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Abstract

Composition and size distribution of atmospheric aerosols from Xi'an city (~400m,
altitude) in inland China during the spring of 2009 including a massive dust event on
24 April were measured and compared with a parallel measurement at the summit
(2060 m, altitude) of Mt. Hua, an alpine site nearby Xi’an. EC, OC and major ions in the
city were 2—22 times higher than those on the mountaintop during the whole sampling
period. Sulfate was the highest species in the nonevent time in Xi'an and Mt. Hua,
followed by nitrate, OC and NHZ. In contrast, OC was the most abundant in the event

at both sites, followed by sulfate, nitrate and ca’*. Compared to those on the urban
ground surface aerosols in the elevated troposphere over Mt. Hua contain more sul-
fate and less nitrate, because HNO; is formed faster than H,SO, and thus long-range
transport of HNO; is less significant than that of H,SO,. An increased water-soluble
organic nitrogen (WSON) was observed for the dust samples from Xi'an, indicating
a significant deposition of anthropogenic WSON onto dust and/or an input of biogenic
WSON from Gobi desert.

As far as we know, it is for the first time to perform a simultaneous observation of
aerosol chemistry between the ground surface and the free troposphere in inland East
Asia. Our results showed that fine particles are more acidic on the mountaintop than on
the urban ground surface in the nonevent, mainly due to continuous oxidation of SO,
to produce H,SO, during the transport from lowland areas to the alpine atmosphere.
However, we found the urban fine particles became more acidic in the event than in
the nonevent, in contrast to the mountain atmosphere, where fine particles were less
acidic when dust was present. The opposite changes in acidity of fine particles at both
sites during the event are mostly caused by enhanced heterogeneous formation of
nitrate onto dust in the urban air and decreased formation of nitrate in the mountain
troposphere. In comparison to those during the nonevent CI~ and NOj in the urban
air during the event significantly shifted toward coarse particles. Such redistributions
were further pronounced on the mountaintop when dust was present, resulting in both
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ions almost entirely staying in coarse particles. On the contrary, no significant spatial
difference in size distribution of SOi' was found between the urban ground surface and
the mountain atmosphere, dominating in the fine mode (< 2.1 um) during the nonevent
and comparably distributing in the fine (< 2.1 um) and coarse (> 2.1 um) modes during
the event.

1 Introduction

Dust is one of the major particulate matters in the atmosphere. Global annual mean
burden of aerosol dust is about 20 Tg (6 40 %) (Mcnaughton et al., 2009). These dusts
can influence the solar radiation by directly absorbing/reflecting sunlight and indirectly
acting as cloud condensation nuclei (CCN) or ice nuclei (IN) (Jacobson, 2001; Mank-
telow et al., 2010; Mcnaughton et al., 2009; Seinfeld et al., 2004). Furthermore, dusts
are of adverse health effects since they can deposit into human respiratory tract and
become more toxic after mixing with pollutants by absorption and reaction (Huebert
et al., 2003). Gobi deserts located in South Mongolia and North China are one of
the major source regions of East Asian dust (Arimoto et al., 2006; Sullivian et al.,
2007). In each spring and early summer surface dust in Gobi desert region is brought
about by front cold systems and the Mongolian cyclonic depression and transported
into the downwind areas including North America (Leaitch et al., 2009; Seinfeld et al.,
2004; Vancuren and Cahill, 2002). During the transport mineral dust can internally mix
with secondary compounds such as ammonium sulfate, ammonium nitrate, carboxylic
acids, nitrogen-containing organics and seal salt by coagulation, cloud-processing and
heterogeneous reactions (Geng et al., 2009; Seinfeld et al., 2004; Sullivan et al., 2009;
Tobo et al., 2010; Wang et al., 2012a, b; Zamora et al., 2011; Zhang et al., 2003). These
processes modify the physicochemical properties of the airborne aerosols containing
dust, exerting a significant impact on the downwind atmospheric environment (Dillner
et al., 2006).
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Field measurements of the Gobi dust have been performed at many sites from the
source region in Northern/Northwestern China to North America. However, simulta-
neous observation for dust-laden aerosols between the boundary layer and the free
troposphere has been conducted only in the Asian continental outflow region such as
the ACE-Asia 2001 in Northwest Pacific (Huebert et al., 2003; Seinfeld et al., 2004; Si-
moneit et al., 2004a, b) and the INTEX-2006 in Northeast America (Dunlea et al., 2009;
Peltier et al., 2008; Van Donkelaar et al., 2008), but there is no such a simultaneous
measurement conducted in inland China. Located in Central China, Guanzhong Basin
is one of the most polluted regions in the world, where annual average level of fine
particles was more than 80 ug m~ in 2001-2006 (Van Donkelaar et al., 2010; Wang
et al., 2006a, b, 2010). In the spring of 2009, an intensive observation of atmospheric
aerosols was performed simultaneously in Xi'an, Mt. Hua and Mt. Tai, which are sit-
uated in Guanzhong Basin, inland China and North China Plain, East Coastal China,
respectively, to identify the similarity and difference in chemical composition and size
distribution of aerosols between the ground surface and the free troposphere (Wang
et al., 2011c, 2012a, b). During the sampling period a massive dust storm originating
from Gobi desert simultaneously occurred at the three sites. In our previous papers
EC, OC, inorganic ions and organic aerosols in the two alpine atmospheres have been
reported (Wang et al., 2011c, 2012b). Both Xi'an city and Mt. Hua are located within
the same region, i.e. Guanzhong Basin, with a distance ~80km. To recognize the
difference in aerosol chemistry between the boundary layer and the free troposphere
over Guanzhong Basin, here we first characterized composition and size distribution
of airborne particles of Xi'an in the springtime of 2009, and then compared these ur-
ban results with those in the atmosphere over Mt. Hua. Our results demonstrated that
dust storm has different effects on the chemical properties of aerosols between the
ground surface (~400m, a.s.l.) and the mountaintop troposphere (2060 m, a.s.l.) in in-
land China, resulting in acidity of fine particles increasing on the urban ground surface
and decreasing in the mountaintop atmosphere when dust was present.
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2 Experimental section
2.1 Collection of PM¢o and size-segregated particles

Xi'an city is situated in Guanzhong Basin, a semi-arid region in Central China (Fig. 1).
PM,, and 9-stage size-segregated samples were simultaneously collected on the
rooftop (10 m above the ground) of a three-story building at Institute of Earth Environ-
ment in the urban area of Xi'an. The PM,, sample was collected on a day/night basis
at an airflow rate of 100Imin‘1, while the size-segregated samples were collected for
4 days in each set at an airflow rate of 28Imin~ " with 9 size bins as < 0.4, 0.4-0.7,
0.7-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-5.8, 5.8-9.0 and > 9.0 um, respectively. The
sampling lasted for one month from 25 March to 25 April 2009. All the samples were
collected onto pre-combusted (450°C for 8 h) quartz fiber filters. The airflow rates of
the two samplers were calibrated before and after the sampling to ensure the instru-
ments working at the specified flow rates. After sampling, the filter was sealed in an
aluminum foil bag and stored at —20 °C before analysis. The particle mass on the filter
was gravimetrically measured using a microelectronic balance (Mettler M3, Swiss) with
a sensitivity limit of 10 ug after a 24-h equilibration inside a chamber (RH =50+ 10 %,
T =23-25°C).

During the sampling period, a moderate dust storm (Named as DS |, hereinafter)
originating from Gobi desert reached Xi’an on 20 April, four days later a massive dust
storm (Named as DS I, hereinafter), which also originated from Gobi desert, arrived
in Xi'an (on 24 April). Both episodes also simultaneously occurred at Mt. Hua, 80 km
east to the city (See Fig. 1). During the second event, the PM,, sampling duration
was changed into 3—6 h depending on the particle loading, while the size-segregated
sampling duration was changed into one day.
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2.2 Sample analysis

2.2.1 Inorganic ions, water-soluble organic (WSOC) and inorganic carbon

(WSIC), and water-soluble organic nitrogen (WSON)

One fourth of the filter was cut into pieces and extracted for three times with Milli-Q
pure water under sonication. One part of the combined water-extracts was determined
for inorganic ions using Dionex-6000 ion chromatography after a measurement of pH
value using a pH meter (HANNA HI8424 pH meter, US) at an ambient temperature of
25 °C. Another part of the water-extracts was determined for water-soluble organic car-
bon (WSOC), water-soluble inorganic carbon (WSIC) and water-soluble total nitrogen
(WSTN) using Shimadzu 5000 TOC/N Analyzer. The detailed analysis methods for in-
organic ions, WSOC and WSTN can be found elsewhere (Wang et al., 2010). NO; and
NHZ are the major water-soluble inorganic nitrogen (WSIN) species in atmospheric
particles, thus the difference between WSTN and WSIN is defined as water-soluble
organic nitrogen (WSON).

2.2.2 Organic carbon (OC) and elemental carbon (EC)

OC and EC in the PM,, samples were measured by a DRI Model 2001 Carbon Car-
bon Analyzer using the Interagency Monitoring of Protected Visual Environments (IM-
PROVE) thermal/optical reflectance (TOR) protocol (Chow et al., 2004, 2007). Briefly,
a size of 0.53cm? filter was put in a quartz boat inside the analyzer and progressively
heated to temperatures of 120°, 250°, 450°, and 550° in a non-oxidizing helium (He) at-
mosphere, and 550°, 700°, and 800° in an oxidizing atmosphere containing 2 % oxygen
in helium.

An intercomparison was made for the PM,, and the size-resolved samplers. As
shown in Fig. 2, a linear correlation was observed for particle mass (PM) and major
species measured by the two samplers with a slope close to unity, indicating a good
agreement between the two data sets. A parallel observation was performed at the
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summit (2060 m a.s.l.) of Mt. Hua using the same sampling instruments (Wang et al.,
2011c, 2012b), and the related data are cited here to investigate the difference in com-
position and size distribution between the urban ground surface and the elevated moun-
taintop troposphere.

3 Results and discussion
3.1 Chemical composition of PM;g

Temporal variation of PM is presented in Fig. 3, and the chemical component concen-
trations are summarized in Table 1. PM,, ranged from 58 to 420 ug m™~2 in the nonevent
time with EC and OC as high as 29 and 67 ug m=3, respectively, suggesting a high
loading of pollutants in the city. As seen in Table 1, there is no significant difference in
the concentrations between day and night during the non-dust storm period, which is
mostly due to the stagnant meteorological conditions within the basin-like region. The
daytime and nighttime OC/EC ratios were 2.5+ 0.6 and 2.3 + 0.7 during the nonevent
period, respectively. Relative abundance of water-soluble organic nitrogen (WSON) to
water-soluble total nitrogen (WSTN) were 0.3 £ 0.2 and 0.4 + 0.2 in the day- and night-
samples during the non-dust storm period (Table 1), suggesting that inorganic nitrogen
compounds, i.e. nitrate and ammonium, are the major nitrogen-containing species in
the atmosphere during the nonevent period. However, WSON/WSTN ratios increased
to 0.7 and 0.7 £0.3 in the DS | and DS Il episodes, respectively, indicating that or-
ganic nitrogen species during the events were more abundant than ammonium and
nitrate. The absolute concentration of WSON was 8.1 and 19+ 12 ug m~3 during the
two events, respectively, which is 2-5 times higher than that in the nonevent especially
in the DS Il event. Such an enhancement of WSON was also observed in Miami and
Barbados (Zamora et al., 2011) and Eastern Mediterranean (Violaki and Mihalopou-
los, 2010) when Africa dust presented. Mass closure analysis further showed that the
sum of total inorganic ions, EC and organic matter (OM) accounted for over 70 % of
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PM,, mass with the remaining being insoluble mineral dust (Fig. 4a, b), in contrast to
that in the dust periods, which was only 23 % and 24 % in the DS | and DS Il events,
respectively (Fig. 4c, d).

Figure 5 compares differences in the concentrations of major aerosols in Xi’an with
those in Mt. Hua during the same periods. In the nonevent time PM,, in Xi’'an was 3.6
times that in Mt. Hua (Fig. 5a), and the most abundant species in the PM,, samples at
both sites was SOi', followed by NO, OC and NH, . EC was higher than Ca’* in Xian

but lower than Ca®* in Mt. Hua. On the contrary, in the DS |l time the most abundant
species in the PM,, samples at both sites was OC, followed by SOi', Ca®* and NO;
(Fig. 5b). Our previous study found that organic matters in the dust samples from Mt.
Hua are mainly originated from Gobi plants (Wang et al., 2012b) and the increased
alkaline ions like Ca®* and Mg2+ are derived from heterogeneous reactions of acidic
gases such as N,Og and nitric and sulfuric acids with dust (Karagulian et al., 2006;
Mogili et al., 2006). The spatial difference between Xi’an and Mt. Hua in the DS Il event
became less significant for all species except for F~ (see the inserted numbers).
NO;/SOi' molar ratio was 0.20-2.2 (average, 1.22 +£0.48) in Xi'an and 0.19-1.4
(average, 0.60 £ 0.36) in Mt. Hua during the non-dust storm period. In the DS Il period
the ratio decreased t0 0.97 + 0.26 (range, 0.67—1.2) in Xi’an but was almost constant in
Mt. Tai (0.68 + 0.32, 0.43—1.0) compared to those in the nonevent. The major formation
pathways of NO, and SOi' in the atmosphere are the photo-oxidation of NO, and SO,
with OH radical (Formenti et al., 2010; Jockel et al., 2003; Seinfeld and Pandis, 1998),
but the NO, formation is about 10 times faster than that of SOi‘ (Rodhe et al., 1981;
Vrekoussis et al., 2004, 2007). Thus, higher level of NO, in Xi'an tends to reduce the
levels of OH and H,0O, in the urban air and delay the transformation of SO, to H,SO,,
resulting in the relative abundance of nitrate being higher in the urban area and lower
on the mountaintop. Such different reaction rates also suggest that nitrate formation
is only significant close to the source area but sulfate formation is continuous during
the transport. Moreover, sulfate is non-volatile and the strongest acid, once formed in
the dust it may prevent other weaker acids like HNO5; and HCI accumulate onto the

21363

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 21355-21397, 2012

Impact of Gobi
desert dust on
aerosol chemistry of
Xi’an

G. H. Wang et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/21355/2012/acpd-12-21355-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/21355/2012/acpd-12-21355-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

dust (Sullivian et al., 2007). Therefore, compared to that in the nonevent the smaller
NO;/SOi‘ ratio in Xi'an during the DS Il time reveals a relatively increased formation
of sulfate during the long-range transport of dust storm.

As shown in Fig. 6a, particles in the mountain troposphere during the nonevent con-
tained more sulfate compared to those in the urban air, but relative abundance of am-
monium in the alpine PM,, samples was similar to that in the urban samples and nitrate
was less than that in the urban samples, probably indicating a displacement of am-
monium nitrate by ammonium bisulfate/sulfate during the transport of pollutants from
lowland region to the elevated troposphere and an evaporation of nitric acid from solid
phase to gas phase. During the DS Il period the most significant differences in relative
abundance between the ground surface and the mountain troposphere were found for
F~ and EC (Fig. 6b), both were 9 times more abundant in the urban area than in the
alpine region (See Fig. 5b), suggesting that F~ and EC in Xi’an are largely originated
from the local sources such as coal combustion and vehicle exhaust. Compared with
those on the mountaintop relative abundances of NO;, Mg2+ and Ca®* in the DS Il time
at the urban site were much more abundant, which can be attributed to heterogeneous
reactions of gaseous HNO3, N,Og5 and NO, with the crustal alkaline metals in the dust
(Arimoto et al., 2004; Geng et al., 2009; Tobo et al., 2010; Triend|, 1998; Zamora et al.,
2011). Xi'an and Mt. Hua are located in the same latitude with a distance about 80 km,
and transport velocity of dust storm is generally very fast. Furthermore, DS |l event
simultaneously occurred in Xi'an and Mt. Hua with a similar pattern of particle size
distribution (see the details in Fig. 9s and t and more discussion later). Therefore, it is
plausible that the differences in relative abundances of components of PM,, between
the urban and mountain sites can be ascribed to the reaction and/or adsorption of pol-
lutants from the local urban sources with dust during the DS Il episode. Here we took
the mountain particle composition as a reference and calculated the aerosol production
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from the urban pollutants during the event using the following equation.
Mt. Hua
_ (Xian _ i Xi'an
A=C’ [PM“’“- Hua] x PMJ (1)

Where A is the concentration of pollutant / formed from the local sources (ug m‘3),
CX®" and ¢ 1“2 are the concentrations of pollutant / in XPan and Mt. Hua during the
event.

We found that in the DS Il event 6.1, 2.1, 2.6, 7.7, 4.5 and 7.6 ug m~2 of NO;, SOi’,

NH;, Ca®*, EC and OC originated from the local urban sources, accounting for 57 %,
12 %, 66 %, 59 %, 87 % and 22 % of those in PM,, (see Table 2). Compared with that
(2.1 g m~, Table 2) of sulfate the local formed nitrate (6.1 ug m~2, Table 2) during the
DS Il was about three times higher, again confirming a faster heterogeneous reaction
of NO, with dust, which largely occurs in particles with diameter larger than 3.3 um (see
more discussion below) and is consistent with the results reported previously (Phadnis
and Carmichael, 2000).

To further recognize the sources of pollutants in Xi'an, major species in PM,, was
analyzed using the statistic method of principal component analysis (PCA). As shown
in Table 3, component 1 is of high loadings with F~, CI~, K", WSOC, EC and OC, re-
spectively, and represents fossil fuel and biomass combustion source, because F~, K*
and EC are largely derived from fossil fuel and biomass burning emission in China (Dan
et al., 2004; Kline et al., 2004; Zhang et al., 2011). Component 2 represents dust emis-
sions, because crustal species such as Na*, Mg?*, Ca®*, and WSIC showed strong
correlations with this factor. The coefficient of WSON with component 2 is 0.60, again
indicating soil/dust is the major source especially in the dust storm periods. Compo-
nent 3 displays high loadings with NO, SOi‘ and NH,, and thus represents a source
of secondary formation. These three components explain 44 %, 29 % and 8 % of the
total variance, respectively, and indicate fossil fuel/biomass combustion, soil/dust sus-
pension and secondary formation as the major sources of PM;, in the city.
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3.2 Size distribution

Almost all physicochemical and optical properties of aerosol are dependent on its size
(Hinds, 1999). The size of ambient aerosol is not constant, which is always variable
during the transport via various atmospheric processes such as coagulation, evapo-
ration, and adsorption/absorption (Herner et al., 2006). Detailed size distributions of
particle mass (PM), inorganic ions and water-soluble organic (WSOC) and inorganic
(WSIC) carbon during the nonevent and the event (DS Il) are illustrated in Figs. 7 and 8,
respectively. Their relative abundances in each size range are summarized in Table 4.
Details in size distributions of major species during the same period in the troposphere
over Mt. Hua have been reported elsewhere (Wang et al., 2011c) and are cited here
for a comparison.

3.2.1 During the non-dust storm period

Particle mass (PM) showed a bimodal pattern in Xi’an during the nonevent with coarse
particles (>2.1um) as the major fraction (Fig. 7a), accounting for about 60 % of the
total particle mass (Table 4). Similar distribution was also found at the summit of M.
Hua (Fig. 7b), suggesting an importance of coarse particles in the atmosphere over
whole Guanzhong Basin in spring. Ammonium presented a unimodal pattern in the ur-
ban air with the highest peak at the size of 0.7—1.1um (Fig. 7c). Potassium ion showed
a bimodal pattern with a major peak in the fine mode (< 2.1um) and small peak in the
coarse mode (>2.1um) (Fig. 7e). Particulate ammonium is formed by a homogeneous
reaction of ammonia with acidic gasses such HNO5; and HCI and a subsequent parti-
tion into solid phase and/or a heterogeneous reaction of ammonia with aqueous sulfuric
acid. Moreover, ammonia cannot react with coarse particles because of their alkaline
nature. Therefore, a fine mode of ammonium was found at both sites (Fig. 7c, d). The
small fraction of ammonium in the coarse fraction is mostly derived from suspended
soil containing fertilizer. Generally, fine mode of K™ is mostly derived from biomass
burning while the coarse mode K* can be attributed to suspended soil (Fig. 7e). Such
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a soil-derived K" is less significant at the mountaintop, thus only a unimodal pattern
was observed in the elevated troposphere (Fig. 7f). Mg2+ and Ca®" are crust species,
thus both showed a coarse mode between the boundary layer and the elevated tropo-
sphere (Fig. 7g—j). Na* is an important component in soil, thus it occurred abundantly
in coarse fraction during the nonevent at both sites (Fig. 7k, 1). The fine fraction of Na*
can be explained by a biomass burning contribution, because biomass smoke contains
a significant amount of Na,SO, (Andreae et al., 1998). ClI~ showed an accumulation
mode and a coarse mode in the urban area (Fig. 7m) but only exhibited a coarse mode
in the mountain atmosphere (Fig. 7n). KClI is one of major species of airborne particu-
late CI~, which is produced in the biomass combustion process and emitted into the air
as fine particles. During the ageing process of biomass burning plume KCI can react
with gaseous HNO3; and H,SO, and release HCI into the air (lkegami et al., 2001; Li
et al., 2003; Posfai et al., 2003). The gaseous HCI further transforms into aerosol phase
by reaction with coarse particles (Hand et al., 2005; Tobo et al., 2010). Therefore, a bi-
modal pattern of ClI~ was obtained in the urban region (Fig. 7m). The disappeared peak
of CI” in the fine mode at the mountain site indicates that the biomass burning derived
aerosols was more aged when they arrived in the mountaintop (Fig. 7n). Because both
are secondarily produced in the atmosphere, nitrate and sulfate are largely distributed
in fine particles (Fig. 70-r). The coarse mode of nitrate and sulfate can be attributable
to uptake of gaseous HNO3 and H,SO, onto coarse particles. In addition, the coarse
mode of sulfate is in part directly originated from soil since loess and desert dust also
contain certain amount of sulfate (Sun et al., 2010). Ammonium nitrate is the major
form of particulate NO;, which is volatile and labile to decompose into gaseous NH;
and HNOj. As discussed above the reaction of SO, with OH radical to produce H,SO,
is slower compared to that of NO, with OH to form HNO;,, thus it is expected that sulfate
may be continuously formed during the transport of the precursors from the boundary
layer to the free troposphere. The newly formed sulfate can displace the preexisting ni-
trate into the air, because sulfuric acid is the strongest and nonvolatile (Sullivian et al.,
2007). Due to the above reasons nitrate is continuously redistributed from fine particles
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onto coarse particle during long-range transport while sulfate remains in fine particles,
resulting in the size distribution of nitrate changing into a bimodal pattern with two
equivalent peaks in the fine and coarse fractions in the mountain air but no significant
change for sulfate (Fig. 7p, r).

3.2.2 Dust storm on 24 April 2009 (DS II)

When dust was present all species in the urban air shifted toward larger sizes (Fig. 7s—
ai), similar to those on the mountaintop (Fig. 7t—aj). Compared to those in the nonevent
particle mass at both sites dominated in the coarse mode with a disappeared peak in
the fine mode (Fig. 7s, t). Like that in the nonevent ammonium is still enriched in the
fine mode, but a minor peak occurred in the coarse fraction (Fig. 7u, v), which can
be attributed to fertilizer and biota in the dust. Ammonium in the size of 1.1-2.1 ym in
Xi'an (Fig. 7u) and Mt. Hua (Fig. 7v) during the dust episode became less abundant
compared to that in the nonevent at both sites (Fig. 7c, d), which is in part resulted
from a less significant fine particle coagulation due to reduced residence time in the
event compared with that in the nonevent (Wang et al., 2012a, b). Because K*, Mgz’“,
Ca®* and Na* are originated from Gobi desert dust, these four ions dominated in the
coarse mode in Xi'an during the event (Fig. 7w—ac), which is similar to those in the
mountain atmosphere except K* (Fig. 7x—ad) and indicates a predominance of dust in
the whole Guanzhong Basin from the boundary layer to the free troposphere during
the DS Il period. The fine mode of K at Mt. Hua in the event is probably resulted
from local biomass burning in the mountain area (Fig. 7x). As seen in Fig. 7ae, CI~
presented a bimodal pattern with an increased coarse fraction in the event in Xi'an
compared to that (Fig. 7m) in the nonevent. The fine mode CI™ in the urban area during
the event is mostly due to biomass burning emissions, whereas the coarse modes of
CI™ in the urban and the alpine atmospheres during the event are probably derived
from the dried salt lakes in North China and Gobi regions. Size distribution pattern of
nitrate in the urban air changed from a dominance in the fine mode during the nonevent
into a bimodal pattern with two equivalent peaks in the fine and coarse ranges during
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the DS Il period (Fig. 70, ag), indicating a significant shift of NO; from fine particles
into large dust during the episode. Such a redistribution was further pronounced in the
mountain troposphere, resulting in a dominance in the coarse mode at Mt. Hua with
no peak in the fine mode (Fig. 7ah). However, size distributions of sulfate at both sites
were similar during the event with an increased peak in the coarse mode compared to
those in the nonevent (Fig. 7ai, aj). The coarse mode of sulfate can be explained by
an increasing input of dust, because dust particles from deserts in Northwest China
and Gobi region contain a certain amount of sulfate (Sun et al., 2010). In addition,
heterogeneous reaction of SO, with dust and/or uptake of H,SO, onto dust may also
be responsible for such a coarse mode of increase (Huang et al., 2012; Li et al., 2011;
Sun et al., 2010; Takahashi et al., 2010; Zhang et al., 2003).

3.2.3 WSOC, WSIC and WSON in Xi’an

WSOC in the urban atmospheric particles presented a predominance in the fine mode
with a small peak in the coarse mode during the nonevent, in contrast to a unimodal
pattern of WSIC, which is dominant in the coarse mode (Fig. 8a—d). Several stud-
ies have reported that particulate WSOC in an urban environment is largely formed
from photochemical oxidation of organic gases (Agarwal et al., 2010; Ram and Sarin,
2010; Salma et al., 2007; Wang et al., 2012a, b; Yu et al., 2004, 2005), thus a major
peak was found in Xi'an during the non-dust storm period (Fig. 8a). The small peak
of coarse mode of WSOC can be explained by a nature source such as pollen and
soil (Fig. 8a), because water-soluble organic compounds like glucose (Graham et al.,
2002; Wang et al., 2006a, b, 2009, 2011a, b) and humic acid (Brooks et al., 2004; Di-
nar et al., 2006; Havers et al., 1998) are enriched in these sources. During the dust
storm period WSOC still displayed a bimodal pattern, but the fine mode significantly
decreased while the coarse mode sharply increased as a dominant peak. Our previ-
ous study (Wang et al., 2012b) found that during the DS Il period secondary organic
aerosols in the Mt. Hua air were mostly formed from the local sources rather than being
transported from the upwind region, and are of a size within the fine mode. However,
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during the event primary organic aerosols such as water-soluble organic compounds
like glucose and trehalose and water-insoluble organic compounds like high molecular
weight (HMW) n-alkanes, fatty acids and fatty alcohols were derived from biota such
as pollen, spore, invertebrate animals and plants in Gobi desert. Those Gobi dust de-
rived organic aerosols are of larger sizes and dominated in the downwind atmosphere
in the event, resulting in a sharp increase in OC in the atmospheres of Mt. Hua and Mt.
Tai in comparison to those in the nonevent (Wang et al., 2011c, 2012a, b). Therefore,
a large peak in the coarse fraction and a small peak in the fine fraction were observed
for WSOC in Xi’an in the DS Il event (Fig. 8b).

As the major species of WSIC in the atmosphere, both carbonate (Cog’) and bi-
carbonate (HCOj3) ions are derived from soil and thus show a coarse mode in the
nonevent (Fig. 8c). In the DS Il time WSIC showed a bimodal pattern with a small peak
in the fine mode and a large peak in the coarse mode (Fig. 8d). Such an increase of
WSIC in the fine mode can be ascribed to an aqueous phase reaction of HNO3/H,SO,
with fine calcite particles (Dunlea et al., 2009; Leaitch et al., 2009; Mcnaughton et al.,
2009; Sullivan et al., 2007, 2009), which was 3.4 ug m~2 in the DS Il event and 10 times
higher than that (0.3 + 0.1 pg m'3) in the nonevent.

Water-soluble organic nitrogen (WSON) are a class of complex nitrogen-containing
compounds such as urea, amines, amino acids, eptides and proteins, which are de-
rived from urban pollution, biomass burning and dust (Altieri et al., 2012; Cape et al.,
2011; Chen and Chen, 2010; Mace et al., 2003a, b; Violaki and Mihalopoulos, 2011;
Zhang and Anastasio, 2003). WSON concentrated in fine particles as a unimodal pat-
tern during the nonevent with 90 % of the total mass enriched in fine mode (< 2.1 um)
(Fig. 8e and Table 4), which is similar to NHZ (Fig. 7c). When dust was present WSON
exhibited a bimodal pattern with one peak in the fine mode and two peaks in the coarse
mode (Fig. 8f). The coarse mode fraction accounts for 43 % of the total WSON, much
more than that in the nonevent time (Table 4). Zamora et al. observed that compared
to that in Barbados WSON in Miami increased by a factor of two when Sahara dust
was present, although the actual dust concentrations at both cities were almost same
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(Zamora et al., 2011). Similar results were also observed in Mediterranean (Mace et al.,
2003a, b). The sharply enhanced WSON in Xi’an and the above documented phenom-
ena suggest that WSON can be deposited onto dust particles via adsorption and/or
coagulation. In addition, the coarse mode of WSON may also be directly originated
from biological organisms in Gobi dust, which contains a certain amount of WSON
species (Mace et al., 2003a, b).

3.3 Difference in aerosol acidity between Xi’an and Mt. Hua

Figure 9 plots the equivalent ratios of total measured ions in particle with different sizes
in Xi’an. For particles with diameter less than 2.1 um (Fig. 9a), the ratios of total cations
to total anions were less than unity in both nonevent and event periods, suggesting an
acidic nature of fine particles, but the slope of the regression line was smaller in the
dust storm period (0.37) than in the non-dust period (0.80), indicating that fine particles
in the event were more acidic. In Mt. Hua the slope of the regression line was 0.6 in
the nonevent and increased to 0.9 on 24 April (Fig. 9b and the inserted figure), which
means fine particles in the free troposphere became less acidic when dust was present.
To our best knowledge, such an opposite trend of aerosol acidity between the boundary
layer and free troposphere is found for the first time. We believed it is mostly caused by
the difference in NO; production. As mentioned above, NO; is largely formed by oxi-
dation of NO, with OH radical, which is much faster than the oxidation of SO, with OH
to form SOi_ (Jockel et al., 2003; Rodhe et al., 1981; Seinfeld and Pandis, 1998). At-
mospheric SOi' can also be produced via heterogeneous reaction of SO, with H,O,

in cloud/aqueous phase, but the reaction rate (k=6 x 107"® cm® molec™ s'1) is still
much lower than the NO; production rate (k =8 x 10™'?cm®molec™'s™") (Rodhe et al.,
1981). During the dust storm period the fast formed NO; may quickly further react
with calcite in dust to produce Ca(NO3),. Ca(NO3), is hydrophilic and fine particulate
Ca(NO3), can deliquescence above ~ 10 % RH (Tobo et al., 2010), which can further
promote hydrolysis of other nitrogen oxides like N,Og in the aqueous phase of aerosols
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(He et al., 2012; Pathak et al., 2009), resulting in a significant formation of NO; even in
the dryer condition of the dust storm period. In addition, gaseous ammonia is sharply
decreased due to the dilution effect of the prevailing winds in the event time. There-
fore, the enhanced heterogeneous formation of NO; and the decreased NH; led to
the urban fine particles more acidic in the event than in the nonevent. However, the
prevailing winds in the dust storm time prevented the boundary layer NO, from being
transported onto the mountain free troposphere, thus NO, formation was depressed,
resulting in the alpine fine particles becoming less acidic when dust was present. Such
an increased acidity of airborne particles was also observed in other Chinese mega-
cities such as Shanghai (Huang et al., 2010), Beijing and Chongqing (He et al., 2012)
in the presence of dust storm.

Compared to those in the urban air the alpine aerosols are more aged due to long-
range transport, thus in the nonevent fine particles in Mt. Hua are more acidic, render-
ing the cations/anions ratios smaller in Mt. Hua than in Xi’an (0.6 vs. 0.8) (Fig. 9a, b).
During the nonevent coarse particles showed similar acidic characteristic at both sites;
particles in the size of 2.1-5.8 um are slightly acidic or neutral, but particles with a size
larger than 5.8 um are basic (Fig. 9¢). On the contrary, all the coarse particles in the
mountain air were almost neutral during the nonevent and became basic when dust oc-
curred (Fig. 9d). Because NO;, SOi‘, NH, and Ca®* are major ions of aerosols at both
sites, here we compare their relative abundance to further discuss the acidity difference
of aerosols between the urban ground surface and the mountain troposphere (Fig. 10).
Equivalent ratio of NO;/SOE‘ in fine particles from Xi'an was 0.51 £ 0.13 (Fig. 10a) and
0.63 (Fig. 10c) in the nonevent and the event periods, respectively, again demonstrat-
ing an enhanced production of NO, during the dust storm period. Although NHZ relative

to the sum of [NO; + SOi'] decreased in the event at Mt. Hua, the total abundance of

NHZ plus Ca®* relative to [NO; + SOi’] increased in the event (Fig. 10c), being op-
posite to those in Xi'an. During ageing process NH,NO4 can be evaporated into the
air and decomposed as NH; and HNO3 while NH,HSO, and (NH,),SO, are chemi-
cally stable and enriched in fine particles. The gaseous HNO4 further react with coarse
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particle and enhances the coarse fractions of NO, and Ca®* in the non-dust period
(Fig. 10b and Table 4). Such a significant segregation of nitrate from sulfate was also
observed in the outflow region of East Asia (Sullivian et al., 2007). Nitrate is formed
at a faster rate than sulfate and long-range transport of nitrate is less pronounced
than that of sulfate. Therefore, NO;/SOi' in the coarse mode was lower when dust

storm occurred especially in the mountainous area (Fig. 10d). NHj, NO; and SOi‘
are the three major ions in fine particle. As shown in Fig. 11, the equivalent ratio of
[NO; + HSOi_] to NH, is close to unity, thus it seems plausible that ammonium in the
nonevent existed mainly as NH,NO5; and NH,HSO, rather than (NH4),SO,. As dis-
cussed above fine particles in the event are more acidic, suggesting ammonium in the
event was more deficient. The above results suggest that the difference in acidity of
particles between the nonevent and the event occurred only in the fine mode.

4 Summary and conclusion

Springtime of PM;, and size-segregated samples collected in Xi'an were determined
for EC, OC, WSOC, WSON and inorganic ions, and compared with those simulta-
neously measured on the mountaintop of Mt. Tai. Particle mass (PM), EC, OC and
inorganic ions in Xi'an were 1.8-22 times higher than those in the Mt. Hua air during
the non-dust storm period and 1.2-9.2 times higher than those in the mountainous air
during the DS Il period. High level of WSON was found in the DS Il time due to the
deposition of anthropogenic WSON onto dust and the input of biological organism in
Gobi desert dust. Compared with those in Xi'an during the nonevent aerosols in the
mountaintop free troposphere contains more sulfate and less nitrate, which is due to
continuous formation of sulfate and decomposition of nitrate during aerosol ageing.
In the nonevent time sulfate was the most abundant species in aerosols from Xi'an
and Mt. Hua, followed by nitrate, OC and ammonium. On the contrary, OC became
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the highest in the event at both sites, followed by SOi‘, Ca®* and NO;, indicating the
importance of input of biota in Gobi desert.

In the nonevent time PM showed a similar size distribution between the urban bound-
ary layer and the mountain free troposphere with two equivalent peaks in the fine and
coarse modes. In contrast, PM became a unimodal pattern in both regions in the DS
Il period, dominating in coarse mode. NH;, K*, Mg=*, Ca®*, Na®* in Xi'an exhibited
similar size distribution patterns to those in the mountain air. CI~ and NO; showed
a bimodal pattern on the ground surface and shifted onto large particles in the moun-
tain troposphere during the nonevent period. Such a redistribution was significantly
enhanced when dust occurred, resulting in CI” and NO; almost entirely staying in the
coarse mode in the mountain air.

Compared to those in the nonevent acidity of fine aerosols in the event became
more acidic in the urban air and less acidic in the mountain elevated atmosphere. The
increased acidity in Xi’an is largely ascribed to an enhanced heterogeneous formation
of NO; and a decreased level of NH; caused by a dilution effect of the prevailing
northerly winds in the DS Il time. However, such a NO; formation was depressed in
the mountain air in the event, because the prevailing northerly winds prohibited NO,
being transported from ground surface to the mountain atmosphere. In the mountain
air coarse particles were almost entirely neutralized in the nonevent and became more
basic in the presence of dust storm. In contrast, coarse particles with diameter between
2.1-5.8 um were still acidic during the whole sampling period in Xi’an and those with
diameter > 5.8 pm were basic.
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Table 1. Concentrations of water-soluble species, elemental carbon (EC) and organic carbon

(OC) of PM,, during the spring 2009 in Xi’an, China.

Non-dust storm period

Dust storm event period

Daytime Nighttime DS DS
(N =29) (N=31) (N=1) (N=3)

Min  Max Mean Std Min  Max Mean Std Min  Max Mean Std
PMy, 58 420 250 79 110 415 263 90 527 358 890 589 273
pH? -11 02 -03 03 -1.0 0.1 -04 0.3 0.4 -0.1 0.1 0.0 0.1
F~ 0.0 1.3 05 03 0.1 1.1 05 03 0.3 0.1 0.6 0.4 0.2
CI~ 0.4 11 29 25 0.6 15 6.1 3.9 41 1.1 47 3.0 1.8
No§ 4.0 72 27 17 4.0 66 24 18 6.0 5.7 19 11 7.0
SO, 8.0 88 33 17 8.9 82 30 18 17 7.5 27 17 10
Na* 0.1 3.1 1.1 0.6 02 39 1.3 038 5.0 04 34 21 1.5
NH; 2.0 24 11 5.0 2.1 23 10 5.2 1.8 16 86 3.9 4.0
K* 06 5.3 2.1 1.0 1.1 4.8 2.4 1.0 1.4 0.8 1.8 1.3 0.5
Mg2+ 0.1 1.1 05 0.2 0.1 1.2 06 0.3 1.1 0.9 1.9 1.3 0.6
ca** 0.8 14 85 35 0.9 16 80 38 16 11 16 13 2.7
wsoc® 4.7 25 16 4.4 8.1 29 17 5.3 6.4 13 23 16 5.6
wsic® 1.2 11 46 27 1.3 14 47 3.2 13 3.8 24 13 10
WSTN® 11 42 20 7.3 11 39 20 71 11 16 31 24 7.0
WSON® 38 8.1 5.6 1.1 3.7 22 65 34 8.1 5.5 28 19 12
EC 2.6 23 10 4.8 49 29 14 7.5 5.5 23 8.1 5.2 2.9
oC 7.9 38 23 7.4 12 67 28 12 29 21 43 35 12
OC/EC 16 47 25 06 1.5 45 23 07 5.3 50 9.1 7.5 2.2
WSOC/OC 04 09 0.7 0.2 03 09 06 02 0.2 03 06 0.5 0.1
WSON/WSTN 0.1 0.7 03 0.2 0.1 0.8 04 02 0.7 03 0.9 0.8 0.3
WSOC/WSON 06 6.2 3.0 1.2 10 64 3.0 1.3 0.8 05 25 0.8 1.0

& pH = pH value of water-extracts of sample — pH value of the field blank;

P WSOC and WSIC are water-soluble organic and inorganic carbon;

® WSTN is water-soluble total nitrogen and WSON is WSTN - N of NH} and NO;..
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Table 2. Concentrations of species derived from local sources and their relative abundance to
the total in PM,, samples of Xi'an during the dust storm event (DS Il, 24 April 2009).

F~ CI” NOg
Concentrations of species from 0.3 2.0 6.1 2.1 2.6

local sources, pgm™2
Relative abundance to the total 87 67 57 12 66 59 61 59 87 22
in PMyq, %

SO NH; K' Mg ca*™*
077 076 7.7

EC OC
45 7.6
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Table 3. Principal component analysis for PM,, of Xi’'an during the whole sampling period

(N = 64).

Component
1 2 3
PM,, 027 092 0.10
F~ 0.80° 028 0.14
cI- 088 0.12 0.16
NOS‘ 025 -0.04 0.92
SO;” 0.19 0.08 0.93
Na* 023 065 0.04
NH; 022 -0.17 0.95
K* 072 011  0.61
Mg?* 034 089 0.1
Ca** 034 078 -0.12
WSOC 062 022 0.40
WSsIC -0.09 0.68 -0.62
EC 090 007 0.33
oC 0.83 047 0.04
WSON -021 0.60 -0.38
%Variance 44 % 29 % 8%

& Absolute values more than 0.5 are highlighted in

bold.
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Table 4. Concentration percentage (%) of particle mass (PM), inorganic ions, water-soluble
organic carbon (WSOC), water-soluble inorganic carbon (WSIC) and water-soluble organic
nitrogen (WSON) in the size-resolved aerosols from Xi'an and Mt. Hua during the spring of

ACPD
12, 21355-21397, 2012

Jaded uoissnasig

2009.
Size range, ym  PM F~ cr NO; S0%” Na* NH; K* Mg?* Ca®*  WSOC  WSIC  WSON .
I. Non-dust storm period ImpaCt Of GObI
(a) Xi'an (N =5)
>9.0 23449 2428 10+.4 69+25 75+14 11x19 05+£01 2815 25443 3555 4433 3741 07212 — desert dust on
5.8-9.0 14412 22+47 11429 68213 62+15 14461 03+02 61268 22453 27445 45+48 25275 1311 -
47-5.8 75423 15+16 77429 40+08 83404 6425 0201 00+00 11+14 99420 5445 16+44 10+06 aerosol chemistry of
3.3-47 99428 21218 9442 63+21 42+04 9529 08:03 1.0£08 12£09 97+10 3313 12£07 26404 ) -
2.1-33 7.3+32 14£19 81£15 6510 52204 11x18 2203 35+18 9.0£08 63+07 4316 29206 3206 7 Xi’an
1.1-2.1 13412 18429 16434 24232 24431 19+34 29443 26461 10+05 47205 17+36 1.8+07 20+4.4 Q
0.7-1.1 13429 00£00 15433 25+35 26419 10+£57 36419 27279 55:07 41+11 26+11 13208 4089 %
0.4-0.7 81+1.6 00£00 15+£7.1 16+£17 16+14 10+12 23+1.8 24+10 34£03 22+£10 2815 20206 2315 17 G.H Wang et al
<0.4 45404 21+33 82438 53£10 7.8+16 8112 81+22 99471 24+04 12£09 71225 3215 8130 o U :
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 S
(b) Mt. Hua (N =3) T
>9.0 19+2.4 40£25 52414 15234 7.3:60 20£34 31£32 4736 23211 2712 NA? NA NA N
5.8-9.0 13411 25465 25+16 12+41 45x1.9 11£61 19£14 25£07 15+20 1828  NA NA NA o
47-5.8 73+06 56+49 82£13 58+19 31+11 10+60 1005 15+18 7.6+05 88«16 NA NA NA o)
3.3-4.7 10£1.0 19465 54493 13239 4313 14£22 21411 26208 14x13 15:25 NA NA NA =
2.1-3.3 81+05 63+61 7.6£13 10£21 47+£10 11x36 2817 36+14 1326 11£32 NA NA NA
1.1-2.1 13+1.6 82£55 1.3£23 15233 18+45 15:£20 20449 23262 16x39 8417 NA NA NA —
0.7-1.1 15414 01£01 00400 16+53 30+7.1 83:23 35:47 35£32 66+16 45+04  NA NA NA
0.4-0.7 9.4+15 03+05 00£0.0 89+28 18+48 9242 22160 2066 30+£1.2 36+07 NA NA NA
<0.4 55+1.9 00200 00+00 38+24 91+42 0814 11+54 77+54 17+03 2607 NA NA NA )
Total 100 100 100 100 100 100 100 100 100 100 NA NA NA 7]
II. Dust storm period (DS II, 24 April 2009) o
(@) Xian (N =1) -
>9.0 23 ND° 23 7.0 13 18 1.4 93 21 31 31 16 0.3 7]
5.8-9.0 21 ND 12 6.2 14 27 0.9 4.2 19 27 16 20 17 o
4.7-5.8 11 ND 8.1 1 8.2 20 1.7 0.2 12 1 1 1 0.3 S
33-47 16 ND 8.1 9.3 9.9 14 4.4 1.9 13 14 13 16 13 T
21-33 12 ND 7.7 12 9.1 6.3 32 0.0 11 1 13 9.6 12 O
1.1-2.1 8.2 ND 1 17 14 9.8 17 0.0 8.9 3.8 1.4 7.5 6.7 o
0.7-1.1 4.3 ND 12 21 14 0.0 29 1.4 741 26 11 5.4 0.3 @
0.4-0.7 2.7 ND 9.4 9.0 10 25 25 0.0 4.0 0.0 23 7.8 33 -
<0.4 2.1 ND 8.5 7.7 9.1 3.4 18 0.0 36 0.0 16 6.6 17
Total 100 ND 100 100 100 100 100 100 100 100 100 100 100 —
(b) Mt. Hua (N = 1)
>9.0 30 ND 33 13 20 28 6.9 16 23 21 NA NA NA
5.8-9.0 20 ND 24 13 14 25 4.9 1 18 16 NA NA NA )
47-5.8 11 ND 9.6 8.4 7.5 11 25 4.6 10 12 NA NA NA 7
3.3-47 16 ND 21 23 12 21 5.3 13 19 20 NA NA NA 8
2.1-3.3 11 ND 10 20 8.7 1 5.0 9.4 13 15 NA NA NA o
1.1-2.1 6.8 ND 15 12 10 26 8.8 14 10 11 NA NA NA 7]
0.7-1.1 2.1 ND 0.0 4.1 12 0.4 32 17 27 2.4 NA NA NA o
0.4-0.7 1.4 ND 0.0 29 8.7 0.2 22 10 1.7 2.0 NA NA NA S
<0.4 1.1 ND 0.0 32 5.7 0.0 13 5.4 0.8 1.1 NA NA NA T
Total 100 ND 100 100 100 100 100 100 100 100 NA NA NA )
ke
2 NA: not available due to limited materials on the sample filter; (_E

© ND: not determined.
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Fig. 1. A map description for Xi’an city and Mt. Hua in Guanzhong Basin, Central China (in-
serted figure showing the topography of Guanzhong Basin).
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Fig. 2. Intercomparison of components measured by the PM,, sampler and the 9-stage sampler

during the campaign.
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Fig. 4. Mass closure of PM,, during the sampling periods (OM: organic matter = OC x 1.6).
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Fig. 5. Differences in concentrations of components of PM,, from Xi'an and Mt. Hua during the
non-dust and dust storm periods (inserted numbers are the concentration ratios of Xi’an to Mt.

Hua).
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Fig. 6. Relative abundances of components of PM,, from Xi'an and Mt. Hua during (a) the
non-dust storm and (b) the dust storm periods.
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Fig. 7. Differencs in size distributions of particle mass (PM) and inorganic ions in the atmo-
spheres of Xi'an and Mt. Hua during () the non-dust storm and (ll) the dust storm periods.
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Fig. 9. Acidity of size-segregated samples in Xi'an and Mt. Hua during the non-dust storm
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(circle symbols) and dust storm (24 April 2009, triangle symbols) periods.
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Fig. 10. Equivalent ratios of major inorganic ions in fine (< 2.1um) and coarse (> 2.1 um) parti-
cles from Xi'an and Mt. Hua during (a, b) non-dust storm and (¢, d) dust storm (24 April 2009,

DS II) periods.
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Fig. 11. Linear fit regression for ions in fine particles (< 2.1 um) during the non-dust storm (circle
symbols) and dust storm (24 April 2009, triangle symbols) periods in Xi’an.
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