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Abstract

Heterogeneous processes on dust particles are important for understanding the chem-
istry and radiative balance of the atmosphere. This paper investigates an intense Asian
dust storm episode observed at Mount Heng (1250 m a.s.l.) in Southern China on 24—
26 April 2009. A set of aerosol and trace gas data collected during the study was
analyzed to investigate their chemical evolution and heterogeneous photochemistry as
the dust traveled to Southern China. Results show that the mineral dust arriving at Mt.
Heng experienced significant modifications during transport, with large enrichments in
secondary species (sulfate, nitrate, and ammonium) compared with the dust composi-
tion collected at an upwind mountain top site (Mount Hua). A photochemical age “clock”
(=10910(NO,/NO,)) was employed to quantify the atmospheric processing time. The re-
sult indicates an obvious increase in the abundance of secondary water-soluble ions in
dust particles with the air mass’ photochemical age. Based on the observations, a 4-
stage evolution process is proposed for carbonate-rich Asian dust, starting from fresh
dust to particles coated with hydrophilic and acidic materials. Daytime-enhanced nitrite
formation on the dust particles was also observed, which indicates the recent labora-
tory result of the TiO, photocatalysis of NO, as a potential source of nitrite and nitrous
acid.

1 Introduction

Mineral dust is injected into the atmosphere under specific meteorological conditions
in deserts or semiarid areas, generating dust storms. In East Asia, the Taklimakan
Deserts in Western China and the Gobi Deserts in Mongolia and Northern China
are the two major source regions of dust, with annual emissions between 100 Mtyr‘1
and 460 Mtyr'1 (Laurent et al., 2006). Upon entering the atmosphere, especially when
transported over heavily polluted regions, the chemical and surface nature of mineral
dust particles undergo significant changes, in turn influencing a number of atmospheric
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processes (Zhuang et al., 1992; Usher et al., 2003; Formenti et al., 2011, and the ref-
erences therein).

In the past few decades, several large field campaigns (e.g., TRACP, ACE-Asia and
INTEX-B) have studied the atmospheric processes of Asian dust (Jocob et al., 20083;
Arimoto et al., 2006; Singh et al., 2009). The evolutionary processes of dust particles
during their eastward transport to the Western Pacific have been already investigated
in Northeast Asia. These studies have significantly improved understanding of the het-
erogeneous reactions between Asian pollution and mineral dust. Sullivan et al. (2007a)
found that nitrate tended to accumulate on calcium-rich dust, while sulfate tended to
accumulate on aluminosilicate-rich dust. Li and Shao (2009) demonstrated nitrate be-
ing coated onto dust particles with transmission electron microscopy. The direct uptake
of chlorine on dust particles by heterogeneous reaction with HCI was clearly verified by
Sullivan et al. (2007b). Sullivan and Prather (2007) observed internally mixed organic
dicarboxylic acid (DCA) with dust particles and proposed a mechanism of heteroge-
neous oxidation of DCA on the surface of Asian dust. However, to our knowledge,
there have been very few studies of the chemical evolution of Asian dust during its
transport to Southern China, where the dust is subject to higher temperature, higher
humidity, and possibly different emissions compared with eastward transport.

Heterogeneous reactions on dust particles have been extensively investigated, and
most previous studies have focused on nighttime chemistry (Usher et al., 2003). Photo-
induced/enhanced reactions of some reactive gases on dust particles have recently
been demonstrated by laboratory studies (Cwiertny et al., 2008 and the references
therein). Nicolas et al. (2009) observed photo-enhanced O; decomposition on mimic
mineral dust particles of TiO,/SiO, mixtures; while Ndour et al. (2008) detected the
photo-enhanced uptake of NO, on both TiO,/SiO, mixed particles and real Saharan
and Arizona dust particles. The latter reaction received great attention because it may
be a missing source of daytime nitrous acid (HONO); to our knowledge, however, the
extent of that reaction has not been observed in the real atmosphere.
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As part of China’s National Basic Research Project on acid rain, a comprehensive
field campaign was conducted from March to May 2009 at Mt. Heng in Hunan province,
Southern China (Fig. 1), during which an intense dust storm was observed on 24—
26 April. The aim of the specific work is to investigate the impact of this Asian dust
storm on the atmospheric chemistry at rural and remote mountain regions in Southern
China. Special attention is given to the chemical evolution of the dust by comparison
with the aerosol composition concurrently observed at another mountain site near the
dust source region (Wang et al., 2011), as well as the role of heterogeneous pho-
tochemistry in the nitrite production. The general features and transport pathway of
this dust storm are described first. The chemical evolution of the dust particles during
transport from Mt. Hua to Mt. Heng is then investigated. A photochemical age “clock”
(=10910(NO,/NO)) is employed to examine the changes in the major secondary water-
soluble ions with age. The evidence of the daytime production of nitrite on dust particles
is also presented, and its potential contribution to the gas-phase HONO is discussed.

2 Experimental methodologies
2.1 Site description

Mount Heng is situated in Hunan Province, Southern China, and is approximately
500 km and 900 km from the South China Sea and the East China Sea, respectively
(Figs. 1a and 2). The field campaign was conducted at a meteorological station at the
summit of Mount Heng (27°18'N, 112°42'E, 1269 m a.s.l.). There are few local emis-
sion sources around the measurement site (Sun et al., 2010). The closest cities are
Heng Yang and Xiang Tan, which are approximately 50 km to the south and 70 km to
the north, respectively.
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2.2 Field campaign, sample collection and measurement techniques

The field campaign covered a 3-month period from March to May 2009. A compre-
hensive suite of trace gases, aerosols, and rain and cloud water samples was mea-
sured/collected. The present study is focused on the dust storms observed during 20—
29 April 2009 (Fig. 3). The dataset employed in this paper includes continuous data
of NO,, NOy, PM, 5, PM,, and black carbon (BC); filter-based element data of Si, Al,

Fe, Ca and Ti in PM, 5 and Al in TSP; and size-resolved water-soluble ions (802‘,

NO;, NO,, NHZ, Ca2+). Missing data points were due to instrument maintenance or
malfunction.

Measurements of trace gases: NO, (defined as NO, and its oxidation products and
intermediates) was converted to NO with heated molybdenum oxide (MoO) and mea-
sured with a chemiluminescence analyzer (TEl model 42CY); NO, was converted
to NO with a Blue Light converter (Meteorologie Con-sult Gubh) and measured with
another NO analyzer (TEI model 42i). The NO, conversion efficiencies, determined
by the method of gas-phase titration, were approximately 40% on average during
the whole sampling period. The calibration methods followed those reported in Wang
et al. (2001).

Sampling and analysis of aerosols: PM, 5 and PM,, mass concentrations were
continuously measured with a Tapered Element Oscillating Microbalance (TEOM,
Thermo Electron Corporation, East Greenbush, NY, USA). BC was measured using
an Aethalometer (Magee Scientific, Berkeley, California, USA, Model AE-21) at a wave-
length of 880 nm. PM, 5 filter samples were collected using a four-channel particle sam-
pler (Thermo Andersen Chemical Speciation Monitor, RAAS2.5-400, Thermo Electron
Corporation) with Teflon filters (Teflonm, 2 um pore size and 47 mm diameter, Pall Inc.)
at a flow rate of 16.7 Liters Per Minute (LPM) (Wu and Wang, 2007). Total suspended
particles (TSP) samples were collected using medium-volume air samplers (TH-105C
equipped with a PM10-100 inlet) at flow rate of 100 LPM on glass fiber filters (GFFs,
90 mm in diameter). The size-resolved particles were collected with a Micro-Orifice
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Uniform Deposit Impactor (MOUDI, MSP Company) with aluminum substrates (MSP
Company) at a flow rate of 30LPM (Nie et al., 2010). The elements in PM, 5 and
TSP were measured using X-Ray Fluorescence (XRF) and inductively coupled plasma
mass spectrometry (ICP-MS), respectively. The water-soluble ions were analyzed us-
ing ion chromatography (IC) (Dionex 90) (Wu and Wang, 2007). Further details can be
found in our previous publications (Wang et al., 2001, 2010; Wu and Wang, 2007; Nie
et al., 2010). During the dust storm of 24—26 April, we collected 4 sets of size-resolved
aerosol samples using MOUDI: Sample-I, Sample-Il, Sample-lll and Sample-1V, with
Sample-lI and Sample-lll collected during daytime and Sample-ll and Sample-IV at
night.

3 Results and discussion
3.1 General description of the dust episodes

Figure 2 shows the temporal variations of particle mass and chemical species ob-
served at Mt. Heng during 20—29 April 2009, including PM,,, PM, 5, and major min-
eral elements (Si, Al, Ca, Fe, Ti) in PM, 5. During this period, a moderate dust storm
was observed on 21-22 April, with hourly averaged PM,, and PM, 5 concentrations
of 153 ug m~2 and 57 Mg m~3, respectively. A more intense dust storm attacked the
sampling site on 24-26 April, as highlighted by the shadow in Fig. 2, with the hourly
averaged PM,, and PM, 5 concentrations reaching 562 pg m~ and 289 Mg m~3, respec-
tively. This intense dust storm has also been captured at three other sites at Mt. Hua
in the Shaanxi province of Central China (Fig. 1a), Mt. Tai in the Shandong province
of Central-Eastern China (Wang et al., 2010) and the island of Taiwan. This dust event
was also clearly shown in the MODIS true-color image for 24 and 25 April (Fig. 1b).
These observations indicate a large geographical region of Southern and Eastern
China being influenced by this dust storm. Due to the significant particle loading and
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more extensive transport, the specific analysis is focused on the second dust storm
event (24—26 April).

In order to characterize the origin and transport pathway of the air masses, a NOAA
HYSPLIT4 model (Hybrid Single-Particle Lagrangian Integrated Trajectory) was em-
ployed to calculate 72 h backward trajectories arriving at Mt. Hua and Mt. Heng dur-
ing the dust event of 24-26 April. As illustrated in Fig. 3a, the dust originating in the
Gobi deserts moved southward and passed over Central China (Shaanxi province), the
North China Plain (Hebei province, Shanxi province and Henan province) and South-
ern China (Hubei province and Hunan province) and is expected to travel farther to the
South China Sea.

3.2 Chemical evolution of mineral dust particles during transport

3.2.1 Comparison of size-resolved water-soluble ions of mineral dust particles

between Mt. Hua and Mt. Heng

Figure 5 illustrates the size distributions of four major water-soluble ions, including
sulfate, nitrate, ammonium and calcium, at Mt. Hua (sample of 24 April) and Mt. Heng
(sample of 25 April). The size distribution patterns of sulfate, nitrate and calcium at
both mountain sites were similar: sulfate had a bimodal size distribution, with one peak
in the submicron range and another larger peak in the supermicron range; nitrate and
calcium showed single peaks in the coarse mode. For ammonium, the size distribution
exhibited different patterns at the two sites, being unimodal at Mt. Hua, but bimodal at
Mt. Heng. Compared with Mt. Hua, all four ions in the supermicron particles at Mt. Heng
showed significant enhancement (Fig. 1): sulfate increased moderately (approximately
56 %), but the other three ions were enhanced up to 5-7 times.

The enrichment of water-soluble ions on dust particles during transport generally de-
pends on the atmospheric processing time, transport pathway, and mixing processes
(Formenti et al., 2011, and the references therein). Compared with Mt. Hua, the min-
eral dust particles arriving at Mt. Heng were subjected to the emissions in the polluted

19142

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 19135-19161, 2012

Asian dust storm
observed at a rural
mountain site in
Southern China

W. Nie et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/19135/2012/acpd-12-19135-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/19135/2012/acpd-12-19135-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

North China Plain (NCP, see Fig. 3). Thus, the more abundant water-soluble ions ob-
served in the dust sample of Mt. Heng can be attributed to a more intensive interaction
of dust with anthropogenic pollutants. The different degrees of enrichment for the dif-
ferent ions at Mt. Heng are influenced by the relative abundance of SO,, NO, and NHy
in the atmosphere and the factors affecting their uptake/conversion on dust particles.
For example, due to a higher hygroscopicity of Ca(NO3), than CaSO,, the formation of
Ca(NOs), would significantly enhance the uptake of water (and other soluble gases),
resulting in a positive feedback until all the calcium transformed to calcium nitrate (For-
menti et al., 2011). This process may offer an explanation for the much larger increase
in nitrate than that of sulfate on the mineral particles during the transport from Mt. Hua
to Mt. Heng (Fig. 4).

3.2.2 Changes of mineral dust characteristics with photochemical age

In order to further investigate the evolution of the mineral dust, the atmospheric
processing time of the air masses was calculated by the photochemical age ratio
—l0g1o(NO,/NO,) (Kleinman et al., 2008), and then was related to the changes in water-
soluble ions on the mineral dust particles. The photochemical age (Fig. 5) increased
during the dust event (from 19:00, 24 April to 01:00, 27 April, local time). The ratios
of the major secondary water-soluble ions (sulfate, nitrate and ammonium) to the PM
mass in the supermicron range are shown in Figs. 6a—c. These results indicate overall
increases in the relative abundances of all three ions with the photochemical age of the
air parcels. During the time scale of the four samples, sulfate increased from 1.7 % to
2.4 %, nitrate from 2.5 % to 4.3 %, and ammonium from 0.2 % to 1.2 %. The increased
accumulated secondary water-soluble ions would significantly enhance the solubility of
mineral particles, thus affecting their lifetimes and Cloud Condensation Nuclei (CCN)
or Ice Nuclei (IC) activity.

Acidity is another important factor that affects the chemical and physical properties
of aerosols (Jang et al., 2002). For Asian dust particles, calcium is the major cation.
Therefore, the ratios of the sum of major anions to calcium in equivalence in the su-
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permicron range particles were calculated to investigate the changes of acidity of the
mineral particles with the age of the air mass. As illustrated in Fig. 6d, evident acidifi-
cation occurred with the aging of the air mass. The ratio increased from 0.5 in the first
sample to 1.0 in the third sample and to 1.2 in the fourth sample.

3.2.3 Ammonium enrichment on dust and the aging process of carbonate-rich
Asian dust

The formation of ammonium aerosol in the atmosphere would normally be suppressed
by the invasion of a dust storm due to the dilution of the precursor (ammonia) and the
uptake of acidic gases on dust particles (Song and Carmichael, 1999; Huang et al.,
2010). However, during the dust event on 24—-26 April, ammonium was observed at Mt.
Heng, with bimodal peaks in both fine and coarse modes (Fig. 4e). In this section, dis-
cussions are focused on accumulated ammonium in the coarse mode. The ammonium
abundance in the coarse-mode dust particles at Mt. Heng was relatively low and stable
(2% ~ 5 %) in the first three samples, but significantly increased to ~ 12 % in the fourth
sample (Fig. 6c¢).

Previous field observations have indicated that for ammonium to form, mineral dust
should first take up some acidic species that ammonia can partition to (Sullivan et al.,
2007a). Carbonate-rich dust particles have a high alkalinity initially, and the uptake of
secondary acids would first neutralize the alkaline carbonate and uptake of ammonia
would follow. Thus some relationship between the amount of accumulated ammonium
and the neutralized carbonate would be expected. In Asian dust, carbonates are mainly
combined with calcium in the form of calcite (Matsuki et al., 2005). Therefore, the ratio
of the sum of anions to calcium to was used to estimate the degree of neutralization
of carbonate in the dust particles of Mt. Heng. In the first two samples, the alkaline
carbonates were not fully neutralized, but some ammonium was still observed in the
supermicron mode (Fig. 6c¢). This observation can be explained as: after the deple-
tion of surface carbonate, the absorbed acidic species would uptake the gas-phase
ammonia in parallel with neutralizing the carbonate in the inner core. Then, after the
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carbonate was fully consumed, ammonium was enhanced significantly in the fourth
sample (see Fig. 6d).

Figure 7 presents a conceptual model summarizing the results of the particle evolu-
tion into a four-stage process for the carbonate-containing dust particles: freshly emit-
ted dust (Stage 1), the uptake of secondary acidic species with little ammonium (Stage
2, as represented by the sample of Mt. Hua (see Fig. 4)), dust with ammonium accu-
mulated on but without the depletion of carbonate (Stage 3, represented by Sample-I
and Sample-Il of Mt. Heng), and dust with all carbonate neutralized and significantly
enhanced ammonium (Stage 4, represented by Sample-IV of Mt. Heng). This 4-stage
evolution has important atmospheric implications. When the Asian dust particles have
reached the third stage (i.e., with accumulated ammonium), the surface properties of
the dust have changed from hydrophobic and alkaline to hydrophilic and acidic, thus
significantly enhancing their CCN/IN capacity. At the fourth stage, the dust particles
would be no different from the secondarily formed particles and could serve as favor-
able media to promote further reactions.

3.3 Photo-enhanced nitrite formation

High nitrite concentrations on dust particles were observed during the dust event of
24-26 April. Figure 8 shows the nitrite concentrations in the four samples following the
temporal order during the dust episode of 24—26 April. The average nitrite concentra-
tion during this dust event was approximately 2.5 pug m~2, much higher than that during
the non-dust days (approximately 0.3 pg m_3), indicating the promotion of nitrite forma-
tion by the dust particles. The enhanced nitrite formation during the dust event occurred
only in the daytime samples (with the concentration up to 6 ug m~2 in Sample-lll, see
Fig. 8), suggesting a photochemical pathway yielding the observed nitrite.

Direct measurements of gas-phase HONO were unavailable during the Mt. Heng
study. Nitrite is in the particle phase and can partition to the gas phase as HONO.
A recent laboratory study (Ndour et al., 2008) observed a reduction of approximately
3 ppbv of NO, on irradiated real Sahara dust particles, with a concurrent production of
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2.3 ppbv of gas-phase HONO. The remaining 0.7 ppbv of reduced NO, was presumed
transforming into nitrite in the particle phase. Assuming that the laboratory result can be
directly applied to ambient conditions at Mt. Heng, then the gas phase concentrations of
HONO can be estimated via the formula: HONOgyyg phase = Nitrit€yartiie phase X (2-3/0.7).

The nitrite concentrations were 2.7 ugm’3 and 6.0 ug m~> in Sample-lI and Sample-
I, respectively (Fig. 8). Therefore, the concentrations of gas-phase HONO would be
4.2 ppbv and 9.4 ppbv, respectively, during the daytime of the 24—26 April dust storm.
Increased concentrations of daytime HONO would significantly influence the atmo-
spheric chemistry by alerting the radical pool.

Daytime HONO (as well as nitrite) can be produced from gas phase sources and
photo-related heterogeneous sources (Kleffmann, 2007). The reaction of NO and OH
radicals is the dominant gas phase process yielding HONO. However, considering the
photolysis of HONO, it has been demonstrated that this reaction is not a net source and
cannot explain the frequently observed high daytime HONO concentrations (e.g., Kleff-
mann, 2007; Sorgel et al., 2011), particularly for the low NO concentrations (< 0.5 ppbv)
observed during this dust event. Therefore, there must be other photo-related hetero-
geneous processes contributing to the observed daytime nitrite.

Heterogeneous photochemical reactions producing HONO are generally thought to
occur via four different processes: the surface photolysis of nitric acid (HNO3) (Zhou
et al., 2003; Ramazan et al., 2004); photo-induced NO, conversion on soot surfaces
(Aubin and Abbatt, 2007); the heterogeneous photochemistry of NO, on some organic
surfaces, such as aromatic compounds and humic acids (George et al., 2005; Stemm-
ler et al., 2006); and the surface TiO, photocatalysis of NO, (Gustafsson et al., 2006;
Ndour et al., 2008). In order to determine the key process contributing to the observed
nitrite formation, the concentrations of nitrite, nitrate and BC (representing soot) dur-
ing dust storm of 24—26 April were compared with those during a non-dust pollution
episode (denoted as PE) occurring on 8-9 May (Table 1). Compared to those during
PE, the nitrate and BC concentrations during the dust storm were lower, but the ni-
trite concentrations were much higher. This result suggests that the first two reaction
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pathways were not the major contributors to the observed nitrite formation. Despite the
fact that aromatic compounds and humic acids were not measured, their concentra-
tions were not presumed to increase much during the dust storm because mineral dust
particles are not their sources. Considering that the daytime enhancement of nitrite
production was only observed in the dust storm event, the third process should also be
excluded as the key contributor.

The fourth process of TiO, photocatalysis of NO, yielding HONO was recently
demonstrated in the laboratory (Gustafsson et al., 2006; Ndour et al., 2008). The
reaction mechanism can be simply described as nitrogen dioxides being reduced to
nitrite ions by photo-produced electrons (the detailed mechanism was proposed in
Ndour’s study, 2008). In this study, the titanium concentrations indeed increased sig-
nificantly during the dust storm of 24-26 April (see Fig. 2), implying that the sur-
face TiO, photocatalysis may be responsible for the daytime nitrite formation. To
further support this hypothesis, the correlations of daytime nitrite with titanium and
with nitrate were also examined. Noting that the titanium concentration in the coarse
mode particles (PM, ,5) was unavailable, their values were calculated via the for-
mula Tigoarse = Tifine X (Algoarse/Aliine) Under the assumption that aluminum and titanium
have the same size distributions. As tabulated in Table 3, for Sample-I, the ratio of
NOE(Coarse)/NOE(ﬁne) was approximately 3.0, which was similar to that of titanium (ap-
proximately 2.8), but largely differed from that of nitrate (approximately 9.1). The result
for Sample-lIl was similar. These results further indicate the role of TiO, photocatalysis
on the observed daytime nitrite formation.

In summary, photo-enhanced nitrite formation on dust particles was observed, which
indicated lab-demonstrated TiO, photocatalysis of NO, as an important source of day-
time HONO under dust storm conditions. Given that there is increasing evidence for
anthropogenic sources of photocatalyst-containing (including TiO,) nanodusts emitted
from industrial nanomaterials (Vicki, 2009), this process may play a potentially impor-
tant role in atmospheric chemistry on a global scale. We therefore recommended more
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comprehensive studies to better evaluate the contribution of photoactive particles to
gas-phase HONO and, in turn, OH radicals.

4 Conclusions

An intense Asian dust storm that originated from the Gobi desert was captured at
a mountain site (Mount Heng) in Southern China. The mineral dust particles experi-
enced significant modifications before arriving at Mt Heng, with large enrichments in
secondary species, such as sulfate, nitrate and ammonium. The dust particles became
more acidic and hydrophilic with the photochemical age of air parcels. The accumula-
tion of ammonium on dust particles was verified, which is related to the neutralization
of carbonate. Based on the observations, a four-stage conceptual model is proposed
to describe the aging process of the carbonate-rich Asian dust. Photo-enhanced nitrite
formation on the dust particles was also observed, indicating that the TiO, photocatal-
ysis of NO, is a potentially important source of HONO (and nitrite) under dust storm
conditions. In view of the potential for nanodust to become a global source of photocat-
alysts (TiO,), this process may be an important daytime HONO source. More studies
are needed in order to examine further the extent of photo-enhanced nitrite formation
in the atmosphere and its implications for atmospheric chemistry.
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Table 1. Concentrations of nitrite, nitrate and titanium in both fine particle mode (PM, 5) and
coarse particle mode (PM, 5) in the two daytime samples during the dust storm of 24-26 April
2009.

Sample Fine particles (ug m‘3) Coarse particles (ug m'3)
NO, Ti NO; NO, Ti NO;
0425 Daytime 0.68 0.58 2.0 2.02 1.61 18.2

0426 Daytime 1.5 0.42 1.0 449 112 10.7

* Tiin coarse particles was calculated by Tiggarse =Tifine X (Alcoarse/Alfine)-
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Fig. 6. Concentration ratios of (a) sulfate to PM mass, (b) nitrate to PM mass, (¢) ammonium
to PM mass and (d) sum of major anions to calcium in equivalence, in the supermicron rang
particles collected during the dust event on 24—26 April at Mt. Heng.
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Fig. 8. Nitrite concentrations in total suspended particulates collected during the dust event on

24-26 April at Mt. Heng.
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