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[1] TSP and PM, 5 aerosol particles were synchronously sampled at six sites along the
transport pathway of dust storms from desert regions to coastal areas in the spring of
2004 to investigate the regional characteristics of Asian dust and its impact on aerosol
chemistry over northern China. Factor analysis of daily PM;, concentrations in 17 cities
showed that northern China can be basically divided into five regions: (1) Northern Dust
Region, (2) Northeastern Dust Region, (3) Western Dust Region, (4) Inland Passing
Region, and (5) Coastal Region. Northern Dust Region was characterized by a high
content of Ca. Northeastern Dust Region was a relatively clean area with a low
concentration of pollutants and secondary ions in comparison to other regions. Inland
Passing Region and Coastal Region showed high concentrations of anthropogenic
pollutants. The impact of Asian dust on aerosol chemistry decreased in the order
Yulin/Duolun > Beijing > Qingdao/Shanghai as transport distance increased. The ratio of
Ca/Al, which showed significant differences in different regions over northern China, is
suggested to be a tracer to identify the sources of dust storms. Asian dust either mixes
pollutants on the pathway and carries them to the downwind regions or dilutes the
pollutants over northern China, which affects the aerosol composition more in coarse
particles in those areas near source regions and more in fine particles in downwind areas.
The ratio of NO5/SO3~ during dust storms was significantly reduced and the lowest
generally appeared after the peak of dust. Our results showed that Asian dust plays a
critical role in buffering the acidity of aerosols over northern China by a potential increase

of ~1 unit pH for the aerosol particles in spring.

Citation: Sun, Y., et al. (2010), Asian dust over northern China and its impact on the downstream aerosol chemistry in 2004,

J. Geophys. Res., 115, D0O0K09, doi:10.1029/2009JD012757.

1. Introduction

[2] Asian dust storms, picked up by strong winds from
central Asia and Gobi deserts, have aggrieved northern
China for centuries [Sun et al., 2004b; Zhuang et al., 2001],
and plague Korea, Japan, the North Pacific Ocean and as far
as the American continent through long-range transport as
well [Duce et al., 1980; Husar et al., 2001; In and Park,
2002; Uematsu et al., 2002]. Asian dust from arid and
semiarid areas of Mongolia and northern China forms dust
clouds and sweeps over most of northern China in a few
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days. As a dust cloud travels downstream, it could mix with
industrial pollutants, toxic metals, soot, and gas pollutants
on the pathway [Huebert et al., 2003], and further interact
with sea salt over the ocean [D. Zhang et al., 2003]. The
mixing and interactions of dust with pollution aerosol on the
pathway have significant effects on the size distribution and
chemical composition of aerosol downstream [Sun ef al.,
2005; Wang et al., 2007] and hence the direct/indirect
radiative forcing on climate. For example, anthropogenic
SO, could be incorporated into the advecting dust plumes
via heterogeneous SO, oxidation over the Yellow Sea
[Meskhidze et al., 2003] and change the distribution of Fe
(IIT)/Fe(Il), which has a potential impact on the ocean pro-
ductivity via the long-range transport [Duce et al., 1980;
Jickells et al., 2005; Zhuang et al., 1992]. Asian dust and the
unique characteristic of pollution in Chinese cities rightly
provide a special platform to study the mixing between dust
and pollution aerosol.

[3] Dust storms (DS) in northern China show typically
regional characteristics. Using a rotated empirical orthogo-
nal function and the annual days of DS from 1954 to 1998,
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Figure 1. Potential regional division of the cities over northern China in the spring of 2004 (I, Western
Dust Region; II, Northern Dust Region; III, Northeastern Dust Region; and IV and V, Inland Passing
Region and Coastal Region). The sampling sites are marked as red stars. The cities where the PM; data
were used for factor analysis are marked as blue dots (SY, Shenyang; DL, Dalian; YT, Yantai; QD, Qingdao;
QHD, Qinhuangdao; BJ, Beijing; TJ, Tianjin; JN, Jinan; SJZ, Shijiazhuang; TY, Taiyuan; HH, Hohhot; XA,
Xi’an; YC, Yinchuan; LZ, Lanzhou; XN, Xining; and UM, Urumchi).

Qian et al. [2004] observed five different regions associated
with DS. They were Xinjiang region, the eastern part of
inner Mongolia, Tsaidam Basin, Tibetan Plateau, and Gobi
Desert near Yellow River. S. Wang et al. [2005] investigated
the regional characteristics of DS, blowing dust, and floating
dust in China using the data collected from 701 meteoro-
logical observation stations from 1954 to 2004. The three
types of dust events showed significantly different spatial
distribution. They found that DS occurred most frequently
in the arid and semiarid areas in northern China and blowing
dust and floating dust occurred in both these areas and their
neighboring areas. While the regional characteristics of DS
are well understood, the distribution of aerosol components
in different regions as well as the impact from Asian dust is
rather limited.

[4] The Aerosol Characterization Experiments (ACE-
Asia) organized by the International Global Atmospheric
Chemistry (IGAC) Program increased our knowledge of the
mixing of dust with pollution aerosol. The dust, transported
halfway around the globe, is not just dust: it is the mixture of
dust with pollution. Air pollution changes dust aerosols in
many ways, adding black carbon, toxic materials, and acidic
gases to the mineral particles [Huebert et al., 2003]. During
the ACE-Asia campaign, X. Y. Zhang et al. [2003] found
that the contents of Ca and Fe were up to 12% and 6%,
respectively, in western high dust source regions, higher
than those in other source regions, whereas the content of Al
was ~7% among all of major source regions. As such,
Arimoto et al. [2004] observed significantly different com-
position of aerosols between Zhenbeitai in China and Gosan
in South Korea. This difference was likely from the different
extent of mixing and interaction between dust and pollution

during the long-range transport. The synchronous monitor-
ing aerosol at desert region and coastal Yellow Sea also
suggested the strong spatial variation of trace elements and
confirmed the impact of mineral aerosol from northwest
desert regions on the distribution of trace elements over
Yellow Sea in spring [Liu et al, 2002]. However, these
studies were mostly restricted to either a single sampling site
or limited aerosol components.

[5] In a previous study, Wang et al. [2007] reported the
difference of three major components of aerosol, i.e.,
crustal, secondary, and carbonaceous material between dust
and nondust storm (NDS) days. The source contributions
from the upstream and the pathways of Asian dust were
calculated to account for 49%, 82%, and 28% of particulate
matter (PM), crust, and secondary aerosol, respectively, and
the contributions of crust and secondary aerosol decreased
as the DS progressed eastward. In this study, we propose the
regional division of northern China for aerosol character-
ization, comprehensively investigate the spatial distribution
of aerosol components including elements and ions, and
evaluate the impact of Asian dust on aerosol composition
and acidity downstream.

2. Experimental Methods

2.1.

[6] Aerosol particles of TSP and PM, s were synchro-
nously sampled at Yulin (YL) in Shanxi province, Duolun
(DL) in Inner Mongolia, Beijing, including an urban site at
Beijing Normal University (BNU) and a suburban site at
Miyun (MY), Qingdao (QD), and Shanghai (SH) (Figure 1)
in the spring of 2004. The detailed descriptions of these

Sampling
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Table 1. Varimax Rotated Factor Loading Matrix for PMyq in
17 Cities Over Northern China®

Cities Factor 1 Factor 2 Factor 3 Factor 4
Lanzhou 0.20 0.02 0.78 -0.27
Xi’an —-0.03 0.15 0.73 0.14
Xining 0.21 0.11 0.81 -0.24
Yinchuan 0.30 -0.07 0.79 0.19
Beijing 0.89 -0.04 0.17 0.01
Hohhot 0.72 0.11 0.26 —-0.07
Shijiazhuang 0.72 0.21 0.37 0.12
Taiyuan 0.69 0.26 0.02 0.02
Tianjin 0.87 0.18 0.12 —-0.08
Qinhuangdao 0.82 0.10 0.01 0.07
Jinan 0.40 0.57 0.20 0.24
Qingdao -0.07 0.87 0.16 —-0.14
Yantai 0.25 0.62 -0.24 -0.27
Dalian 0.44 0.66 0.05 0.08
Shanghai —-0.05 0.76 0.06 0.07
Shenyang 0.31 0.68 0.08 0.13
Urumchi —0.04 —-0.04 0.08 —-0.85
Expl. Var 4.46 3.16 2.82 1.13
Prp. Totl 0.26 0.19 0.17 0.07

Factor loadings larger than 0.60 are marked in bold. Number is samples
in the statistics: n = 61. Expl. Var, explained variance; Prp. Totl, proportion
of total variance.

sampling sites were given by Wang et al. [2007] and Sun et
al. [2006]. All the aerosol samples were collected on
Whatman® 41 filters (Whatman Inc., Maidstone, U. K.)
using medium-volume samplers manufactured by Beijing
Geological Instrument-Dickel Co., Ltd. (model: TSP/PM,(/
PM, s—2; flow rate: 77.59 L min '). The filters before and
after sampling were weighed using an analytical balance
(Sartorius 2004MP, with a reading precision of 10 ug) after
keeping them in constant temperature (20 £ 1°C) and
humidity (40 + 1%) for 48 h.

2.2. Chemical Analysis

2.2.1. Element Analysis

[7] The sample filters were digested at 170°C for 4 h in
high-pressure Teflon digestion vessel with 3 mL of con-
centrated HNO3, 1 mL of concentrated HCIO,4, and 1 mL of
concentrated HF. After cooling, the solutions were dried and
then diluted to 10 mL with distilled deionized water. In total,
23 elements (Al Fe, Mn, Mg, Ti, Sc, Na, Eu, Ce, Sr, Ca, Co,
Cr, Ni, Cu, Pb, Zn, Cd, V, S, As, Se, and Sb) were measured
by inductively coupled plasma atomic emission spectros-
copy (ICP-AES, Model: ULTIMA, JOBIN-YVON Com-
pany, France). The detailed analytical procedures were
given elsewhere [Zhuang et al., 2001].
2.2.2. lon Analysis

[s] Eleven inorganic ions (SO , NO3, F~, CI", NO3, PO3;
-, NHi, Na*, K*, Ca®", and Mg?") and four organic acids
(acetic, formic, oxalic, and methylsulfonic acid (MSA))
were analyzed by ion chromatography (IC, Dionex 600) that
consists of a separation column (Dionex Ionpac AS11 for
anion and CS12A for cation), a guard column (Dionex
Ionpac AG 11 for anion and AG12A for cation), a self-
regenerating suppressed conductivity detector (Dionex lon-
pac ED50), and a gradient pump (Dionex Ionpac GP50).
The details were given elsewhere [Yuan et al., 2003].
2.2.3. Air Mass Trajectory Analysis

[v] Back trajectories reaching the five cities in this study
were calculated using the HY-SPLIT 4.8 (Hybrid Single
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Particle Lagrangian Integrated Trajectories) of National
Oceanic and Atmospheric Administration (NOAA) (http://
www.arl.noaa.gov/ready/hysplit4.html). The back trajectory
analysis was performed with meteorological input from Air
Resources Laboratory FNL data archive. More details on
HYSPLIT model were given by R. R. Draxler and G. D.
Rolph (HYSPLIT (HYbrid Single-Particle Lagrangian
Integrated Trajectory) Model, 2003, http://www.arl.noaa.
gov/ready/hysplit4.html).
2.2.4. PM,, Data

[10] Air pollution index (API) data in 17 cities over
northern China (Figure 1) during March—April in 2004 were
obtained from the State Environmental Protection Admin-
istration of China (http://www.zhb.gov.cn/quality/air.php3).
Other cities such as Changchun and Haerbin were excluded
in the following analysis because they are located in the far
north of China and less relevant to the scope of this paper.
API was converted to PM;, concentration according to the
following formula:

C= Clow + [([ _]low)/(lhigh - ]low)] X (Chigh - Clow)7

where C is the concentration of PM; and 7 is the API value
of PMy. Inigh and 1oy, the two values most approaching to
value 7 in the API grading limited value table, stand for the
value larger and lower than I, respectively; Cpign and Cioy,
represent the PM o concentration corresponding to Iy;e and
Liow, Tespectively.

3. Results and Discussion

3.1. Regional Division of the Areas Over Northern
China

[11] Dust storm leads to heavy particulate pollution over
northern China. Inhalable particles (PM;q) are, conse-
quently, the primary pollutants in most of cities over
northern China in spring. Factor analysis (STATISTICA,
2001) of the PM,q data from 17 cities (Figure 1 and Table 1)
suggested that the PM over northern China showed typically
regional characteristics. The first factor showed high load-
ings for the cities of Beijing, Tianjin, Taiyuan, Shijiazhuang,
Hohbhot, and Qinhuangdao, most of which are located on the
transport pathway of DS to downstream regions. This region
was named Inland Passing Region (region IV in Figure 1).
The second factor was strongly associated with Qingdao,
Yantai, Dalian, Shanghai, and Shenyang. These cities are
located in the coastal areas, which were named Coastal
Region (region V in Figure 1). Most of the cities in the third
factor, such as Lanzhou, Xinning, Yinchuan, and Xi’An, are
located in central northern China and close to Tengger
Desert, Badain Juran Desert, and Mu Us Desert. This region
was thus named Northern Dust Region (region II in Figure 1).
Urumchi showed a high loading in the fourth factor,
representing Western Dust Region (region I in Figure 1),
where Takalimakan Desert and Gurbantunggut Desert are
located. Another region named Northeastern Dust Region
(region IIT in Figure 1) is located near Hunshandake Sandy
Land and Horqin Sandy Land, where the daily reports of
primary pollutants have not been set up yet. The potential
five regions shown in Figure 1 are closely associated with
the distribution of population and economic growth. Region
I has the least population under 10 million and the region IV
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Figure 2. Spatial variations of Fe, Al, Ca, and Mg in (a) TSP and (b) PM, 5 in the spring of 2004.
Crosses represent the average mass concentration; horizontal lines represent the median; bottom and
top of the boxes represent the 25 and 75% limits, respectively; and bottom and top whiskers represent

the 5 and 95% limits, respectively.

and V has the most population with most of the provinces
more than 40 million. The population of region II is between
~10 and 20 million and region III is between ~10 and
30 million (http://www.chinatoday.com/data/china.population.
htm).

[12] The six sampling sites in this study are located in
regions II, III, IV, and V. The aerosol particles at YL and
DL, located in regions II and III, respectively, were
observed to be dominated by crustal elements with less

anthropogenic contribution [Arimoto et al., 2004; Cheng et
al., 2005]. YL and DL are thus used as representatives of
regions II and III, respectively. Regions IV and V, as
described above with most of the polluted cities located over
northern China, may have large contributions from local or
transport anthropogenic pollution. While the suburban and
urban areas could show significant different aerosol compo-
sition due to the different sources [Sun et al., 2004a; Y. Wang
et al.,2005b], BJ and QD are selected as the representatives

Table 2. Meteorological Conditions During DS1, DS2, and NDS in the Spring of 2004

Temperature (°C)

Relative Humidity (%)

Wind Speed (m/s) Precipitation (mm)

Sites DS1 DS2 NDS DS1 DS2 NDS DS1 DS2 NDS DS1 DS2 NDS
Yulin 8.4 5.6 10.1 18 11 23 35 5.0 2.6 0 0 3
Duolun 7.5 6.9 2.8 30 20 30 5.0 6.8 4.1 0 0 8
Beijing 9.1 16.1 13.4 41 18 30 2.0 3.8 3.0 0 0 23
Qingdao 9.4 9.7 9.8 42 29 66 5.8 43 4.2 0 0 399
Shanghai 17.2 13.4 13.6 48 63 68 5.0 3.8 3.6 0 0 910
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Table 3. Ratios of Fe/Al, Mg/Al, and Ca/Al in TSP and PM, 5 at Six Sampling Sites

TSP PM, s
Sites Fe/Al Mg/Al Ca/Al Fe/Al Mg/Al Ca/Al References

YL 0.65 0.27 1.64 0.70 0.30 1.71 this study
DL 0.62 0.18 0.61 0.60 0.21 0.79 this study
MY 0.63 0.32 1.01 0.85 0.33 1.17 this study
BNU 1.03 0.35 227 1.00 0.29 1.55 this study
QD 0.62 0.21 0.95 0.79 0.27 0.83 this study
SH 0.71 0.21 1.60 0.98 0.31 1.09 this study
Crust 0.62 0.26 0.45 Mason and Moore [1982]
YL 0.48 0.29 1.48 Zhang et al. [1996]
Dingbian® 0.93 0.22 1.97 Zhang et al. [1996]
Beijing” 0.58 0.27 1.34 1.22 0.28 1.41 this study
Sanggen Dalai® 0.85 0.26 0.64 Cheng et al. [2005]
Taklimakan Desert 0.69 0.55 1.65 0.82 0.62 1.70 this study
Aksu® 1.04 0.50 2.04 Zhang et al. [2003]

*Near Mu Us Desert.

The average of 2001-2002 in Beijing.
“Dusty days near Hunshan Daka Sandland.
9Northern margin of Taklimakan Desert.

of regions IV and V, respectively, with a focus on the impact
of Asian dust on the cities and the mixing of Asian dust with
city anthropogenic pollution. The aerosol composition pre-
viously observed at BNU [Sun et al., 2004a] is similar to
those observed at other urban sites in Beijing [He et al.,
2001], indicating that BNU is a typical urban site with
significant source contribution from traffic and coal com-
bustion [Dan et al., 2004; Song et al., 2006; Sun et al.,
2004a]. QD, located in region V, was also used to investi-
gate the impact of DS on aerosol composition and the mixing
of dust particles with anthropogenic pollution [Z. G. Guo et
al.,2004; D. Zhang et al., 2003]. SH was not included in the
final regional division because it is beyond the scope of
northern China. However, SH was involved in the discus-
sion of the impact of Asian dust on downstream regions for
additional support. The impact of Asian dust on the aerosol
composition in SH was also observed in previous studies
[Wang et al., 2006; Ye et al., 2003].

3.2. Regional Characteristics of Spring Aerosols Over
Northern China

[13] The aerosols in northern China are mainly composed
of mineral matter, organic material, and secondary sulfate
and nitrate [He et al., 2001; Sun et al., 2004a; X. Y. Zhang et
al., 2003]. The aerosol composition shows significant
regionality due to the significant differences in economic
development, energy consumption, geographical location,
and meteorological conditions in different regions. Since the
average aerosol composition in spring over northern China
would be significantly biased by the dominant loadings of
DS, median aerosol composition is then used for the
regional characterization. For the convenience of discussion,
the aerosol components including elements and ions are
divided into six groups based on their sources observed in
previous studies [Sun et al., 2005; Y. Wang et al., 2005a,
2007]: (1) mineral elements, including Ca, Al, Fe, Na, Mg,
and Ti; (2) pollution elements, including As, Zn, Pb, and
Cu; (3) other elements, including Mn, V, Ni, Sr, and Cr;
(4) mineral ions, including Na*, Ca**, and Mg*"; (5) sec-
ondary ions, including NH,, NO3, and SO3; and (6) other
ions, including K*, F, and CI".

3.2.1. Variation of Mineral Elements in Different
Regions

[14] Figure 2 presents the spatial variations of major
mineral elements, Fe, Al, Ca, and Mg in TSP and PM, s.
The results of one-way ANOVA test (p < 0.05) indicated
that Fe and Al did not show, but Ca did show, significantly
different spatial variations among all sites. BNU showed the
highest median concentrations of Fe, Al, and Mg in TSP,
followed by YL and QD. The major source of these ele-
ments is dust including road dust, soil dust, construction
dust, and transported dust. The high concentration of mineral
elements at BNU was associated with road dust resuspended
by winds and motor vehicles [He et al., 2001; Sun et al.,
2004a] and transported dust [Han et al., 2007]. In compar-
ison to BNU, QD in region V and SH showed much lower
concentration of mineral elements which was likely due to
the higher relative humidity and more precipitation (Table 2)
at these two sites as well as less transported dust from
northern China. The high concentrations of mineral ele-
ments at YL were associated with the frequent dust from
deserts nearby [X. Y. Zhang et al., 2003]. While DL is
located in the dust source regions, it did not show high
median concentrations of mineral elements, but the average
concentrations were close to those at YL and BNU, indi-
cating that DL was sporadically affected by DS and it was
clean for most of NDS days. Comparatively, the spatial
distributions of mineral elements in PM, s were relatively
universalistic. Fe, Al, and Mg showed relatively even dis-
tributions at four sites, YL, DL, BNU, and MY, and much
higher than those at other two sites, QD and SH.

[15] The case of Ca was much different from Fe, Al, and
Mg. Ca showed strong regionality in both TSP and PM, s.
In TSP, the median concentration of Ca was in the order
BNU > YL > SH > MY > QD > DL. The mass percentage
of Ca at YL was 8.1%, which is close to the values of 7% in
the northern high dust source areas and 8% in loess area
[X. Y. Zhang et al., 2003], while it was only 3.7% at DL,
much lower than those in other regions. In addition, the
mass percentage of Ca was much higher than the soil
background value (1%—2%) in northeastern China [Zheng et
al., 1994]. These results further confirmed that region II is
characterized by high content of Ca, while region III is
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Figure 3. Spatial variations of As, Zn, Pb, and Cu in (a) TSP and (b) PM, 5 in the spring of 2004.
Crosses represent the average mass concentration; horizontal lines represent the median; bottom and
top of the boxes represent the 25 and 75% limits, respectively; and bottom and top whiskers represent

the 5 and 95% limits, respectively.

characterized by low concentration of Ca [Sun et al., 2005;
X Y. Zhang et al., 1996, 2003]. The high concentration of
Ca in BJ and SH was partially due to local construction and/
or road dust. The spatial distribution of Ca in PM, s was
slightly different from those in TSP. While YL still showed
the highest Ca, the urban sites BNU, QD, and SH showed
lower concentration of Ca if DL was used for a reference.
These results further supported the contribution of local dust
to Ca at urban sites given that Ca from dust is more
attributed to coarse particles.

[16] Table 3 shows the elemental ratios of Fe/Al, Mg/Al,
and Ca/Al in different regions of China. The ratios of Fe/Al
at YL, DL, MY, and QD were lower than those in BJ and
SH, but all were close to the 0.62 of the mean crust abun-
dance [Mason and Moore, 1982] and the 0.65 of Northern
Dust Region in China [X. Y. Zhang et al., 2003]. The high
values of Fe/Al in BJ and SH were likely due to the emis-
sion from steel industry in the two cities, such as Capital
Steel Group in Beijing and Baoshan Steel Group Corpora-
tion in Shanghai, the large sources of Fe in the aerosol. The

distribution of Ca/Al is similar to that of Ca. The ratio of Ca/
Al was in the order BNU > YL > SH > MY > QD > DL in
TSP and YL > BNU > SH > MY > QD > DL in PM, 5. Ca/
Al ratios of 1.64 in TSP and 1.71 in PM, 5 at YL in this
study were consistent with those (1.48 at YL and 1.97 at
Dingbian near Mu Us Desert) reported previously by Zhang
et al. [1996], and the ratios of Ca/Al of 0.61 in TSP and 0.79
in PM, 5 at DL were similar to 0.64 in TSP collected during
dusty days at Sanggen Dalai near Hunshandake Sandy Land
[Cheng et al., 2005]. These results confirmed the char-
acteristics of high content of Ca in Northern Dust Region
and low content in Northeastern Dust Region. Additionally,
the ratios of Ca/Al at both Northern Dust Region and
Northeastern Dust Region were lower than that in Western
Dust Region [Hseung and Jackson, 1952], for example,
2.04 at Aksu near Taklimakan Desert [X. Y. Zhang et al.,
2003] and 3.07 (£1.16) at Taklimakan Desert [Makra et
al., 2002], but much higher than the 0.45 of the mean
crust abundance [Mason and Moore, 1982]. As mentioned
above, the high ratio of Ca/Al at BNU, close to those
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PM; 5 in the spring of 2004.

reported by He et al. [2001] could be related to the local
construction dust. Overall, the Ca/Al ratio from this study
further distinguished the regions and supported the regional
division above. The ratio of Ca/Al is thus suggested to be an
element tracer to identify the sources of DS in those regions
without significant local dust contribution.

3.2.2. Variation of Pollution Elements in Different
Regions

[17] Figure 3 presents the spatial variations of pollution
elements, As, Zn, Pb, and Cu. An obvious characteristic of
the spatial distribution was that the concentrations of pol-
lution elements at DL in region III were distinctively lower
than those in other regions. The concentrations of these
pollution elements, especially in fine particles in the coastal
developed cities, e.g., QD and SH, and inland cities, e.g.,
BJ, were much higher than those near dust source regions.
The sampling sites near source regions are close to the
deserts or sandy lands with less anthropogenic sources and
more frequent cold fronts, which consequently leads to the
lower concentrations of pollution elements. As and Pb at
BNU, Zn at QD, and Cu at SH showed the highest con-
centration among all sites. The high concentrations of these
elements at different sites are generally associated with local
sources given that they have significant contribution of
anthropogenic sources from vehicle emission, industrial
emission, and coal combustion during NDS days [Z. G. Guo
et al., 2004; Sun et al., 2004b; Wang et al., 2006; Wei et al.,
1999].

[18] Enrichment factor (EF, EF = (X/Al).crosol/ (X/Al)crusts
Al is a reference element) [Taylor and McLennan, 1995] is
usually used to indicate the contribution of anthropogenic
source to a certain element [Choi et al., 2001]. Figure 4
shows that the EFs of Cu, Zn, and Pb at DL in Northeast-
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ern Dust Region were ~10, much lower than those in other
regions, indicating that these elements were less influenced
by anthropogenic sources and Northeastern Dust Region
was a relatively clean region [Sun et al, 2005]. DS, if
passing through this region, would carry less pollutants and
exert more diluting effect on the pollutants in downwind
cities [J. Guo et al., 2004]. The high EF of As at DL in TSP
(60) and PM, 5 (240) was likely from local coal combustion
and the high content of As in the soil of northern China [Wei
et al.,, 1999]. YL in Northern Dust Region showed higher
EFs of pollution elements than DL, which was likely due to
the pollutants transported from the areas surrounding YL
[Hou et al., 2006]. The higher EFs of pollution elements at
QD and SH in Coastal Region than in other regions were
mainly caused by the local pollution sources with less dust
contribution. This is supported by the higher EFs during
NDS than during DS [Wang et al., 2007]. However, the still
high EFs during DS may be partially due to the mixing with
pollutants on a longer transport pathway. The pollution
elements were more enriched in fine particles, which was
suggested by the higher EFs in PM, 5 than in TSP. In region
IV, which is closer to source regions than Coastal Region,
the EFs were lower than those in Coastal Region. Previous
studies have shown that some pollution elements, e.g., Zn
and Cu, can be from anthropogenic sources and/or long-
range transport of dust [J. Guo et al., 2004; Sun et al.,
2005]. The lower EFs in region IV indicated that the pol-
lution could be diluted more by DS and has more contri-
bution from mineral sources. Overall, the pollution elements
showed significant regionality along Desert Region-Inland
Passing Region-Coastal Region, with an increase of their
EFs in PM, 5 in the order Coastal Region (QD/SH) > Inland
Passing Region (BNU/MY) > Northern Dust Region (YL) >
Northeastern Dust Region (DL).
3.2.3. Variation of Water-Soluble Ions in Different
Regions

[19] Figure 5 presents the spatial variations of Na*, Mg*",
Ca®", and K. Similar to the mineral elements above, the
concentrations of major mineral ions at DL in Northeastern
Dust Region were distinctively lower than those in other
regions. For example, the concentration of Na* decreased in
the order QD > YL/SH > BNU > MY > DL. Na" correlated
well with Al, an indicator of mineral aerosol [Arimoto et al.,
2004; J. Guo et al., 2004], in both TSP and PM, 5 at YL and
BNU (r = 0.75-0.87), indicating that Na" in the aerosol over
YL and BNU was mostly likely from mineral sources.
Although correlations between Na® and Al were also
observed at QD (» = 0.60) and SH (» = 0.77) in PM, 5, the
ratio Na'/Al during NDS (0.39 £ 0.27 for QD and 0.37 +
0.20 for SH) was much higher than that during DS (0.07 +
0.03 for QD and 0.18 + 0.02 for SH), demonstrating the dust
impact on Na" at QD and SH in region V during DS with
large contribution from sea salt to Na* during NDS [Wang et
al., 2006; Zhang et al., 2001]. Na" was weakly correlated
with Al (r = 0.40 and 0.52 for TSP and PM, s, respectively)
at DL as compared to those at YL and BNU, which was
likely due to the additional sources for Na' from dried salt
lake saline soils in arid and semiarid areas [Zhang et al.,
2004]. The spatial variations of Mg>* and Ca®', were in
the order YL/BNU > MY > QD/DL, which were similar to
the variations of Mg and Ca. The spatial variation of K was
much different from other mineral ions. The concentration
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of K* was in the order BNU/MY > QD/SH > YL/DL. The
highest concentration of K*, which is generally used as a
marker of biomass burning, at BNU and MY in both TSP
and PM, s was associated with the biomass burning in
Beijing and its surrounding areas [Duan et al., 2004].

[20] SO and NOj in TSP increased in the order YL/DL
<MY < BNU < QD < SH (Figure 6a). The spatial distri-
bution of NH; was similar to that of SO4 because NHj
exists mainly in the form of (NH,),SO4 in aerosol particles
[Y. Wang et al., 2005b; Yao et al., 2002]. SO3 and NOj are
mainly from secondary gas-to- partlcle formation of gases
SO, and NO,. The much lower concentrations of SO and
NO;3 at YL and DL were associated with the low emissions
of gaseous SO, and NO, in both region II and region III
[Streets et al., 2003; Zhang et al., 2007]. Moreover, the dry
air mass near dust source regions with lower relative
humidity (RH) at YL and DL (Table 2) was not favorable
for the secondary transformation of SO, and NO,, respec-
tively. Comparatively, the large emission of NO, from
motor vehicles and SO, from coal combustion plus the high

RH both favored the formation of secondary aerosols at QD/
SH in Coastal Region. Studies have shown that SOF could
also be from crustal sources in addition to the secondary
sources near dust source regrons [Sun et al., 2005; Yuan et
al., 2006]. For example, SOF correlated well w1th Al at
YL (r=0.70), and the concentration of SO during DS was
synchronously elevated ~2—4 times as Al. Our recent studies
found that most of the sulfur in the dust aerosol from
Taklimakan Desert, one of the dust sources of YL, was in
the form of sulfate [Huang et al., 2010]. The results here
supported that SO3~ can be from both secondary and crustal
sources in some dust source regions [Nishikawa et al.,
1991]. In comparison to SO3 , NO3 did not show strong
correlations with Al, and furthermore the concentration
remained unchanged or even decreased during DS, indicating
the different sources of nitrate and sulfate near dust source
regions.

[21] The ratio of NO5/SO3 is commonly used to indicate
the relative contribution of mobile and stationary sources
based on that NO, is mainly from vehicle emission (gasoline
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and diesel combustion) and SO, is mainly from coal com-
bustion [Arimoto et al., 1996; Yao et al., 2002]. Figure 7
shows the ratio of NO3/SO3 and the concentration of Al
at the six sampling sites in spring of 2004. The ratio of
NO5/SO3 ™ during dust episodes (section 3.3.1) was much
lower than those during NDS days, and the lowest value
generally appeared after the peak of dust episode. While
during NDS days, region II (YL) and region III (DL)
showed lower NO3/SO7 ratio than those in other regions,
which was due to the less mobile sources in these two
regions. When the air mass with low NO5/SO3 ratio from
regions II and III passes through regions IV and V, it would

dilute the high ratio of NO;/SO?[ in these regions, and lead
to a lower ratio during dust episodes than during NDS days.
Another explanation for the low NO5/SO3 ratio is the
reactions between HNO5 in gas phase and carbonates on soil
particles (equation (1)) [Mamane and Gottlieb, 1992]. This
reaction tends to form coarse-mode nitrate that represents a
significant sink for NO,. The lowest NO;/SO7 ratio, gen-
erally appearing after the peak of dust is likely due to the
gradual dry deposition of dust and coarse mode nitrate.

2HNO;(g) + CaCO,4(s) — Ca(NO;),(s) + H,0 4+ CO,(g). (1)
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3.3. Impact of Asian Dust on Aerosol Chemistry Over
Northern China

3.3.1. Dust Episodes

[22] Two dust events which are marked in Figure 7
occurred over northern China in the spring of 2004. One
was from 9-11 March (DS1), and the other was from 27-30
March (DS2). Specifically, 28-29 March at BNU, 9 March
and 28-29 March at MY, 9 March and 27-28 March at DL,
9-10 March and 29 March at YL, and 10 March and
30 March at QD and SH were defined as DS days in this
study. Most of the areas over northern China experienced
the first dust peak on 9 March. The air pollution index (API)
in Lanzhou, Xlnlng, Hohhot, and Beijing was up to 500
(>600 pg m >, named “heavy pollution™) on that day (daily
report of air quahty by State Environmental Protection
Administration of China) followed by a significant increase
of PM, 5 at Qingdao on 10 March. The intensity of DS2 at
most sites on 28-30 March was relatively weaker in com-
parison to DS1, and the concentration of PM;, in most of
areas over northern China was in the range of 200400 ug
m . The back trajectories for DS1 and DS2 at five cities in
this study were calculated and shown in Figure 8. Given that
the back trajectories staring at different heights were very
similar (auxiliary material Figure S1), only those at 1000 m
height were used for interpretation. Flgure 8 shows that the
sources of DS1 and DS2 were different.' While DS1 at DL,
YL, and BJ originated from the west of China and exerted

'Auxiliary materials are available in the HTML. doi:10.1029/
2009JD012757.

little effect on SH, DS2 at most of cities except DL origi-
nated from Mongolia and the northwest of China.
3.3.2. Impact of Dust on Northern Dust Region
and Northeastern Dust Region

[23] The compositional differences between DS and NDS
days at DL in Northeastern Dust Region and YL in Northern
Dust Region are shown in Figure 9. The concentrations of
most mineral elements and mineral ions in both TSP and
PM, 5 in DS2 at DL were ~5—15 (Fe in TSP even up to 25)
of those in NDS days (Figure 9b). The concentrations of

60 ! ! | | ! !

50

40 -
= =« DS1
30 ||— Ds2 *sH L
YL: March 9 and 29
BJ: March 9 and 29
QD: March 10 and 30
20 T T | | T T
70 80 90 100 110 120 130 140

Figure 8. The 48 h back trajectories ending at 0600 UTC at
1000 m above ground level for the two dust events (solid
lines, DS1; dashed lines, DS2) in five cities.
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pollution elements in DS2 were ~5-10 times for TSP and
~2-3 times for PM, 5 of those in NDS. These results indi-
cated that DS has strong impact on both mineral and pol-
lution elements near dust source regions, and this impact is
more significant on TSP than PM, 5. Similar impact of DS
on mineral and pollution elements was also observed for
DS1 at DL (Figure 9a). The intensity of DS1 was weaker
than DS2 and the impact of dust on aerosol chemistry at DL
was accordingly weaker. The concentrations of most
chemical species in both TSP and PM, 5 in DS1 were ~4—6
times of those in NDS, and even higher for pollution ele-
ments in TSP. It should be noted that the impact of DS on
pollution elements was more significant for TSP than PM, 5
in both DS1 and DS2. Given that pollution elements are
more enriched in fine particles and mineral elements are
more concentrated in coarse particles, results here supported
that the pollution elements near dust source regions could
have significant mineral contribution. The impact of DS on
the water-soluble ions in both DS1 and DS2 was smaller
than that on mineral components because water-insoluble
mineral components contributed most of dust particles

during DS [Yuan et al., 2006]. The significant increase of
Na*, CI", and SO?[ in DS1 at DL could be related to the
dried salt lake saline soils nearby [Zhang et al., 2004]. The
impact of DS on mineral elements in TSP at YL was more
significant, approximately a factor of 1.5 above the 1:1 line
in Figures 9¢ and 9d, than those in PM, 5. While the con-
centrations of pollution elements were both elevated ~2-3
times in both DS1 and DS2, the impact of DS on them was
smaller than mineral elements, which was consistent with
those observed at DL. The impact of DS on secondary ions
(SOﬁ_, NOj3, and NH;) was dependent on the relative con-
tribution of anthropogenic and crustal sources, and this
impact was sometimes significant between TSP and PM, 5.
For example, the secondary ions at YL during DS1 were all
elevated in TSP in comparison to the decrease in PMj; s,
suggesting the potential mineral source of secondary ions
during DS1 [Nishikawa et al., 1991].
3.3.3. Impact of Dust on Inland Passing Region

[24] Figure 10 presents the comparison of chemical
composition between DS and NDS at BNU and MY in
region IV. DS1 showed a universally positive impact on all
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chemical species except F~ in both TSP and PM, 5 at MY
(Figure 10a), and this impact was more significant on TSP
than PM, 5, and pollution elements (e.g., Zn, Pb, and Cu)
than mineral elements (e.g., Al, Fe, Ca, and Mg). An
explanation for this is that DS1 originated from the west
(Figure 8) and could bring more pollutants on the pathway.
In comparison to DS1, though the mineral elements and ions
in both TSP and PM, 5 at BNU and MY were elevated by a
factor of ~2—5 (Figures 10b and 10c), the pollution elements
and secondary ions remained unchanged and even
decreased. DS2 originated from region III, which has been
proved to be a clean region [Streets et al., 2003; Sun et al.,
2005], produced more negative, i.e., diluting, effects on the
pollutants in the cities given that it would not carry much
pollution on the pathway. It was also observed that the
impact of dust on the mineral species in PM, 5 was more
significant than those in TSP at BNU (Figure 10c). This was
likely because of gravitational deposition of coarse particles
during the long-range transport of DS, and fine particles
could be transported to a longer distance for its longer res-
idence time in the atmosphere. Additionally, the ratios of
DS/NDS for mineral species observed in region IV were
smaller than those in region II and region III, indicating that
the impact of DS weakened gradually as the increase of
distance from dust source regions [Wang et al., 2007].
3.3.4. Impact of Dust on Coastal Region

[25] The comparison of aerosol composition between DS
and NDS at QD and SH are shown in Figure 11. DSI1
showed most impact on mineral elements by a factor of
~4-8 and ~4—12 for TSP and PM, 5 respectively at QD. The
pollution elements Zn and Pb during DS1 in both TSP and
PM, 5 remained at the same level, while As and Cu was
elevated by a factor of ~2-3. As shown in Figure 11a, the
impact of DS1 on the mineral elements in PM, s was more
significant than those in TSP, which further supported that
the effect of dust is more significant on fine particles than
coarse particles in the areas far from dust source regions. In
comparison to DS1, DS2 showed the positive impact on
mineral species and negative impact on pollution elements
and secondary ions (Figure 11b). A comparison of aerosol
composition between DS1 and DS2 revealed that most
species in TSP in DS1 were ~1-2 times those in DS2, and
even higher in PM, 5 (4.4 for Zn, 6.1 for Pb, 4.5 for SO7,
and 7.3 for NOg3). This was partially due to the different
intensities of DS1 and DS2. Although back trajectories in
Figure 8 showed the similar transport pathway between DS1
and DS2, DS1 with stronger intensity (section 3.1) could
mix more pollution on the pathway than DS2. In addition,
the higher RH (42%, Table 2) during DS1 than DS2 (29%)
favored the accumulation of pollution. The impact of DS on
SH, which is far from the dust source regions, is the smallest
among all sites in this study. The mineral species were
elevated ~1-3 times during DS2 followed by a decrease of
pollution elements (except As) and secondary ions. One of
the reasons for the decrease of pollution elements was that
the air mass spent ~1 day over the ocean before reaching
SH. Back trajectories showed that DS1 did not pass through
SH, and SH during DS1 was most affected by the air mass
from the southwest of China. Therefore, a synchronous
increase for both mineral and pollution elements were
observed during DS1, owing to the regional transport from
the southwest of China.
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[26] Overall, investigation the impact of DS on aerosol
composition in different regions suggested the following
(1) DS showed the most significant impact on the aerosol
composition in the regions near dust sources, and the
intensity of impact decreased as the increase of distance
from source regions, i.e., YL/DL > BNU/MY > QD/SH.
(2) The impact of DS on aerosol species in the regions near
dust sources was more significant in coarse particles than
fine particles, and this impact was reversed in downwind
regions far from dust sources. (3) Asian dust produced
single positive effect on mineral components, and accumu-
lating or diluting effects on pollutants. DS either mixes the
pollutants on the pathway and carries them to downstream
regions or dilutes the local pollutants in downwind regions.
(4) The sources and transport pathway are two critical factors
affecting the aerosol compositions in downwind regions.
3.3.5. Impact of Dust on the Acidity of Aerosol

[27] The equivalent ratio of total cations (¥+) to total
anions (2—) of water-extract aerosol particles could be used

to indicate the acidity of aerosols [Y. Wang et al., 2005b].
Low pH is mainly due to the acidic components in aerosol
particles, such as SO3, NO3, CI, and organic acids, and
high pH is generally associated with a high concentration of
the basic components, such as NH;, Mg?*, and Ca*". Our
previous studies found that coarse particles showed more
alkalinity than fine particles because of the higher concen-
tration of carbonate in coarse particles [Y. Wang et al.,
2005b]. Calcium carbonate in dust particles forms sulfate
and nitrate via surface reactions with acidic gases, e.g.,
H,SO,4 and HNO;, which was supported by the good cor-
relations between sulfate/nitrate and water-soluble Ca, i.e.,
Ca?* [Kim and Park, 2001; Nishikawa et al., 1991]. This
process will be critical to alleviate the acidity of aerosol
downstream given the large fraction of calcium carbonate in
dust aerosol.

[28] To further investigate the impact of dust on the
acidity of aerosol in downwind regions, the correlations of
pH and Ca®" were checked and shown in Figure 12. Con-
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Figure 12. Correlations between pH and water-soluble Ca®” in TSP and PM, s. The fit was performed
on the data from YL and DL. Data from other four sites are also shown for reference.

sistent with Y. Wang et al. [2005b], the pH was positively
associated with the concentration of Ca®*, and showed
higher value for TSP than PM, s in all downwind cities
(auxiliary material Figure S2). The average pH for PM, 5 at
BNU in spring 2004 was 5.95, close to the 5.99 reported in
the spring of 2003 [Y. Wang et al., 2005b]. Moreover, the
pH in spring is ubiquitously higher than that observed in
other seasons, indicating that Asian dust has significant
buffering effect on the acidity of aerosol in downwind
regions, and this impact is most significant in spring dust
season. The positive correlations between pH and Ca®"
further confirmed that Ca** from mineral aerosol could play
the most important role in buffering and neutralizing the
acidity of aerosol over northern China. YL and DL near dust
source regions are less affected by anthropogenic sources
and better sites to characterize the impact of Asian dust on
the acidity of aerosol. As shown in Figure 12, the pH
showed strong exponential correlations with Ca®" in both
TSP (r = 0.85) and PM, s (r = 0.73) at these two sites.
Assuming that the concentration of Ca®" in TSP ranged from
0 to 15 pug m >, the pH, calculated from the regression
equation, varied from 5.1 to 6.4; as such, the pH ranged
from 5.4 to 6.4 when the concentration of Ca®" in PM, s
increased from 0 to 9 pug m>. The pH for TSP and PM, s
both showed a remarkable increase of ~1 unit due to the
buffering effect of spring Asian dust. This result was con-
sistent with the simulation results that the annual mean pH
values showed a remarkable increase of 0.8-2.5 in northern
China and Korea due to the strong neutralization of pre-
cipitation by dust aerosols over northeast Asia [Wang et al.,
2002].

4. Conclusions

[29] This study systematically investigated the regional
characteristics of spring aerosol and the impact of Asian
dust on aerosol chemistry over northern China. PM,, in the
cities of northern China showed significant regionality,
based on which northern China could be divided into five
regions, i.e., Northern Dust Region, Northeastern Dust

Region, Western Dust Region, Inland Passing Region, and
Coastal Region. Northern Dust Region and Western Dust
Region were characterized by the high content of Ca and the
Ca/Al ratio, while Northeastern Dust Region was character-
ized by low Ca content and Ca/Al ratio. Northeastern Dust
Region showed overall the lowest mass loadings and was
defined as a clean region. Inland Passing Region and Coastal
Region are located in the much more “polluted” regions.
Also, most of the cities in Inland Passing Region and
Coastal Region showed high concentrations of pollutants.

[30] Asian dust showed the most impact on the aerosol
composition in the regions near dust sources, and this
impact decreased as the distances from dust sources
increased, i.e., Northern Dust Region/Northeastern Dust
Region > Inland Passing Region > Coastal Region. The
impact of DS on the chemical species of aerosol in the
regions near dust sources was more significant in coarse
particles than fine particles, and this impact was reversed in
downwind regions. Asian dust either mixes the pollutants on
the pathway and carries them to downwind regions or dilutes
the pollutants over northern China. The ratio of NO;/SO3~
during DS was significantly reduced, and the lowest generally
appeared after the peak of dust. Our study confirmed that
Asian dust played an important role in buffering and neu-
tralizing the acidity of aerosol over northern China, which can
potentially lead to an increase of ~1 unit of pH in the aerosols
in spring.
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