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a b s t r a c t
Both PM2.5 and TSP over Yulin, a rural site near the Asian dust source region, were collected from 2007 to 2009.
displayed a
Characteristics, sources, and formation mechanisms of sulfate and nitrate were investigated. SO2−
4
accounted
distinct seasonal variation with the highest average concentration observed in summer when SO2−
4
for an average of 14.1% and 13.7% of the PM2.5 and PMcoarse mass concentrations, respectively. Ambient
temperature and relative humidity were two important factors inﬂuencing the formation processes of SO2−
4
2−
and NO−
in PM2.5 were probably from the gas phase oxidation of
3 . In summer, the high concentrations of SO4
SO2, while the low concentrations of NO−
3 in PM2.5 were attributed to the high temperature that was not
and NO−
favorable for the formation of NH4NO3. In spring, autumn, and winter, SO2−
4
3 were signiﬁcantly
enhanced in those days with high relative humidity, implying that in-cloud/aqueous processing dominated the
+
and NO−
formations of SO2−
4
3 . Different from PM2.5 in which NH4 acted as the dominant neutralizer for acids,
alkaline species such as Ca2+ and Mg2+ played an important role in the formation of sulfate and nitrate salts
in coarse particles signiﬁcantly
in coarse particles throughout the whole year. During the dust event days, SO2−
4
increased, while black carbon and NO−
3 largely decreased, suggesting that the primary mineral dust could be one
2−
of the major sources of SO2−
4 . By comparing the mass ratio of SO4 /3/S in the dust aerosols of Yulin with different
dust source regions (i.e., Taklimakan Desert and Gobi Desert) and the application of air mass backward trajectory
analysis, it was found the long-range transported dust from the Taklimakan Desert, which was rich in primary
over Yulin. In spring and
sulfate due to its paleo-ocean characteristics, was a non-negligible source of SO2−
4
winter, the prevailing northerlies and northwesterlies promoted chemical interaction between alkaline mineral
dust and acid gaseous precursors from local and/or regional emissions. While in summer, regional transport
facilitated by the southerlies and southeasterlies may contribute to the high secondary aerosol concentrations
over Yulin. This study demonstrated that a considerable portion of aerosol over a Chinese rural area could be
derived from complex chemical reactions via long-range/regional transport.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Asian dust and its transport have great impacts on regional air
quality (e.g., Fu et al., 2008; Zhao et al., 2011) as it carries not only
mineral aerosols but also pollution matter to the atmosphere over the
downwind regions. During the transport, mineral aerosols can mix
and interact with anthropogenic pollutants, leading to a signiﬁcant increase of pollution matters, such as sulfate and nitrate (Manktelow
et al., 2010; Usher et al., 2002; Zhang et al., 2000). The formation of
⁎ Corresponding authors.
E-mail addresses: gzhuang@fudan.edu.cn (G. Zhuang), khuang7@utk.edu (K. Huang).
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sulfate and nitrate on mineral particles inﬂuences the hydrophilicity of
the particles (Shi et al., 2008), which in turn can impact the further
chemical reactions on the particles. The modiﬁcation of dust aerosol
during the transport can cause high uncertainties in evaluating its
environmental effects.
Sulfate is of great concern for its effect on climate change (IPCC,
2007), and its role in atmospheric chemical and physical processes
(Sipila et al., 2010; Yue et al., 2010). Nitrate is now attracting more and
more attention, as NOX emission has been increasing across China over
the past decade (Guinot et al., 2007; Streets et al., 2003; Zhang et al.,
2007). As both sulfate and nitrate are two major water-soluble ions in
aerosols, the high emissions of SO2 and NOX, their transformations to
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sulfate and nitrate, and their long/medium-range transport would have
signiﬁcant impact on the air quality of the downwind regions.
China is now a hot spot region for air pollution and global climate
change studies (Chang et al., 2010; Morino et al., 2011). Intensive studies were designed to investigate the sources and formation mechanisms
of particulate sulfate and nitrate over China (e.g., Guo et al., 2010a; Xiao
et al., 2009; Yao et al., 2002). However, most studies focused on big
urban cities, while relatively few studies were conducted for remote
areas nearby the dust sources, where the interaction between the
natural mineral dust and anthropogenic emissions were most active.
Yulin, the sampling site in this study, is located at the northern edge of
the Chinese Loess Plateau and on the transport pathway of Asian dust
from northern and northwestern China to the North Paciﬁc (Zhang
et al., 2008). It is also in the depositional region of the dust from both
the Taklimakan Desert (Liu et al., 1994) and Gobi Desert (Sun et al.,
2001). In addition, Yulin is surrounded by a number of big coal mines
with intensive industrial activities. In this regard, Yulin could be treated
as a good representative site for investigating aerosols from complex
sources. In this study, a multi-year sampling of aerosol was conducted
at Yulin, and the characteristics and sources of sulfate and nitrate
were probed. Speciﬁcally, different formation mechanisms of secondary
aerosol were studies on a seasonal basis.
2. Methods
2.1. Study site and ﬁeld sampling
Both PM2.5 (particle size smaller than 2.5 μm) and TSP (total
suspended particles) were collected in Yulin (YL), Shaanxi province of
China, and its location is shown in Fig. 1. YL is the northernmost
prefecture-level city of Shaanxi province and lies in the transition
zone between the Loess Plateau and deserts. As shown in Fig. 1, to the
north and northwest of the city it is the Ordos Desert (also known as
Mu Us Desert) of Inner Mongolia. YL is characterized of a continental,
monsoon-inﬂuenced semi-arid climate. The deﬁnition of the four
seasons in this study is from March to May for spring, June to August
for summer, September to November for autumn, and December to
February for winter, respectively, with each season encompassing the
entirety of the included months. In winter, it is very cold with rather
long durations, while in summer, it is hot and somewhat humid.
Desertiﬁcation due to wind erosion has been severe in this region.
Aerosol samples were collected from 2007 to 2009 to study the
characteristics of mineral and pollution aerosol over the areas nearby
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dust sources. The samplers were set up about 10 m above the ground.
Aerosol sampling in 2007 was conducted from March 20 to April 22 to
monitor dust events, while in 2008–2009, it was conducted in four separated periods, i.e., March 21, 2008, to April 18, 2008; July 21, 2008, to
August 22, 2008; October 15, 2008, to November 15, 2008; and January
15, 2009, to February 15, 2009, to represent the four seasons of spring,
summer, autumn, and winter, respectively. Aerosol samples (the sampling generally lasted for 24 h) were collected on Whatman 41 ﬁlters
(Whatman Inc., Maidstone, UK) by medium-volume samplers (model:
(TSP/PM10/PM2.5)-2, ﬂow rate: 77.59 L min−1). All the samples were
put in polyethylene plastic bags immediately after sampling and then
stored in a refrigerator before the weighing and chemical analysis. All
the ﬁlters were weighed before and after sampling with an analytical
balance (Sartorius BT 25 s, reading precision: 10 μg) after stabilizing
under constant temperature (20 ± 1 °C) and humidity (40 ± 2 %) for
over 48 h. All the procedures were strictly quality controlled to avoid
any possible contamination of the samples.

2.2. Chemical analysis
2.2.1. Ion analysis
One-fourth of each sample ﬁlter and blank ﬁlters were extracted
ultrasonically by 10 ml deionized water (18 MΩ cm−1). SO24 −, NO−
3 ,
+
+
2+
, and Mg2+ were analyzed by an Ion ChromaCl−, NH+
4 , Na , K , Ca
tography (Dionex ICS 3000, USA), which consists of a separation column
(Dionex Ionpac AS 11 for anion, Dionex IonPac CS 12A for cation), a
guard column (Dionex Ionpac AG 11 for anion, Dionex IonPac AG 12A
for cation), a self-regenerating suppressed conductivity detector
(Dionex Ionpac ED50), and a gradient pump (Dionex Ionpac GP50).
The detailed procedures were given elsewhere (Yuan et al., 2003).

2.2.2. Element analysis
Half of each sample ﬁlter and blank ﬁlters was digested at 170 °C for
4 h in a high-pressure Teﬂon digestion vessel with 3 ml concentrated
HNO3, 1 ml concentrated HClO4, and 1 ml concentrated HF. After
cooling, the solutions were dried and then diluted to 10 ml with deionized water (18 MΩ cm−1). Eighteen elements including Al, Fe, Mn, Mg,
Ti, Na, Sr, Ca, Co, Cr, Ni, Cu, Pb, Zn, Cd, V, S, and As were determined by an
inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Model: ULTIMA, JOBIN-YVON Company, France). The detailed analytical
procedures were given elsewhere (Zhuang et al., 2001).

Fig. 1. The location of the sampling site (Yulin, Shaanxi province, China) indicated by the red star. The background map is modiﬁed based on the chapter “The Loess Plateau Geography 5”
from WordPress.com (https://geog5loessplateau.wordpress.com/).
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2.2.3. Black carbon analysis
Black carbon (BC) in each sample and blank ﬁlters was measured by
a Smoke Stain Reﬂectometer (Model M43D, Diffusion Systems Ltd.,
London, UK). The concentrations are determined based on the amount
of reﬂected light absorbed by the aerosol samples on each ﬁlter and
calibrated using BC gravimetric standards.

The bimonthly average concentrations of SO2 and NO2 were documented in the periodic reports from Shaanxi Provincial Environmental
Protection Department (Shaanxi EPD, 2007–2009).
3. Results and discussion
3.1. Seasonal variations of aerosols and water-soluble inorganic ions

2.3. Meteorological parameters, acid gases, and modeling of air mass
trajectories
The meteorological data, including ambient temperature, relative
humidity, wind speed, wind direction, etc., were obtained from NOAA's
National Climatic Data Center (NCDC), available on a 3-h basis from
2:00 to 23:00 every day. Three-day air mass back trajectories initiated
at 500 m from the Yulin measurement site were calculated using the
HYSPLIT model (R. Draxler and G. Rolph, HYSPLIT (HYbrid SingleParticle Lagrangian Integrated Trajectory) Model, 2003, http://ready.
arl.noaa.gov/HYSPLIT.php) and driven by the Global Data Assimilation
System (GDAS, 1° × 1° resolution) data set.

3.1.1. Aerosol concentrations
Fig. 2f shows the variations of the daily PM2.5 and TSP concentrations
during each sampling period in the spring 2007 to winter 2008. It is
clearly shown that more extreme events (i.e., high aerosol concentrations) occurred in spring and winter. However, as indicated by the average concentrations of PM2.5 in four seasons of 2008 in Table 1, PM2.5
concentrations in summer and autumn were slightly higher than
those in spring and winter, which was in contrast to most studies. The
monthly aerosol optical depth (AOD) values at the Yulin AERONET
(AErosol RObotic NETwork, http://aeronet.gsfc.nasa.gov/) site also
showed highest values in summer (Fig. S1), which was consistent
with this study. Although YL is a rural site, the average PM2.5

2+
2−
Fig. 2. Time series of (a) three hourly wind vectors and (b) ambient temperature and relative humidity. Daily variations of (c) NO−
,
3 in PM2.5 and TSP; (d) SO4 in PM2.5 and TSP; (e) Ca
BC, and Al in TSP; and (f) the mass concentrations of PM2.5 and TSP (note that PM2.5 and TSP use different Y-axis) during the whole sampling period, which is separated by the blue dashed
lines on the seasonal basis. The yellow, green, cyan, and pink bars represent dust, rainy, cloudy, and foggy days, respectively.
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Table 1
Monthly average concentrations of particulate mass concentrations, black carbon, and the inorganic ions (μgm−3) in PM2.5 and PMcoarse and their PM2.5/TSP ratios. PMcoarse represents the
coarse mode mass of particulate matters calculated based on the difference between TSP and PM2.5.
Spring

PM
BC
Cl−
NO−
3
SO2−
4
NH+
4
Na+
+
K
Mg2+
Ca2+

Summer

Autumn

Winter

PM2.5

PMcoarse

PM2.5/TSP

PM2.5

PMcoarse

PM2.5/TSP

PM2.5

PMcoarse

PM2.5/TSP

PM2.5

PMcoarse

PM2.5/TSP

59.7
1.5
0.8
1.7
5.2
2.8
0.5
0.3
0.3
3.4

129.7
1.4
0.9
3.3
4.6
1.2
0.6
0.4
0.2
5.1

0.32
0.53
0.46
0.36
0.53
0.73
0.43
0.41
0.56
0.40

66.1
1.4
0.3
0.7
10.1
4.1
0.1
0.1
0.1
0.7

61.0
1.0
0.3
4.0
7.2
2.6
0.1
0.1
0.1
3.4

0.56
0.60
0.51
0.15
0.57
0.61
0.52
0.55
0.39
0.16

62.4
2.2
0.3
1.1
2.7
1.6
0.2
0.1
0.1
1.2

78.7
1.7
0.8
2.9
4.7
1.6
0.3
0.2
0.2
3.7

0.44
0.56
0.32
0.28
0.37
0.49
0.38
0.39
0.36
0.24

56.4
2.0
0.6
1.9
4.6
2.5
0.3
0.3
0.1
1.2

136.6
2.0
1.4
3.8
8.0
2.3
1.1
0.5
0.2
4.3

0.29
0.51
0.32
0.33
0.37
0.52
0.22
0.40
0.35
0.23

concentrations were ~60–90% higher than the Chinese annual standard
of 35 μg m−3 throughout all seasons. In summer, daily PM2.5 concentrations exceeded the Chinese daily standard of 75 μg m−3 in more than
one third of the 26 non-precipitation sampling days. Compared to
PM2.5, the concentrations of coarse particles (PMcoarse), i.e., the
difference between the measured concentrations of TSP and PM2.5
(TSP-PM2.5), presented a distinct seasonal variation with the sequence
of winter/spring N summer/autumn (Table 1). As YL is nearby the dust
source regions as introduced in Section 2.1, the aerosols there should
be highly impacted by mineral dust. Fig. 2a shows the winds in spring
and winter frequently came from the west, northwest, and the north
with relatively higher wind speeds (4.3–5.2 m s−1) than the other
seasons (3.8–4.3 m s−1). Under this synoptic condition, mineral dust
from those dust source regions (Fig. 1) could be brought to YL. While
in summer, the prevailing winds dominantly blew from the south and
the southeast. YL is located at the north edge of the Chinese Loess
Plateau; the regions to its south and southeast were characterized of
high emissions of anthropogenic pollutants such as SO2 and NOx
(Streets and Waldhoff, 2000). Hence, regional transport from those
relatively polluted regions to YL should be ubiquitous via the southerlies
and southeasterlies. This may partly explain why the mass ratio of
PM2.5/TSP was much higher in summer (56%) than that in spring,
autumn, and winter (29–44%), as pollution aerosols, unlike mineral
dust, accumulated preferentially in PM2.5 than in PMcoarse.
3.1.2. Water-soluble inorganic ions
As shown in Table 1, SO2−
4 was the most abundant species among all
ions in four seasons. SO2−
4 displayed a pronounced seasonal variation in
a descending manner of summer N spring/winter N autumn in PM2.5.
While in PMcoarse, it followed the sequence of winter/summer N
spring/autumn. Apparently, both coarse and ﬁne modes of particulate
SO2−
4 were signiﬁcantly enhanced in summer (Fig. 2d and S2c). In summer, the highest daily SO24 − concentration could reach up to
concentration
25.4 μg m−3 in PM2.5 and 37.3 μg m−3 in TSP. The SO2−
4
in PM2.5 over YL in summer was even higher than that of a Chinese
megacity, Shanghai (Wang et al., 2006), although the emission rate of
SO2, the precursor of SO24 −, was much less intensive in YL (Zhang
et al., 2009). It is calculated that SOR (sulfur oxidation ratio, SOR =
2−
SO2−
4 /(SO2 + SO4 )) in YL in summer reached about 0.29, much higher
than that of 0.05 in Shanghai in summer (Wang et al., 2006). As a coastal
city, Shanghai is dominated by the southerlies and southeasterlies from
the ocean in summer. Sea breeze has a cleansing effect and could dilute
the concentrations of particles; thus, the concentration of sulfate observed in Shanghai was low and resulted in a low SOR. Different from
Shanghai, Yulin is an inland city without any inﬂuences from sea
breezes. Oppositely, the prevailing southeasterlies in Yulin in summer
(Fig. 2a) could bring in more pollutants as more cities are located to
the south of Yulin. In this regard, the higher SOR in summer over
concentrations in other seasons
Yulin is expected. The average SO2−
4
were much lower than that in summer (Table 1). However, extremely

high SO2−
concentrations could still be observed with daily concentra4
tions reaching up to over 20 μg m−3 in PM2.5 and 50 μg m−3 in TSP.
Those SO24 − peaks in autumn and winter were mostly observed in
foggy/cloudy days (Fig. 2), when the oxidation of SO2 could be signiﬁcantly promoted due to the aqueous processing (Seinfeld and Pandis,
2006). In those days without dust events in spring, SO24 − increased
along with the increase of relative humidity (RH), indicating that RH
played an important role in the formation of particulate SO24 − (See
was
more details in Section 3.3). While during the dust events, SO2−
4
also observed to be greatly enhanced, particularly in PMcoarse
(Fig. S2c), suggesting part of SO24 − could be from the crustal source,
which will be explicitly discussed in Section 3.4.
2−
in PM2.5 in four seasons, and its
NO−
3 was less than 50% of SO4
average concentration followed as winter N spring N autumn N summer.
In winter, the average NO−
3 concentration in PM2.5 was ~ 170% higher
than that in summer. More NOx emissions due to domestic heating in
the cold seasons in Northern China should be the major cause of this
seasonal variation of NO−
3 concentrations. In addition, the lower ambient temperature in the cold seasons favored the accumulation of nitrate
(e.g., NH4NO3) in particulate phase. In PMcoarse, the average concentra2−
−
tions of NO−
3 were ~ 50–70% of that of SO4 . Compared to the NO3
concentrations of 2.6–9.1 μg m−3 in Shanghai (Wang et al., 2006) and
that of 9.6–20.6 μg m− 3 in Xi'an (Zhang et al., 2011), the seasonal
−3
in YL were much lower.
PM2.5 NO−
3 concentrations of 0.7–1.9 μg m
However, compared to a site (Tazhong) located in the center of
−3
in
Taklimakan Desert with NO−
3 concentrations less than 0.6 μg m
over
YL
was
conPM2.5 and 2.0 μg m−3 in TSP (unpublished data), NO−
3
siderably higher, implying there were moderate anthropogenic activities in and around YL. Similar to the temporal variation of SO2−
4 , high
peaks of NO−
3 were also mostly observed in the circumstance of foggy
and cloudy weather with maximum daily concentration reaching up
to 11 μg m−3 in PM2.5 and 28 μg m−3 in TSP, suggesting an important
role of aqueous processing in the formation of NO−
3 during those heavily
polluted days. It is noted that the seasonal PM2.5/TSP ratio for NO−
3
ranged from 0.15 to 0.36, while for SO24 − ranged from 0.37 to 0.57
2−
(Table 1), indicating that NO−
3 , unlike SO4 , accumulated more in
coarse particles than in ﬁne particles. This indicated that the formation
2−
were quite different, which will be further
processes of NO−
3 and SO4
discussed in Section 3.3.
NH+
4 ranked as the most abundant species among all cations in PM2.5
except in spring, while in PMcoarse, it was only inferior to Ca2+ (Table 1).
NH+
4 displayed a seasonal variation of summer N spring N winter N
autumn in PM2.5, while it followed as summer N winter N autumn N
spring in PMcoarse. In average, NH+
4 accounted for 5.7% (in the range of
1.0–12.7%) of PM2.5 and 4.5% (in the range of 0.9–8.4%) in PMcoarse in
summer, higher than those in the other seasons. The high concentrations of NH+
4 in summer should be attributed to the southern and southeastern winds that would bring in more polluted air masses to YL than
showed
in the other seasons (Fig. 2a). This partly explained why SO2−
4
the highest concentration in summer as mentioned above.
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Ca2 +, Mg2+, and Na+ were mostly characterized of crustal origin
and showed the highest concentrations in spring when dust events
frequently occurred. As a comparison, the concentrations of these ions
were relatively low in summer as much less dust events occurred.
In addition to NH3, crustal components, such as CaCO3 and MgCO3 also
played an important role in the formation of sulfate and nitrate
(see below Section 3.3.1), especially in the coarse mode of particles
(Li et al., 2006; Lin, et al., 2014; Takahashi et al., 2008).
Fig. 3 shows the mass contributions of the major components to
PM2.5 and PMcoarse in four seasons. The concentration of minerals was
calculated as Minerals = 1.16 (1.9Al + 2.15Si + 1.14Ca + 1.47Ti +
2.09Fe) (Malm et al., 1994). As Si was not directly measured in this
study, it was estimated as Si = 3.43Al, based on the crustal abundance
of Al and Si in earth (Lida, 2006). The difference between the total aerosol mass and the sum of inorganic ions, minerals, and BC was labeled as
“Others” in Fig. 3, of which should be primarily carbonaceous matters
that were unmeasured in this study, water content associated with
the hygroscopic aerosol components, and other species that could not
be detected with the available instrumentation. As expected, minerals
accounted for a majority of PMcoarse in all seasons because YL is located
at the north edge of the Chinese Loess Plateau where mineral dusts are
abundant. The ratios of minerals/PM2.5 and minerals/PMcoarse were lowest in summer. In particular, the average ratio of minerals/PM2.5 was as
low as 11.3% in summer, indicating the dominance of anthropogenic
sources contributing to PM2.5 formation in summer. In summer, the avreached 14.1% in PM2.5 and 13.7% in PMcoarse,
erage mass ratio of SO2−
4
while it was 4.1–8.0% in PM2.5 and 3.6–6.5% in PMcoarse in the other sea−
sons. As for NO−
3 , the average ratio of NO3 /PM2.5 in summer was the
lowest among the four seasons, while the ratio of NO−
3 /PMcoarse was
the highest, again showing that NO−
3 was more favorably formed in
coarse particles in summer. On average, the ratio of the sum of SO2−
4 ,
+
NO−
3 , and NH4 (SNA) in PM2.5 was 15.4%, 8.2%, and 14.9% in spring,
autumn, and winter, and in PMcoarse was 7.3%, 12.7%, and 11.3%,
respectively, while those ratios increased to 20.9% and 25.8% in PM2.5
and PMcoarse, respectively, in summer.
3.2. Acid gaseous precursors
and NO−
SO2−
4
3 in aerosols are mostly related to the transformation
of their acid precursors, i.e., SO2 and NOx. Fig. 4 shows the bimonthly
average concentrations of SO2 and NO2 in YL from November 2007 to
February 2009. SO2 and NO2 in Yan'an and Xi'an, another two cities

Fig. 4. Bimonthly average concentrations of SO2 and NO2 over Yulin, Yan'an, and Xi'an
from November 2007 to February 2009.

nearby YL, are also shown to reveal the regional air pollution level. At
these three sites, SO2 was highest in November–February among the
whole year, i.e., in later autumn and winter, with high concentrations
of 68–117 μg m−3 in YL, 56–78 μg m−3 in Xi'an, and 126–157 μg m−3
in Yan'an, respectively. The concentration level in this region mostly
exceeded the Chinese annual standard of 60 μg m−3, indicating a high
regional emission of SO2 during this period. The average SO2 concentration was lowest in May–August (except in Yan'an), i.e., in later spring
and summer due to the lower emissions and favorable meteorological
conditions. The average SO2 concentration in July–August of 2008 was
in
77% lower than that in January–February of 2009 in YL, while SO2−
4
PM2.5 in summer was ~120% higher than that in winter. This suggested
the formation efﬁciency from SO2 to SO2−
4 was signiﬁcantly enhanced in
summer, compared to that in winter. During the domestic heating period (generally from November 15 to March 15), the concentrations of
SO2 increased greatly at all three cities. Enhanced fossil fuel combustion
from domestic heating was the major contributor to SO2 emissions in
the cold season (Lu et al., 2010). Biomass burning was another potential
source of SO2 (Streets and Waldhoff, 2000). During the harvest time in
fall, burning of crop residuals, such as corn and wheat residuals, could

Fig. 3. Mass contributions of chemical compositions to PM2.5 and PMcoarse in four seasons. PMcoarse represents the coarse mode mass of particulate matters calculated based on the
difference between TSP and PM2.5.
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be a signiﬁcant source of SO2. In addition, biofuel that was burned for
rural residential cooking and heating was another source of SO2.
However, compared to fossil fuel burning, the emission from biomass
burning was not signiﬁcant on a long-time scale (Streets et al., 2003).
Similar to SO2, the bimonthly variation of NO2 at these three sites
also showed highest concentrations in November–February and lowest
concentrations in July–August. The average NO2 concentration in
November–February reached 34–41 μg m−3 in YL, Yan'an, and Xi'an,
suggesting the enhanced fossil fuel combustion for winter heating on
the regional scale. In YL, the average NO2 concentration in July–August
of 2008 was 44% of that in January–February of 2009, while the average
TSP NO−
3 concentration in summer was ~80% of that in winter, implying
that the formation efﬁciency from NOX to NO−
3 was also greater in
summer than in winter, as was the case for SO2.
3.3. Seasonal formation pathways of sulfate and nitrate
3.3.1. Summer
−
Table 2 lists the correlation coefﬁcients between SO2−
4 and NO3 , and
+
2+
, and Ca2+. In PM2.5,
the ﬁve measured cations, i.e., Na+, NH+
4 , K , Mg
+
SO24 −, and NO−
3 were highly correlated to NH4 in all seasons except
+
in
summer.
NH
was
the
most
abundant
cation in PM2.5 except
NO−
3
4
in spring (Table 1). Hence, NH3 acted as the major alkaline species for
and NO−
the neutralization of SO2−
4
3 in PM2.5 over YL. Fig. 5a–d shows
2−
−
2−
the relationship between NH+
4 and SO4 , NO3 , and the sum of SO4
−
and NO3 in PM2.5, respectively. All units are in equivalent concentrations (μeq m−3), and linear regression equations are ﬁtted for NH+
4
2−
and [SO2−
+ NO−
and NO−
4
3 ] in the ﬁgure. In summer, almost all SO4
3
in PM2.5 had been completely neutralized by NH3, as the linear regres2−
+ NO−
sion slope of [NH+
4 ]/[SO4
3 ] was slightly higher than unity
(Fig. 5b). Compared to those megacity sites of Beijing, Shanghai, and
Guangzhou (Pathak et al., 2009; Yao et al., 2002), YL was in a relatively
ammonia-rich environment as it is located in the northern agricultural
and
region mainly for planting wheat, soy bean and corn. Hence, SO2−
4
NO−
3 in PM2.5 mainly existed in the forms of (NH4)2SO4 and NH4NO3.
In addition, the prevailing southern and southeastern winds in summer
could bring considerable pollutants from southerly polluted areas to YL,
providing favorable conditions for the gas-to-particle transformation of
−
SO2 and NOx to SO2−
4 and NO3 and their further neutralization into the
ammonium salts.
Particulate SO2−
4 usually forms via pathways such as the oxidation of
SO2 through gas phase reaction, in-cloud/aqueous processing, and heterogeneous reaction on pre-existing particles. The reaction of SO2 with
OH radical is dominant for the production of SO24 − in the gas phase.
The aqueous-phase processing due to high humidity could accelerate
the transformation of SO2 and NOx to acids via the oxidation pathways
such as H2O2 and O3 oxidation and metal catalysis (e.g., Fe3 + and
Mn2 +). The dominance of in-cloud/aqueous processing over the gas
phase reaction has been observed in various regions of China (Guo
et al., 2010b; Yao et al., 2002). However, it was also shown that the

Table 2
and NO−
The Pearson correlation coefﬁcients of SO2−
4
3 and the ﬁve cations in PM2.5 and
PMcoarse. Bold numbers represent the correlations are signiﬁcant at the 0.05 level.
Spring

PM2.5

PMcoarse

+

Na
NH+
4
K+
Mg2+
Ca2+
Na+
NH+
4
K+
Mg2+
Ca2+

Summer

Autumn

Winter

NO−
3

SO2−
4

NO−
3

SO2−
4

NO−
3

SO2−
4

NO−
3

SO2−
4

0.09
0.74
0.70
0.35
0.26
0.03
0.69
0.42
0.49
0.73

0.14
0.96
0.45
0.05
0.16
0.48
0.64
0.42
0.55
0.50

0.38
0.38
0.31
0.68
0.23
0.62
0.54
0.13
0.49
0.83

0.69
1.00
0.91
0.67
0.82
0.63
0.90
0.43
0.56
0.75

0.30
0.88
0.67
0.49
0.46
0.20
0.77
0.77
0.23
0.12

0.40
0.95
0.68
0.43
0.35
0.01
0.90
0.68
0.14
0.05

−0.02
0.96
0.38
0.07
−0.21
0.20
0.86
0.47
0.73
0.53

0.06
0.97
0.38
0.14
−0.21
0.01
0.83
0.41
0.80
0.63
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gas phase oxidation could account for the formation of SO2−
in submi4
cron particles over Guangzhou (Xiao et al., 2009), a coastal city with
high relative humidity. In this study, whether the gas phase or the
in-cloud/aqueous processing was dominant for the formation of SO2−
4
could not be quantitatively differentiated. However, we tend to believe
that the gas phase reaction should be responsible for the majority of ﬁne
production in summer. First, high SO2−
concentrations in
mode SO2−
4
4
PM2.5 mostly appeared in sunny days with low relative humidity
(daily RH b 50%, and sometimes even lower than 30%, Fig. 2). For
in PM2.5 reached 13.0–25.4 μg m−3 on July 22–27, 2008,
instance, SO2−
4
with daily RH of 26–46%, and 15.8–18.3 μg m−3 on August 5–6, 2008,
with daily RH of 31–38%. In comparison, on August 10–14 and 17,
was only
when the daily RH was higher at 54–70%, daily PM2.5 SO2−
4
1.4–8.6 μg m−3. Therefore, we believed that the role of in-cloud/
aqueous processing in secondary aerosol formation affecting Yulin was
not necessarily the dominant route.
Second, as shown in Fig. 6a (square scatters), the concentration of
SO24 − did not present an increasing trend along with the increase of
RH, which was an important factor for in-cloud/aqueous processing.
Third, the gas phase reactions of SO2 are initiated by reaction with OH
radical, which is related to the photolysis of ozone in the atmosphere.
The high ozone concentration in summer due to strong solar radiation
could result in considerable production of OH radicals, leading to a
high reaction rate of SO2 in the gas phase (Calvert and Su, 1978). In a
observed in summer should be
word, the high concentration of SO2−
4
mainly dominated by the gas phase oxidation of SO2.
+
NO−
3 did not show signiﬁcant correlation with NH4 in PM2.5 in summer (Table 2 and blue triangles in Fig. 5b). It has been clear that the formation of nitrate in the atmosphere has different pathways in daytime
and nighttime. During daytime, HNO3 can be produced via the gas
phase oxidation reaction of OH · + NO2 + M = HNO3 + M. While in
the nighttime, NO2 reacts with O3 to form the NO3 radical and then further reacts with NO2 to form N2O5. N2O5 is ﬁnally hydrolyzed to produce
NO−
3 (Seinfeld and Pandis, 2006). Hence, the oxidation of nitrogen oxides should be favored in summer due to relative strong production of
OH radical and O3. However, NO−
3 was lowest in summer compared to
the other seasons, and this should be mainly attributed to the thermal
decomposition of ammonium nitrate under high ambient temperature.
Furthermore, in a system that contains both H2SO4 and HNO3, NH3 preferentially neutralizes H2SO4 and then the excess NH3 reacts with HNO3.
Therefore, the low concentration of NO−
3 in PM2.5 in summer can also be
attributed to the high sulfate concentrations. Our result is consistent
with the study by Kong et al. (2014) that found the mass fraction of
sulfate was strongly negatively correlated with nitrate at three Chinese
urban sites.
Compared to PM2.5, the slope of the regression equation between
2−
+ NO−
NH+
4 and [SO4
3 ] was much lower for PMcoarse (0.65) than for
PM2.5 (1.02) (Fig. 5f), suggesting that NH3 was not enough for fully
2+
and NO−
and Mg2+, the
neutralizing SO2−
4
3 . In contrast, by adding Ca
+
2+
2+
+ NO−
linear regression between [NH4 + Ca + Mg ] and [SO2−
4
3 ]
showed a slope of 1.26 with high correlation coefﬁcient of 0.90
(Fig. 5f). In summer, Ca2 + in PMcoarse showed a higher abundance
than NH+
4 (Table 1). The results above revealed that in addition to
NH3, the crustal species (e.g., CaCO3, MgCO3, etc.) played an important
role in the formation of coarse mode SO24 − and NO−
3 . As indicated in
Table 1, NO−
3 in PMcoarse accounted for ~85% of the total nitrate in TSP
while accounting for only ~43% of SO2−
4 , suggesting that the heterogeneous reactions on alkaline minerals was more evident for the formation
2−
in coarse particles.
of NO−
3 than SO4
3.3.2. Other seasons (spring/autumn/winter)
As similar to summer, SO24 − and NO−
3 in PM2.5 during spring,
autumn, and winter were also highly correlated to NH+
4 and the regres2−
+ NO−
sion slopes of NH+
4 vs. [SO4
3 ] were higher than unity (Fig. 5a
and 5c–d), suggesting YL was in the ammonia-rich environment
throughout the whole year. Different from PM2.5, the slopes of NH+
4
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2+
2−
+
−
+
2−
−
+
2−
−
+
Fig. 5. Scatter plots of NH+
+ Mg2+]
4 vs. SO4 , NH4 vs. NO3 , and NH4 vs. [SO4 + NO3 ] in PM2.5 in four seasons (a–d), respectively. Scatter plots of NH4 vs. [SO4 + NO3 ] and [NH4 + Ca
2+
−
+
2−
−
+
−
+ Mg2+] vs. [SO2−
vs [SO2−
4 + NO3 ] in PMcoarse in four seasons (e–h), respectively. Linear regressions between NH4 vs. [SO4 + NO3 ] in PM2.5 and PMcoarse, and [NH4 + Ca
4 + NO3 ]
in PMcoarse are ﬁtted, along with the 1:1 dashed lines.

vs. [SO2−
+ NO−
4
3 ] in PMcoarse were much lower in the range of 0.4–0.7.
According to the mass concentrations measured in two sizes, the
+
average ratios of PM2.5/TSP for SO24 −, NO−
3 , and NH4 were 37–53%,
28–36%, and 52–73%, respectively. This meant that SO24 − and NO−
3
were more favorably formed in larger sizes, and NH3 was not enough
for a full neutralization of the acids in coarse particles. By adding
Ca 2 + and Mg2 + , the neutralization of the acids was evidently
enhanced, especially in spring and winter with higher correlation
coefﬁcients and elevated slopes close to unity (Fig. 5e and 5h). In
autumn, the enhanced neutralization of acids was also observed
(Fig. 5g), although not as strong as spring and winter. The results
above imply that heterogeneous reactions on mineral dust were

−
involved in the formation of SO2−
4 and NO3 throughout all four seasons
over the areas of YL.
−
On the other hand, the formations of SO2−
4 and NO3 could have been
also signiﬁcantly inﬂuenced by the relative humidity (RH) in spring,
autumn, and winter. As shown in Fig. 6 (data in dust event days were
and NO−
excluded), the concentrations of SO2−
4
3 co-varied consistently
due to co-emissions of their precursors with the ambient RH in these
and NO−
three seasons. High yields of SO2−
4
3 almost all occurred under
RH values of higher than 60%, usually in cloudy or foggy days. For
instance, sulfate and nitrate in PM2.5 (TSP) reached 20.7 (27.6) and 3.5
(11.8) μg m− 3 on April 17 in 2008 with daily RH of 59%, 5.3–10.2
(16.5–26.9) and 1.0–6.0 (5.8–15.6) μg m−3 on October 20–21 in 2008
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site (Dunhuang) nearby the dust sources in the northwestern area of
China, similar phenomenon was observed that the concentrations of
SO24 − signiﬁcantly increased in the dust event days but not for NO−
3
(Duvall et al., 2008). These results implied that more SO24 − could be
brought to the YL receptor site along with dust aerosols, either primarily
derived from the crustal source or formed by the heterogeneous
reaction on the dust surface. The Chinese Loess Plateau, where YL was
located, is on the transport pathway and a typical depositional region
of the dust plumes from the Taklimakan Desert (Wang et al., 2011; Liu
et al., 1994). In this regard, the crustal sulfate over YL could be related
to the mineral dust either from the long-range transported dust from
the Taklimakan desert or from the local dust emissions re-suspended
from the areas around YL.
It should be noted that nitrate did not show any increases as sulfate
did during the dust events but actually was signiﬁcantly reduced in concentration. This phenomenon could be ascribed to two possible reasons.
On the one hand, it is already noted that the Taklimakan Desert, which is
an upstream source for YL's aerosol was an ocean in the ancient times.
is the fourth most abundant ion (mass weight of ~ 7.75%) in seaSO2−
4
water and only inferior to Cl−, Na+, and Mg2+, while NO−
3 is negligible
in seawater with mass weight less than 0.2%. Hence, the transport of the
dust from the Taklimakan Desert would not inherently increase the
amount of nitrate as it did for sulfate. Recently, a chamber study (He
et al., 2014) found that when SO2 and NOx co-exist with the existence
of mineral oxides, both NOx and mineral oxides tended to act as
catalysts to promote the conversion of SO2 to sulfate on the surface of
mineral oxides. It is proposed that the catalytic oxidation mechanism
of SO2 on the surface of mineral oxides by NOx is shown as below:

−3
Fig. 6. Relationship between SO2−
and NO−
) in (a) PM2.5 and (b) PMcoarse (the
4
3 (μg m
data of the dust event days on April 1, 2008, and January 21, 2009, were excluded). Square
and circle represent the samples collected in summer and in the other seasons, respectively.
All the scatters are color coded by their corresponding daily average relative humidity (%).

with daily RH of 81–92%, 6.8–9.9 (14.8–20.3) and 3.1–5.2 (9.6–16.4) μg
m−3 on November 10–12 in 2008 with daily RH of 66–76%, and 14.0–
22.7 (37.1–53.2) and 4.5–11.0 (15.7–28.8) μg m−3 on February 3–6 in
2009 with daily RH of 65–80%, respectively. It has been found that heterogeneous reactions between acid gases and pre-existing mineral particles can be promoted in high RH conditions (Zhu et al., 2011), leading to
and NO−
substantial increases of SO2−
4
3 . In contrast to the poor relation2−
−
ship between SO4 and NO3 in summer, especially in PM2.5 (squares in
was highly correlated to NO−
Fig. 6a), SO2−
4
3 in spring, autumn, and win−
ter, indicating that SO2−
4 and NO3 had a similar formation process, i.e., the
in-cloud/aqueous process in these three seasons.
3.4. The primary source of sulfate from long-/medium-range transport
Asian dust from the Taklimakan desert in China contains primary
sulfate from the paleo-ocean dried sea salts (Huang et al., 2010; Wu
et al., 2012), which can be transported far away by dust storms and
deposited on the downwind regions. Our observational data in YL
substantially increased during the dust
showed that particulate SO2−
4
event days (Fig. 2d), particularly in PMcoarse during those strong dust
storm events (Fig. S2c). For instance, SO24 − in PMcoarse increased
substantially from 5.6 μg m−3 on March 29, 2007, of a non-dust day to
26.6 μg m−3 on March 30, 2007, of a dust day. At the same time, element
Al in PMcoarse climbed from 8.3 μg m−3 on March 29 to 72.1 μg m−3 on
over YL,
March 30. To further demonstrate the crustal source of SO2−
4
the variations of NO−
3 and black carbon (BC), which had almost no mineral sources, before, during, and after the dust events are also plotted in
Figs. 2c and 2e. Opposite to the increase of SO2−
4 , the concentrations of
BC and NO−
3 signiﬁcantly decreased in dust event days, which was
attributed to the dilution effect by invaded dust. At another observation

SO2 þ 2NO2 þ M→M−SO4 þ 2NO

ð1Þ

2NO þ O2 þ M→2NO2

ð2Þ

where M represents the surface of mineral oxides. Based on this
proposed mechanism, NOx acted more like a catalyst rather than a
reactant. Hence, enhanced nitrate is not expected. This chamber
result is consistent with Yuan et al. (2008) that the NOR (nitrogen
oxidation ratio) was low and even less than 1% during the dust
storm of Beijing although it is well known that the NOx level in
Beijing was high. Also, it is consistent with this study that NO −
3
decreased during the dust events.
Fig. 7 shows the 3-day backward trajectories starting at YL during
the dust event days as highlighted in Fig. 2. It could be clearly visualized
that the long-range transported dust that invaded YL was mostly from
the direction of W-NW, i.e., from the deserts in western/northwestern
China and western/southern Mongolia. The mass ratios of Ca/Al in TSP
over YL (~1.0) were much higher than that of ~0.5 from the deserts in
middle Inner Mongolia in China or eastern Mongolia (Wang et al.,
2011). As a comparison, dust derived from the deserts in western/
northwestern China (i.e., Taklimakan Desert) was rich in calcium with
a much higher Ca/Al ratio of more than 1.5 (Huang et al., 2010).
Hence, the aerosol over YL was likely the result from the mixing of the
two major desert source regions with the addition of the local emissions. As observed in the collected dust storm samples, the mass ratio
of SO24 −/3 to the total S in the aerosols over YL was close to 1.00,
which meant that almost all of the sulfur in the invaded dust was in
the form of soluble SO24 −. This was contrasted to the dust from the
Gobi Desert which had a low SO24 −/3/S ratio of 0.54 ± 0.09 (Huang
et al., 2010). While dust aerosol from the Taklimakan desert was characterized of high fraction of soluble sulfur (SO2−
4 /3/S ratio = 0.97 ± 0.12),
which was from the paleo-ocean source (Huang et al., 2010). All the
in dust aerosol over YL was
evidences above demonstrated that SO2−
4
signiﬁcantly impacted by the long-range transported dust from the
Taklimakan Desert.
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Fig. 7. Seventy-two-hour backward trajectories of the dust event days in spring 2007 and in spring and winter 2008. Black, blue, red, pink, yellow, and green represent the trajectories on
March 30, 31 and April 15, 19 in 2007, April 1 in 2008, and January 21 in 2009, respectively. Four trajectories ending at 00, 06, 12, and 18 UTC are computed for each day.

4. Conclusion
Sulfate and nitrate in PM2.5 over YL displayed different seasonal
in PM2.5 was highest in
variations. The average concentration of SO2−
4
summer, which was probably from the enhanced gas phase oxidation
of SO2. Oppositely, the average concentration of NO−
3 in PM2.5 was lowest in summer, attributed to the relatively high ambient temperature
that was not favorable for the formation of NH4NO3. In comparison,
NO−
3 was greatly enhanced in coarse particle in summer as indicated
−
by the highest NO−
3 /PMcoarse ratio and the lowest NO3 /PM2.5 ratio
among four seasons. The heterogeneous reaction of SO2 and NOx on
the pre-existing crustal aerosol was responsible for considerable con−
centrations of coarse mode SO2−
4 and NO3 , and it was found this formation pathway of secondary inorganic aerosols was ubiquitous
throughout all four seasons. In addition to ambient temperature, RH
was another important factor that governed the formations of sulfate
and NO−
and nitrate. Different from summer, SO2−
4
3 in spring, autumn,
and winter were more signiﬁcantly enhanced in those days with relatively high RH values, implicating the important role of in-cloud/
−
aqueous processing in the formations of SO2−
4 and NO3 in these seasons.
2−
SO4 in coarse particles signiﬁcantly increased in dust event days,
while BC and NO−
3 largely decreased. On the one hand, the comparison
of the mass ratio of SO2−
4 /3/S in the dust aerosols in YL with different
dust source regions and the backward trajectory analysis both demonstrated that the long-range transported dust from Taklimakan desert,
which was rich in primary sulfate due to its paleo-ocean characteristics,
was a major primary source of SO2−
4 in YL. On the other hand, heterogeneous reaction of SO2 on the surface of dust particles has been well
known as a major pathway of sulfate formation in the form of CaSO4.
In summer, the regional transport facilitated by the southerlies and
southeasterlies contributed to the high secondary aerosol concentrations
over YL, while in spring and winter, the prevailing northerlies and northwesterlies promoted chemical interaction between alkaline mineral dust
and acid gaseous precursors from local emissions and/or regional emissions on the transport pathway. The transport and deposition of these
particles could cause human health issues and alter the regional climate.
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