Air Resources Laboratory. Air
mass back trajectory calculations were performed at 500 m
because the southeastward transport of AD to the study
region is driven by the northeasterly monsoonal circulation
and is confined within the 1500 m layer aboveground [Chen
et al., 2004; Liu et al., 2009].
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Figure 2. Spatial distribution of AOD retrieved from MODIS
at 550nm on (a) 15-16 March and (b) 21-22 March.

3. Results and Discussion

3.1. Regional and Temporal Variation in PM,, and
Dust-Derived Al Concentration

[11] PM;o (PM with an aerodynamic diameter of less
than 10 um) has routinely been monitored with an hourly
resolution around Taiwan and Hong Kong. Although com-
posed of various components, such as mineral dust, sulfate,
nitrate, ammonium, sea salt, organic matter, and elemental
carbon, PM, is usually dominated by mineral dust particles
during dust episodes [Hsu et al., 2004, 2008; Chou et al.,
2004]. Figure 3 shows the time series of hourly PM;q
concentrations during the two AD events monitored at
selected air-quality stations in Taiwan, under the Environ-
mental Protection Administration (EPA, http://tagm.epa.
gov.tw/taqm/zh-tw/) and in Hong Kong, under the Environ-
mental Protection Department (EPD, http://www.epd.gov.
hk/epd/english/environmentinhk/air/air maincontent.html).
To determine the arrival time of the SAD at each air-quality
monitoring station, we identified the time when the PM;,
hourly concentration at a given hour increased by 50% more

than the average concentration in the earlier 3 h, and then we
designated such time as the arrival time of the SAD at a
selected station. The arrival times are indicated by arrows
on the x axes (time) of the three panels in Figure 3. Based
on the results, we determined the time at the TSP sampling
sites: earlier than 03:00 LST on 21 March at PCY (based
on the time of Station Wanli); 07:00 LST on 21 March at
KM; and 20:00 LST at ZH (based on the time of Station
Tungyong, Hong Kong). With regard to the results of Wang
et al. [2011], the arrival time of the SAD was determined to
be 20:00 LST on 21 March similar to that of ZH. Hourly
PM;, concentrations dramatically increased and then
reached a maximum of more than 1000 pg/m’ in northern
Taiwan and the Taiwan Strait, namely, stations Wanli and
Penghu (Figure 3).

[12] Figure 4 shows the time series of the Al concentra-
tions at our TaiBA network stations: PCY, DS, KM, and
ZH. The data represent the mean concentration averaged
through 1day (or 2days for several samples) from one
morning to the succeeding morning. We used the sampling
beginning date as a tick label of the x axis in Figure 4.
Therefore, when addressing the arrival time of the dust
plumes determined from the time series of PM;, concentra-
tions, the dates may not be the same as those shown in
Figure 4. Aluminum concentrations at PCY reached
47221 ng/m> on 20 March and 51118 ng/m’ on 21 March,
which corresponded to daily dust concentrations of almost
700 + 30 pg/m® when assuming Al content (~7%) in dust
aerosols similar to that in the Chinese desert and loess dust
[Zhang et al., 2003a]. The magnitude was found to be
consistent with the levels of hourly PM;, (>1000 pg/m?)
monitored by Taiwan EPA on Taiwan’s northern tip (Wanli)
during the peaking g)hase of the SAD (Figure 3). Such PM,,
levels (~1200 pg/m”) were measured in the downwind Sado,
Japan in March 2002 [Han et al., 2004]. However, the
daily maximum concentration of PM;j, monitored in
Beijing during the peaking phase of the SAD was only
~800 pg/m3 on 20 March [Li et al., 2011; Liu et al.,
2011], which was lower than those extensively monitored
around Taiwan (Figure 3) [Lin et al., 2012]. One of the most
likely reasons is that the values of daily PM, concentrations
presented by Liu et al. [2012] were converted from ground
API (air pollution index) values, instead of the real monitor-
ing PM,, data. Following the maxima, Al concentrations
remained at a high level of ~10,000ng/m® in the ensuing
2 days at PCY. Extraordinary Al levels were observed at
KM and ZH, Southeast China, at 52,526 and 37,805 ng/m3,
respectively. Despite the peaking times on 21 and 22 March,
respectively, no sample was available from ZH for 21
March. Thus, the arrival time of dust clouds lagged for sev-
eral hours, and the influencing time was shortened relative to
PCY; the magnitudes of the maximum concentrations were
thus comparable. Unexpectedly, the spiking Al concentra-
tion observed on the DS islet was only 8509 ng/m® on 21
March, which was incomparable with that measured at ZH,
although the arrival times of the SAD plumes at DS and
ZH were the same on late 21 March (20:00 LST) (Figure 3).
Briefly, the influencing times were between 4 and 5 days at
PCY, between 1 and 2 days at KM and ZH, and less than
1 day at DS. With consideration for the entire influencing
time at each site, the difference in Al abnormal concentra-
tions among the four sites would be amplified. Thus, this
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Figure 3. Regional map (left panel) of air-quality stations (blue solid circles) along with aerosol sampling
stations (red and pink stars). Also shown is the time series of PM,, hourly concentrations (in pg/m?; three
right panels) along three transects (dashed curved, pink arrows) between 15 and 24 March 2010. The left
transect represents the area along the Southeast Chinese coastlines, including the Matzu (MZ), Kinmen
(KM), and Tongyong (TY, Hong Kong) stations, where PM;, time series data are shown on the right-
upper panel. The middle transect denotes the area along west Taiwan, including the Wanli (WL), Salu
(SL), Penghu (PH), Qiangcheng (QC), and Hengchun (HC) stations, whose PM time series data are shown
on the right-middle panel. The right transect is along east Taiwan, including the WL, Huwliean (HL), Taitung
(TT), and HC stations, whose time series data are shown on the right-lower panel. Among these stations, two
(WL and HL) are repeated in the middle and right transects, respectively, so that the northern and southern
ends of Taiwan can be compared. Data for all stations were mainly obtained from the Taiwan Environmental
Protection Administration (EPA; http://tagm.epa.gov.tw/tagm/en/Default.aspx), except those of Tongyong,
which were obtained from the Hong Kong Environmental Protection Department (EPD; http://www.epd.
gov. hk/epd/enghsh/enwronmentmhk/alr/alr maincontent.html). The upper limit of the PM;, concentration
was initially set at 1000 ug/m® at most of Taiwan’s air-quality network stations. Thus, the maximum concen-
trations of MZ, KM, WL, and PH should be higher than 1000 jig/m*. The max1mum hourly PM,, concentra-
tion measured in the Shilin District, in Taipei City, at that time, was 1720 pg/m”.

in Al maxima between PCY and DS (a ratio of 6.0; when
considering the influencing time, the ratio would reach 15 or
more), the difference is relatively much smaller (i.e., a ratio
of only 1.1). This indicates that the spatial distribution of
dust over the study region during the MAD was considerably
even, which is also in concert with the spatial distribution of
MODIS AOD, showing AOD values around 0.5-1.0 over
the southern ECS and the northern SCS (Figure 2a). The
distinct meteorological conditions that regulated the transport
of the two AD plumes to the ECS and SCS are discussed
below.

SAD plume might have substantially affected the ECS,
resulting in a sharp gradient of dust concentrations within
the marine boundary layer across the oceanic region studied,
which is very correspondent with the spatial pattern of total
AOD (Figure 2b). Larger AOD values of 1.2 to 2.0 were ob-
served over the ocean off northeast Taiwan, whereas about
0.5 was observed over the northern SCS.

[13] Prior to the occurrence of the SAD, a MAD episode,
which caused an Al maximum concentration of 3945 ng/m>,
was reported at PCY on 15 March 2010, based on a concentra-
tion criterion (2800 ng/m ) of an AD event [Hsu et al., 2008];
however, results much lower than those of the SAD were
determined. This AD episode might have elevated the Al
concentrations at KM to as high as 5649 ng/m’ on 16 March

3.2. Synoptic Conditions Controlling the
Southeastward Transport of AD

although this could be partly attributed to anthropogenic
sources from its northeastern areas, particularly from ceramic
industries [Hsu et al., 2010a]. However, no sample was
collected at ZH before 19 March. The earlier MAD plume ar-
rived at DS, which increased the Al concentrations to 3524
and 2690ng/m> on 16 and 17 March 2010, respectively.
Compared with the SAD that has resulted in a large difference

[14] Figure 5 shows the surface weather maps and the dust
observations of the two dust storms during the sampling
period. For the MAD case, Figures 5a and 5b show that
the dust storm started on 15 March when a cyclonic system
passed through eastern Mongolia and northeastern China.
Several hours later, dust was generated over northeastern
China due to strong surface winds from the intense pressure
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Figure 4. Time series of Al concentrations (y1 axis; bars) and Fe/Al mass ratios ()2 axis; lines and sym-
bols) in aerosols, between 10 and 30 March 2010, measured at the four TSP stations. The y1 axis scale in
the DS graph is different from the three other graphs. X axis indicates the start date of sampling of each
sample. The label marked by the grayed box indicates that no sample was collected during that date. A
few samples were collected at 2 day duration, as marked by the blank box.

gradient between the surface cyclone and anticyclone. In the
evening of 15 March, when the associated anticyclone
moved southeastward to the eastern coast of China (indi-
cated by H in Figure 5c), dust clouds were also transported
ahead of the anticyclone to Korea. On the following day,
the northerlies ahead of the anticyclone remained up to
15m/s. Following the strong northerlies, widespread dust
clouds continued to move southward to the southern ECS
and Taiwan (Figures 5d and 2a).

[15] Forthe SAD case, Figures Se to Sh show that the dust
storm began on 19 March, when a cyclonic system passed
through Mongolia and northern China. The area with intense
pressure gradients between the surface cyclone and the anti-
cyclone obviously covered a wide range of the Gobi desert.
The surface winds that resulted from the intense pressure
gradient reached 20 m/s, which was considerably stronger
than the MAD winds at 10 m/s (Figure 5e). Due to the strong
surface winds, the generated dust clouds became widespread
(Figure 5f). Two days later, when the surface anticyclone
moved southeastward from Mongolia to Shanghai City
(about 121°E, 31°N), substantial dust clouds were also
transported by the prevailing winds ahead of the anticyclone
to the eastern coast (Figures 5g and 5h).

[16] During downwind transport, the locations of the sur-
face anticyclone in the two dust events were characterized
by distinct features. In the MAD event, the associated
surface anticyclone moved to southeastern China after dust
generation, reaching far south beyond 30°N on 16 March
(Figures 5d and 2a). The anti-circulation on the surface
covered the entire eastern China, and the strong northerlies
to northwesterlies ahead of the anticyclone prevailed from
northeastern to southeastern China. The strong prevailing
winds were favorable for the southward transport of dust to
the coastal areas off southeastern China. In contrast, the
associated surface anticyclone of the SAD event moved to
the eastern coast after dust generation (Figures 5h and 2b).
Anti-circulation with weaker prevailing winds occupied a
smaller area of the eastern coast of China and northern
Taiwan. Although dust generation was much stronger during
the SAD, the smaller anti-circulation with weaker prevailing
winds limited the southward transport of dust. Such synoptic
conditions seemed favorable for the southeastward disper-
sion of the SAD to the open western Pacific than for the
straight southward dispersion to the SCS (Figure 2b), as
supported by the CALIPSO lidar data (depolarization ratio)
published by Lin et al. [2012; seen in their Figure 6].
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Figure 5. Surface weather map at (a) 0000 UTC on 15 March; (b) 0600 UTC on 15 March; (c) 1200
UTC on 15 March; (d) 0000 UTC on 16 March during the MAD event, and at (e¢) 0000 UTC on 19 March;
(f) 0600 UTC on 19 March; (g) 0000 UTC on 20 March; (h) 0000 UTC on 21 March during the SAD
event. Sea-level pressure obtained from NCEP-NCAR Reanalysis was analyzed at 4 hPa intervals. The full
barb and half barb were 10 and 5ms ™", respectively. The High (H) and Low (L) pressure systems and the
front (thick line with triangle) and dust observations ($) are marked.
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Figure 6. (a—c) The NOAA HYSPLIT modeled 5day
backward trajectories at S00 m starting from the four TSP
sampling stations (PCY, KM, ZH, and DS) between 14
and 16 March 2010. The model for each day was run twice
at 04:00 and 16:00 UTC.

3.3. Back Trajectory Analysis

[17] In addition to weather condition analyses, we also sim-
ulated the air-mass backward trajectories at an altitude of
500 m above sea level using the NOAA HYSPLIT model to
identify the likely source regions of the two AD events and
the transport paths of dust parcels during the sampling periods,
as illustrated in Figure 6 for the MAD (14—16 March 2010)
and Figure 7 for the SAD (20-22 March 2010). Each event
was analyzed for three successive days, and each day was
run twice at 04 and 16 UTC for the MAD, and 02 and 14
UTC for the SAD.

[18] On 14 March, the air masses collected at the four sites
were mainly of maritime origin (Figure 6a), resulting in low
Al concentrations (Figure 4). On 15 March, when Al concen-
tration was up to higher than 3000 ng/m® at PCY (Figure 4),
the dust-carried air masses that invaded PCY later in the day
could be traced back to the Gobi and Mongolian deserts
(Figure 6b) [Zhang et al., 2003a, 2003b]. The Badain Juran
desert was the most likely source, especially for the dust
transported southeastward [Hsu et al., 2008; Liu et al., 2009].
In the ensuing day (16 March), when the dust plume had

(a) 3/20

Figure 7. (a—c) The NOAA HYSPLIT modeled 5day
backward trajectories at 500 m starting from the four TSP
sampling stations (PCY, KM, ZH, and DS) between 20
and 22 March 2010. The model for each day was run twice
at 02:00 and 14:00 UTC.
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Figure 8. Size distribution of dust-derived Al in the two
sets of size-resolved aerosols (stepped chart). Also shown
are the log-normal fitting curves.

arrived at the other three sites, the tracked dust source was the
Gobi deserts somewhere along the border between north China
and Outer Mongolia, where dust phenomena have been
recorded by surface observation (Figures 5b and 5c).

[19] On 20 March, the dominant origin of the air masses
sampled at our four stations appeared to be maritime in nature,
as the trajectories occupied the wide oceans (Figure 7a) during
the modeled days. The trajectories were coupled with the
time series of PM;, that remained at low levels on that day
(Figure 3). However, they seemed inconsistent with the tempo-
ral variation in Al concentration that had increased in the
samples collected at PCY and KM on 20 March. The reason
is that data on Al concentration can provide only the daily time
resolution, which is too low to capture the exact time of arrival
of dust plumes, as described in the earlier section. The air
masses sampled at PCY and KM on 21 March were clearly
traced back to North China and Mongolia within 3 days and
even as far as to Siberia within 5 days. This SAD case may
be categorized into the Fast and Clean Type of dust event
[Hsu et al., 2010b]. In contrast to that in PCY and KM, the
trajectories on this day, from ZH in the Pearl River Delta
(PRD) and DS in the northern SCS, were not been tracked to
the East Asian dust regions. One of the likely reasons is the
intrinsic uncertainty of the trajectory model [Stohl, 1998].
However, the most likely reason is the different transport pro-
cesses (pathways) for more southeastern, downwind lands/
oceans. The tongue-shaped, eastward-extended SAD clouds
sustained over the western Pacific, near Eastern Taiwan, as
demonstrated by the spatial distribution of satellite retrieved
AOD over there [Lin et al., 2012], could not stretch directly
into the SCS. The further incursion to the SCS (DS) might
be ascribed to the low-level northeasterlies/easterlies associ-
ated with the cold air surge [Wang et al., 2011], which could
serve as the agent for transporting the escaped patches of dust
clouds to the SCS [Chen et al., 2004], affecting the DS for
about 8 h [Wang et al., 2011]. Such transport is different from
that in the MAD case. The SAD transport to Hong Kong
and, further, to the PRD, may mainly take the path along the
Taiwan Strait, as suggested by Lin et al. [2012].

3.4. Size Distribution of Dust Al

[20] Figure 8 shows the size distribution of Al in the two
sets of size-resolved aerosol samples collected in Taipei,
northern Taiwan, about 100 km downwind of the PCY. Size
distribution is one of the essential factors that control
the dust deposition [Prospero et al., 2010], and a critical
parameter in the numerical model simulation and satellite
signal algorithm [Schulz et al., 2012]. The corresponding
total Al concentrations in the two sets of samples were
4072 and 1771 ng/m>. Although the sampling location was
on land, this area was also under frequent impact of AD
and, thus, could still represent the area in characterizing
the southeastward transport of AD [Hsu et al., 2008;
Liu et al., 2009]. Obviously, the size distributions of Al in
the two sets of samples showed a typical monomodal
pattern, which peaked at the supermicron size, ranging from
3.2 to 5.6 um, and were much finer than that (7 to 11 um)
observed during dusty days in Beijing [Han et al., 2004].
This result agrees with our previous results observed at the
same site, with an average mass median diameter (MMD)
of 3.6 = 1.2 um (n=9) [Hsu et al., 2009a].

[21] The size distribution was fitted to a log-normal distri-
bution curve and then separated into 100 individual size
bins, each corresponding to 1% of the total mass and charac-
terized according to particle diameter at the center (Dg 504,
Dy 504, ===, Do 50,) [Arimoto et al., 1985; Arimoto and Duce,
1986; Dulac et al., 1989; Zhang et al., 2003a]. Then, we de-
rived the MMD for these two sets of samples: 3.4 pm during
the SAD days (i.e., the first sample set) and 4.7 um during
the normal days (the second sample set) (Figure 8), both of
which fell within our previous range. Notably, the dust par-
ticles from the downwind region were even finer during the
course of the SAD than those during the normal post-SAD
days, which might be partly due to local contributions
[Formenti et al., 2011]. Further considering the entire
particle size distribution [Arimoto et al., 1985, 1997; Zhang
et al., 1993, 1997; Hsu et al., 2009a], we used the two-layer
deposition model of Slinn and Slinn [1980] to calculate the
dry deposition velocities (DDVs) of each of the particle size
bins. Note that GESAMP [1989] concluded that the best
estimate for the DDV should be recognized to be perhaps
associated with an uncertainty of a factor of three. In the
computation, the data for wind speed (10 m/s) and relative
humidity (85%) provided by the Central Weather Bureau
of Taiwan were based on long-term observations at PCY
in the southern ECS, and the other parameters applied to this
study were similar to those adopted by Dulac et al. [1989].
The resultant integrated DDVs averaged over the 100 bin
sizes of the two sets of size-segregated samples were 0.58
and 3.69 cm/s. Surprisingly, the DDV (0.58 cm/s) for the
SAD days was significantly smaller than that (~2cm/s)
usually adopted for wind-blown mineral dust in the down-
stream regions of dust sources [Duce et al., 1991].

3.5. Unexpectedly Low-Dust Deposition

[22] During the passage of this SAD, the daily dry deposi-
tion of dust particles measured between 21 and 29 March
2010 in northern Taiwan ranged from 8 to 178 mg/m?/d, with
a mean of 50 + 60 mg/m?/d and a maximum of 178 mg/m?*/d
on 21 March (Table 1), which is even slightly lower than the
springtime mean dry deposition (~200 mg/m?/d) to the Yellow
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Table 1. Dry Deposition Flux of Insoluble Dust Particles

Start Time* End Time® Flux (mg/m*/d)
2010/3/21 10:30 2010/3/22 09:20 178
2010/3/22 09:20 2010/3/23 09:30 25
2010/3/23 09:30 2010/3/24 09:40 8
2010/3/24 09:40 2010/3/25 09:50 26
2010/3/25 09:50 2010/3/26 09:25 31
2010/3/26 09:25 2010/3/26 16:40 60
2010/3/26 16:40 2010/3/29 09:50 10

Time-weighted average
2010/3/21 10:30 2010/3/24 21:40 62
2010/3/24 21:40 2010/3/26 16:40 35

“Here the time is local time (LST).

Sea [Kai and Gao, 2007]. The magnitude of the observed dust
dry deposition was consistent with the two corresponding
weekly total dust fallout fluxes (i.e., 90 mg/m%d on 15-22
March, and 31 mg/m?/d on 22-29 March) that were collected
during the sampling period (Table 2), guaranteeing the QA/
QC of dust deposition data. The first weekly fallout sample
has already collected the SAD (21 March) and MAD (15
March) events. Based on the measurements of dust fallouts
during the sampling season, the flux of 15+ 3 mg/m?/day
can be regarded as the baseline (Table 2); this value is similar
to the annual average dry dust deposition (5.8 + 1.3 g/m*/yr,
equivalent to ~16 &4 mg/m*/day) that was estimated from
the dust aerosol data over the study area [Hsu et al., 2009a].
Therefore, the maximum flux during the peak phase of the
SAD was only about 12 times that of the baseline.

[23] As further comgared with the flux (>0.4 g/m?/week,
equivalent to 57 mg/m“/day) observed at Sapporo, Japan, in
April and May 1994 [Uematsu et al., 2003], our value mea-
sured on the SAD day was also consistent and was only two-
fold higher. For the Sapporo dust deposition, which included
both dry and wet depositions, dry deposition accounted for
~60% of the total deposition. In contrast, no wet deposition
contributed to our maximum dust deposition, because no rain
occurred during the SAD day in Taipei, Taiwan, which thus in-
dicates exclusively dry deposition. By using model simulation,
Lietal [201 ll estimated the dust deposition in March 2010 at
about 0.5 g/m” over the study region, thus corresponding to
around 17 mg/m?/d, which is almost similar to the mean flux
averaged throughout the spring in 2010, in Taipei (Table 2).
On the other hand, in comparing the extraordinary Al concen-
trations (over 50,000 ng/m3) with its baseline concentration
(6504 510 ng/m®) in the northeasterly monsoon, which was
established from a 5 year data set [Hsu et al., 2008], the en-
hancing factor of Al concentration even reached about 80. This
concentration would be at the least doubled, when considering
the longer influencing time of the SAD over the southern ECS
and northern Taiwan (i.e., ~25°N). This results demonstrates
that the increasing factor (~12) of the observed dust deposition
during the peak course of the SAD was relatively much lower
(even one order of magnitude lower) than that (~200) of the
dust concentration itself. Moreover, the result that the observed
increase in dust deposition was not linearly proportional to that
in dust concentration further reveals that the aerosol loadings
retrieved from remote sensing would be unable to accurately
reflect the dust deposition [Mahowald et al., 2005], especially
for marginal seas. These phenomena of disproportionate
increases in dust concentration and deposition have also been
observed by Skonieczny et al. [2011], whose study was conducted

at Mbour, a coastal city in West Afiica. During a strong Saharan
dust storm period, the PM; daily concentrations increased from
<100 to ~1600 ug/m’, and the <30 pm-sized dust deposition
fluxes increased from ~100 to nearly 300 mg/m?d (as shown in
their Figure 2).

[24] The dry deposition flux (Fp) of aerosol particles to the
water surface can be expressed as the product of DDV (V)
and concentration (Cp) in the boundary layer [Duce et al.,
1991; Zhang et al., 1997], thus:

Fp=CpxVy

[25] Accordingly, DDV (V) represents the proportionality
between the flux (Fp) and the concentration (Cp), although it
would be a function of complex factors [Seinfeld and Pandis,
2006]. Therefore, the DDV (Vd) of acrosol dust during the
SAD day can be alternatively estimated from the dust dry depo-
sition (178 mg/m*/day) divided by the dust concentration,
where the dust concentration used (730 ug/m3 ) was converted
from Al concentration measured at PCY during the SAD day.
In accordance with the method of Hsu et al. [2009a], the Al
concentration was converted to dust concentration by dividing
it with 0.07, because the Al content in AD was assumed
to be 7%, similar to that in the northern China desert dust
[Zhang et al., 2003a]. Consequently, the resulting DDV of dust
particles only reached 0.28 cm/sec. Furthermore, we calculated
the time-weighted mean dust dry deposition fluxes during
the periods corresponding to the two sets of size-resolved
aerosol samples: 62 and 35mg/m?%d (Table 1). Then, we
estimated the average dry deposition velocities to be 0.24
and 1.16 cm/sec, respectively, from the observed dry dust depo-
sition fluxes and Al concentrations (21191 and 2408 ng/m’;
equivalent to dust concentrations, 303 and 34 pg/m®), so that
we could compare the DDVs obtained by the two independent
means based on the size distribution spectrum of eolian dust (as
shown in the former section) and on direct observation (i.e., dry
dust deposition flux and atmospheric dust concentration).

[26] The DDV results of the long-range transported dust
from the two independent means were roughly comparable
to one another (i.e., 0.24 versus 0.58 cm/s and 1.16 versus
3.69 cm/s), varying with a factor of about three. This result re-
veals that the DDV value was lower than that (~2 cm/s) usually
applied in the literature and that (~1.2-3.7 cm/s) on the ensuing
days of the SAD. On the other hand, the difference in the DDV
values of the two means might be partly due to the difference
in the exact sampling periods of each sample used. More
importantly, during the peak time of the SAD, strong winds
of 5-8 m/s (Figure 5h), which were much higher than normal
(<3 m/s), may have caused strong mixing at the boundary
layer. In turn, this mixing may have enhanced the friction
velocity, which led to an increase in upward flux and a
decrease in the downward flux of aerosol particles [Goossens,

Table 2. Bulk Deposition Flux of Insoluble Dust Particles

Start Time® End Time® Flux (mg/m*/d)
2010/3/1 09:05 2010/3/8 09:30 15
2010/3/8 09:30 2010/3/15 10:00 12
2010/3/15 10:00 2010/3/22 09:20 90
2010/3/22 09:20 2010/3/29 10:00 31
2010/3/29 10:00 2010/4/6 09:50 17

“Here the time is local time (LST).
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2008]; these factors must be considered in the model simula-
tion to improve the modeling performance. Maring et al.
[2003] suggested that an upward velocity of ~0.33 cm/s must
be subtracted from the vertical velocity of long-range
transported dust particles that are theoretically derived from
the Stokes gravitational settling velocity, because of the
change in the size distribution from source to the downwind.

[27] Our results definitely demonstrate that the dry deposi-
tion velocity of eolian dust is disproportionately small during
strong dust episodes, thus leading to the resulting low deposi-
tion. On the other hand, numerical model simulations have
obtained considerably incomparable results of dust deposition
to the study oceans. For example, Park et al. [2011] have
simulated the mean monthly dust deposition of 2331 mg/m?/
mon (i.e., 75 mg/m*/d) to the Yellow Sea, 2221 mg/m*/mon
(ie., 72 mg/mz/d) to the East Sea (also called as Sea of Japan),
1454 mg/m*/mon (i.e., 47 mg/m*/d) to the northwest Pacific
(30°N—-40°N, 140°E-150°E), 695mg/m*mon (ie., 22mg/
m?/d) to the ECS, and only 26 mg/m*/mon (i.e., 0.8 mg/m*/d)
to the SCS, wherein the deposition to the northwest Pacific is
over twofold of that to the ECS. In contrast, Li et al. [2011]
obtained a rather uniform distribution of dust dry deposition,
ranging from 0.5 to 1g/m*mon (16-32mg/m*d) to the
Yellow Sea and ECS during March 2010; however, dust wet
deposition to the same region is relativelzy variable, with a wide
range of 0.1-5 g/m*/mon (3—160 mg/m-/d). For the northwest
Pacific, the dust deposition is similar to the ECS, but with about
half of the amount of dry deposition to the ECS. Another
modeling study, namely 7an et al. [2012], have simulated the
total dust deposition in the spring between 2000 and 2007,
yielding 58, 30, 7, and 21 g/m*/season (630, 326, 76, and
228 mg/mz/d) for the Bohai Sea, the Yellow Sea, the ECS,
and the northern SCS, respectively. Noticed that the deposition
to the northern SCS is three times of that to the ECS. The
inconsistency between modeling results have highlighted the
importance of filed observations not only on dust concentration
but also on dust deposition, which would be very helpful in the
validation of modeling performance. Our results might further
imply that the west Pacific other than the East Chinese marginal
seas (including the Bohai, Yellow, and East China Seas, as well
as the Sea of Japan) could serve as one of main receptacles of
AD [Tan et al., 2012]. Specifically, long-range transported
AD during episodic dust events may have more extensive influ-
ence over the Northwestern Pacific, in spatial and temporal ex-
tents than conventionally thought. These results can be further
verified using the spatial distribution of CALIPSO lidar data
[Lin et al., 2012], as earlier mentioned. Extensively distributed
dust would affect the oceanic biogeochemistry and the direct
and indirect radiative forcing.

4. Concluding Remarks

[28] Our results prove that, in some cases, atmospheric trans-
port could be relatively more significant than dust strength, in
relation to the southeastward transport of AD to the SCS.
The increase in dust deposition during the SAD event was
disproportionate, in terms of increase in dust concentration,
which can be attributed to the relatively finer size of eolian
dust with low dry deposition velocity. Surprisingly, the
velocity (i.e., 0.2 to 0.6 cm/sec) of dust particles during the dust
episode was much lower than that (1 to 2cm/sec) usually
adopted. Because our sampling location is located downwind,

the AD sources and the eolian dust collected has crossed over
the wide ocean, therefore it might be somewhat analog to
the open ocean case, allowing broader applications. Accord-
ingly, this phenomenon would also have implications for
unraveling paleoclimate from cored sediments during the
glacial time, when much stronger dust storms were believed
to have been experienced compared with those of the present
day (if deposited eolian dust is used as a paleoclimatic proxy).
Other implications are that dust deposition cannot be accurately
predicted by satellite-derived AOD and that the dispersion
and ultimate sink of AD must be identified, which requires
further field investigations. The spatial extent of the SAD
dispersion is expected to be more extensive. The further
seaward-advected SAD clouds could be removed, possibly
by wet deposition, instead of dry deposition. The reason could
be that dust deposition to the remote open oceans is dominated
by wet deposition [Zhao et al., 2003].

[20] Fe/Al ratios measured during the cause of the SAD
remained constant at 0.61 +0.05 (Figure 4), which is very
close to those of the Chinese desert and loess dust [Zhang
et al., 1997, 2003a], as well as those of marine aerosols
collected over the ECS [Hsu et al., 2010b, 2010c]. This result
indicates the domination of eolian dust as iron source during
the dusty period. In addition, the deposition of dust-bearing
bioavailable dissolved iron to remote oceans will be more
complicated, because the relative significances of synoptic at-
mospheric conditions and dust strength were poorly identified,
apart from various controlling factors of dust iron dissolution
[Baker and Croot, 2010; Hsu et al., 2010b; Li et al., 2012];
the involvement of anthropogenic sources of aerosol iron
could be another complicating factor [Luo et al., 2008].
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