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• Trace gases and water-soluble ions in
PM10weremeasured based on anonline
analyzer.

• Pollution characteristics were analyzed
in the dust and non-dust period.

• Mixing mechanism was conducted by
equivalent ratio analysis in the dust
event.

• Sources were identified and quantitated
by PMF.

• Potential source-areaswere explored by
HYSPLIT and CWT.
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To investigate the pollution characteristics and potential sources in a dusty season, an online analyzer was used to
measure trace gases andmajorwater-soluble ions in PM10 fromApril 1st toMay 29th, 2011 in Lanzhou. The average
concentrations of HONO, HNO3, HCl, SO2 and NH3 were 0.93, 1.16, 0.48, 9.29 and 5.54 μg/m3, respectively, and 2.8,
2.76, 8.28 and 2.48 μg/m3 for Cl−, NO3

−, SO4
2− and NH4

+. In the non-dust period, diurnal variations of SO4
2−, NO3

−

and their gaseous precursors showed similar change trend. NH4
+ showed unimodal patternwhereas NH3 illustrated

a bimodal pattern. HCl and Cl− showed an opposite diurnal pattern. In the dust event, temporal profiles of HCl and
Cl−, SO2 and SO4

2− all presented similar change trend, and SO4
2− and Cl− preceded dust ions (Ca2+ andMg2+) 13 h.

The ratios of NO3
− to SO4

2−were 0.65 in the non-dust period and 0.31 in the dust event. In the dust event, the sulfur
oxidation ratio (SOR)was a factor of 1.33 greater than that in the non-dust period, and [SO4

2−]/[SO2] was 2.31 times
of that in the non-dust period. The source apportionment using Probabilistic Matrix Factorization (PMF) suggested
that fugitive dust (58.09%), secondary aerosols (33.98%), and biomass burning (7.93%)were themajor sources in the
non-dust periodwhereas dust (67.01%), salt lake (29.68%), biomass burning (0.8%), andmotor vehicle (2.51%)were
the primary sources in the dust event. Concentrationweighted trajectory (CWT)model indicated that NO3

−, Cl− and
K+ could be regarded as local source species, the potential sources of Na+, Mg2+ and Ca2+ concentrated in the two
large areas with the one covered in the junction areas of Xinjiang, Qinghai and Gansu and another one covered the
places around in Lanzhou, the potential sources of SO4

2− were mainly localized in the areas adjacent to Lanzhou.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Particulate matter (PM10) is an important indicator of air condition
and emitted from various natural and anthropogenic activities. PM pollu-
tion has aroused the public concerns because it can cause adverse effects
on the atmospheric environment, public health, and climate change (Cao
et al., 2012a,b; Fang et al., 2016; Hu et al., 2015; Kim et al., 2015;MR et al.,
2012; Sun et al., 2014; Ye et al., 2016; Zhang et al., 2015).

Water-soluble ions in PM have been regarded as a crucial factor for
its significance in aerosol-phase chemistry reactions and adsorptions
of trace gases by particles (Ocskay et al., 2006; Shon et al., 2012; Xue
et al., 2011). Thesemajor ions include those primary species directly re-
leased into the atmosphere and secondary ions formed by oxidation of
their corresponding gaseous precursors (SO2, NOx, and so on) and neu-
tralization with other primary compounds (ammonia, volatile organic
compounds, et al.) (Koçak et al., 2015). As an important component of
atmospheric aerosols, water-soluble ions affect not only the acidity
and formation of aerosols (Han, 2014; Kunwar et al., 2016; C.S. Liang
et al., 2016), but also the ecosystems and architectural heritage (T.
Liang et al., 2016; Nava et al., 2016). Extensive studies have demon-
strated that water-soluble ions occupy a large proportion of PM (Cao
et al., 2012a,b; Dao et al., 2014; Du et al., 2011; Tan et al., 2009). In
European urban areas, the most abundant water-soluble ions were sul-
fate and nitrate which could account for 20–30% of PM10 mass concen-
tration (Galindo et al., 2013; Putaud et al., 2010; Tolis et al., 2014)
whereas in Chinese urban regions, the ratio could be as high as 33% or
more (Shen et al., 2011).

Trace gases generally are emitted from natural and anthropogenic
sources (Bari et al., 2003; Derwent et al., 2009). It is well-recognized
that trace gases like HNO3, NH3, HCl, and H2SO4 can be converted into
aerosols by neutralization and reversible phase equilibrium reactions
(Koçak et al., 2015; Seinfeld and Pandis, 2006). HONO also plays an im-
portant role in aerosol chemistry as it can be served as a source of OH
radicals and its photolysis can lead to 34% comprehensive OH yield in
the daytime (Kleffmann et al., 2003; Su and Pöschl, 2011). Previous
studies have shown that SO2 is the most abundant trace gas whereas
HCl has the lowest level in the atmosphere (Behera et al., 2013;
Kirkby et al., 2011; Kulmala et al., 2000). The average concentrations
of N-containing gases (NH3, HONO and HNO3) contribute the most in
summer and little in winter (Makkonen, 2014).

To identify potential sources of pollutants, several practical receptor
models have been developed (Keeler, 1987; Poirot andWishinski, 1986;
Fig. 1. A map description for locations of samp
Zeng and Hopke, 1989). The most commonly used receptor models are
trajectory cluster (Harris and Kahl, 1990; Sirois and Bottenheim, 1995),
potential source contribution function analysis (PSCF) (Cheng et al.,
1993; Hopke et al., 1993), and concentrationweighted trajectory analy-
sis (CWT) (Hsu et al., 2003; Seibert et al., 1994). These models have
been widely used by combining meteorology factors, backward trajec-
tories, and concentrations measured at a sampling site. Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) (Draxler and Hess,
1998) is also frequently used in basic air masses trajectory calculation.
A tool named TrajStat has been developed by Wang et al. (2009)
which implements cluster calculation, cluster statistics, PSCF, and CWT
models into thismodeling tool to identify source-receptor relationships.

Lanzhou (35.95° N, 104.14° E), the capital of Gansu Province, is lo-
cated in a narrow (2–8 km width) and long (40 km) valley basin in
Loess Plateau (Fig. 1), which is the home of a large-scale oil refinery
and petrochemical industrial base and a key transportation hub in
northwestern China. Over the past decades, Lanzhou has been one of
the most heavily polluted cities by PM in China and even in the world
(WHO, 2014). The severer PM contamination is attributed to frequently
occurring stable atmospheric boundary layer and calm winds induced
by the mountain-valley topography, arid environment (annual precipi-
tationb300mm), andmassive petrochemical and oil refinery industries.
The poor ecological environment and complex topography are uniquely
susceptible to the atmospheric pollution, especially high ambient
suspended particulate loadings which often take place in spring. The
rapid increasing number vehicles in Lanzhou in the past decade further
deteriorates the air quality in Lanzhou (Ta et al., 2004; Wang et al.,
2006; Wang et al., 2016; Han, 2013). Previously, the investigations
into the PM pollution in Lanzhoumostly focused on the pollution levels
of PM and its compositions, chemical characteristics, and daily changes
in PM concentrations (Pathak et al., 2009; Wang, 2014), there are large
knowledge gaps about the relationships between trace gases andwater-
soluble ions in PM10 in a dusty as comparedwith other cities (Ding et al.,
2017; Kulshrestha et al., 2009; Li et al., 2012). Few studies have been
carried out to measure trace gases and their related water-soluble ions
in PM10 during spring, and the temporal variations of water-soluble
ions, potential sources, mixingmechanisms and chemical compositions
have not been characterized in dust event.

In this article, the observation of trace gases (HCl, HONO, SO2, HNO3,

and NH3) and major water-soluble ions (NH4
+, Na+, K+, Ca2+, Mg2+,

SO4
2−, NO3

− and Cl−) in PM10 were performed simultaneously in Lan-
zhou from April 1st to May 29th, 2011. The present study intends to
ling site, related Deserts and toponymies.
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address three objectives. Firstly, we explored the characterizations of
trace gases and water-soluble ions in both dust and non-dust period.
Secondly, the relationships between water-soluble ions and their
precursor gases and relationships among the water-soluble ions were
conducted. Thirdly, the PMFwere used to analysis the source apportion-
ment and the HYSPLIT, and CWT models were used to identify major
water-soluble ions source regions.

2. Data and methods

2.1. Sampling site

The sampling site (36°03′N, 103°73′E) was chosen on the roof of a
two-story building at Lanzhou University, about seven meters above
the ground surface, surrounded by residential and commercial settle-
ments. Therefore, the site may reflect a mixed impact from residential,
traffic, and construction emissions in an urban region.

2.2. Data resource

A model ADI 2080 online analyzer for Monitoring for AeRosols and
Gases (MARGA, Applikon Analytical B.V., Netherlands) (Ten Brink
et al., 2007) was employed to obtain gases and ions database from
April 1st toMay 29th, 2011.More details about MARGAwere presented
in supplementary material.

The hourly PM10 data during the entire observation period was ob-
tained from China National Environmental Monitoring Centre and
China Meteorological Data Network, and the hourly meteorological
data was obtained from Gansu Meteorological Administration. During
the sampling period, a dust event occurred in April 29th and 30th. In
the subsequent discussions, we treated these two days as the dust pe-
riod and the rest of sampling period is regarded as the non-dust period.
The data of backward trajectory required in this study were
downloaded from HYSPLIT online edition (ftp://arlftp.arlhq.noaa.gov/
pub/archives/reanalysis).

2.3. PMF analysis

The source apportionment was analyzed by using the PMF model
(version PMF 5.0) (Paatero and Tapper, 2010). The principles and
procedures of the PMF are referred to Paatero and Tapper (1994)
and Paatero (1997). The general receptor-modeling problem can be
written as:

X ¼ GF þ E ð1Þ

where X is the n × m matrix of ambient element concentrations, G is
the n × p matrix of source contributions, F is the p × m matrix of
source profiles, and E is the matrix of residuals, defined as:

eij ¼ Xij−
Xp
k

gik f kj ð2Þ

where i=1,…, n is the number of samples; j=1,…,m is the number
of elements; k = 1, …, p is the number of sources.

The aim of PMF is to minimize the object function Q(E) under rela-
tively constant condition by running many times with different Fpeak
(Lee et al., 2003b; Norris, 2014), the objective function Q(E) based on
the uncertainties inherent is applied as follows:

Q Eð Þ ¼
Xn
i¼1

Xm
j¼1

eij
sij

� �2

ð3Þ
where sij is the uncertainty estimate in the jth element measured in the
ith sample, and the uncertainty (Unc) is calculated as follows (Norris,
2014; Polissar et al., 2001; Reff et al., 2007):

Unc ¼ 5
6
�MDL C≤MDLð Þ ð4Þ

Unc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RSD� Cð Þ2 þ 0:5�MDLð Þ2

q
CNMDLð Þ ð5Þ

where RSD is the relative standard deviation, C is the concentration of
element, μg/m3, and MDL is the method detection limit. In this study,
seven measured water-soluble ions in the dust event and eight mea-
sured water-soluble ions in the non-dust period were chosen as the
input data to the PMF 5.0, and all the water-soluble ions residuals
ranged from −2 to 2. The observed and calculated from PMF of total
water-soluble ion showed higher correlations (R2 = 0.99 for the dust
event, R2 = 0.96 for the non-dust period) (Fig. S4), more details about
mathematical diagnostics for the results were itemized in supplemen-
tary material.

2.4. Backward trajectory analysis

Backward trajectories of air masses arriving in Lanzhou were calcu-
lated using the HYSPLIT developed by the National Oceanic and Atmo-
spheric Administration (NOAA). By using the HYSPLIT, possible
trajectories of atmospheric pollutants could be calculated and analyzed
(Draxler and Hess, 1998; Sirois and Bottenheim, 1995). In this paper,
48-h backward trajectory of air masses and trajectory cluster analysis
were carried out based on the GIS-based software TrajStat (Wang
et al., 2009). The trajectory height was set 500 m (above the ground
level) because the winds at this height can effectively reduce the influ-
ence of ground surface friction and more accurately reflect the charac-
teristic of the mean flow field in the atmospheric boundary layer
(Wang et al., 2009).

2.5. Concentration weighted trajectory analysis

To identify potential sources and their relative importance, the
weighted trajectory associated with measured pollutant concentrations,
named CWT, was employed (Hsu et al., 2003). In this model, each grid
cell is assigned a weighted concentration obtained by averaging the con-
centration of corresponding trajectory crossed the grid:

Cij ¼
1

∑M
l¼1τijl

∑M
l¼1Clτijl;

where, Cij is the average weighted concentration in the ijth cell, l is the
index of the trajectory,M is the total number of trajectories, Cl is the con-
centration observed on arrival of trajectory l and τijl is the time spent in
the ijth cell by trajectory l. In this study, the areas (80°E-110°E, 30°N-
45°N) covered by backward trajectories were incised into 0.5° × 0.5°
grids. The sampling site (35.95°N, 104.14°E) was set as CWT's target
point. The mean concentration averaged over the model domain was se-
lected as a threshold to identify both moderate and major sources.

CWT is a conditional probability function and the uncertainty of
CWT value increase when the air flow delays in a short time in some
grids (nij value is smaller). To reduce uncertainty,Wij (weighting factor)
is introduced (Polissar et al., 2001) when all trajectory points in a grid
are b3 times of the average trajectory endpoints at each grid in the
study area. The weight function is as follows:

Wij

1:00 nijN3Avg
0:70 Avgbnij≤3Avg
0:42 0:5Avgbnij≤Avg
0:17 0bnij≤0:5Avg

8>><
>>:

;

WCWT ij ¼ Cij �Wij;

ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis
ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis
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where nij is the number of endpoints that fall in the ijth cell, Avg is the
average number of endpoints for all grids in the study area.

3. Results and discussion

3.1. Characteristics of trace gases and water-soluble ions during the dust
event and non-dust period

Temporal variations of visibility and daily average concentrations for
measured species were showed in Fig. 2. In the non-dust period, the av-
erage visibility was 34.04 km and the daily PM10 concentrations ranged
from52.00 to 286.71 μg/m3, and themean valuewas 152.70±58.67 μg/
m3. A total of 29 PM10 pollution days was identified with 24-hour aver-
age value exceeding the Chinese Ambient Air Quality Secondary Stan-
dard (150 μg/m3, GB 3095-2002). For the ionic concentrations (Fig. 2,
Table S1 and Fig. S1), Ca2+ exhibited the highest concentration among
all water-soluble ions analyzed, with daily average concentration at
17.93 ± 8.76 μg/m3, which accounted for 50.91% of water-soluble ions
and 13.03% of PM10, followed by secondary soluble ions including SO4

2

− (7.07 ± 4.53) μg/m3, NO3
− (3.56 ± 1.94) μg/m3, and NH4

+ (2.48 ±
2.37) μg/m3. These secondary ions together accounted for 36.03% of
water-soluble ions and 8.25% of PM10. Higher concentration of SO4

2−

was observed from April 1st to 16th. Although the coal heating of Lan-
zhou was terminated on March 31st as the reaction between SO2 and
OH could extend from 7 to 14 days during the formation of SO4

2−

(Finlayson-Pitts, 2009; Jacob, 1999). For the trace gases (Fig. 2,
Table S1 and Fig. S2), the mean concentrations of SO2 and NH3 were
as high as 12.88 ± 16.29 μg/m3 and 7.86 ± 5.97 μg/m3, respectively,
constituting the majority (87%) of the total trace gases. On the other
Fig. 2. Temporal variations of PM10 and visibility (a), water-soluble ions (b) and trace gases (c) d
in April 29th and 30th).
hand, HCl levelwas very low and hence could be ignored. The averaging
concentrations of all species in daytime and nighttime during the non-
dust period were illustrated in Table S1 and Fig. S3. The concentrations
of SO2, SO4

2−, NH3, NH4
+, and NO3

− were much higher in the daytime
than those in the nighttime, indicating that human activities influenced
these pollutants. Cl− and Ca2+ showed relatively high concentration in
the daytime as well whereas other contaminants had no obvious differ-
ence between the daytime and nighttime.

In the two-day dust event, the visibilities were 8.0 km and 17.1 km,
respectively. The average concentration of water-soluble ions increased
to different levels compared with those before and after the dust event
except for NH4

+ due to the instrument error. The increases of SO4
2−, Cl−,

Na+, Mg2+ and Ca2+ were particularly significant. Among which Ca2+

had the highest level, increasing dramatically with the massive intru-
sion of dust characterized by high level of calcium carbonate (CaCO3)
(Huang et al., 2010a,b). CaCO3 forms an important part of crust and con-
tributes most to the soil and aerosols in northwest China (Wang et al.,
2008, 2012). Except for HCl, the daily concentrations of trace gases
were lower than those sampled before and after the dust event. This
might be attributed to strongwindswhich could blow atmospheric pol-
lutants away from the sampling site.

3.2. Diurnal variation of meteorological factors, water-soluble ions, and
trace gases during the dust event and non-dust period

The diurnal variations of the mean wind speed, temperature, and
relative humidity during the non-dust period were depicted in Fig. 3.
The diurnal change in the temperature showed unimodal pattern
with the minimum at 06:00 LT (local time, hereafter) (6.25 °C) and
uring thewhole campaign (Species inside the rectangle represent the dust event occurring
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the maximum occurring at 16:00 LT (17.96 °C). The diurnal variation
of the relative humidity was opposite to the temperature with the
maximum occurring in the early morning and the minimum occur-
ring in the afternoon. The wind speed increased monotonically
from 07:00 to 17:00 LT with the peak at 17:00 LT and then decreased
thereafter. Overall, the increasing wind speed and temperature and
decreasing humidity were observed in the daytime, and vice versa
during the nighttime.

As showed in Fig. 4a, diurnal variation of NH3 showed bimodal pat-
tern with one peak at 09:00 LT. The other occurred at 19:00 LT. The
major sources of NH3 in the urban atmosphere were traffic emission
and combustion (Battye et al., 2003; Sutton et al., 2000). Considering
its diurnal variation, the traffic emission might play a more important
role in NH3. Due likely to the different distance between the sampling
site and the roads in thepresent study as comparingwith someprevious
studies (e.g., Whitehead et al., 2007), the diurnal pattern of NH3 in our
case differed from other cities (Hesterberg et al., 1996; Trebs et al.,
2004). NH4

+ was formed by the reactions of NH3 with acid trace gases
in humid aerosols, it exhibited a unimodal pattern with the maximum
at 10:00 LT, and then decreased thereafter till to 19:00 LT, which
might be attributed to the increasing temperature because NH4NO3

and NH4Cl could volatilize easily as explained by following chemical re-
action (Seinfeld and Pandis, 2006):

NH4NO3→NH3 þ HNO3;
NH4Cl→NH3 þ HCl:

The increase of the boundary layer height might be another reason
for the decrease of NH4

+ during the daytime (e.g., 10:00–19:00 LT,
Trebs et al., 2004).

Fig. 4b shows the diurnal variations of SO2 and SO4
2−. SO2 and SO4

2−

illustrated similar temporal variations and their trends could be ex-
plained by a unimodal pattern. The maximum of SO4

2− occurred at
9:00 LT and remained a relatively high concentration from 06:00 to
16:00 LT. The higher oxidation capacity substance such as OH radical
and O3 in Lanzhou could enhance the conversion of SO2 to SO4

2− during
the daytime (Du et al., 2011).

Diurnal variations of HCl and Cl− are showed in Fig. 4c. HCl concen-
tration increased from 8:00 LT and peaked at 14:00 LT, and decreased
gradually thereafter. The diurnal pattern of Cl− showed an opposite
trend to HCl. The Cl− formation can be explained by:

HClþ NH3→NH4Cl;

hence, decreasing HCl corresponds to the increasing Cl−. The primary
emissions of HCl include coal combustion and waste incineration
Fig. 3. Diurnal variations of temperature and relative humidity (a) and wind speed (b) dur
(Biswas et al., 2008) whereas its secondary source could be attributed
to follow reactions (Eldering et al., 1991):

HNO3 þ NaCl sea saltð Þ→NH4Clþ HCl ð1Þ

NH4Cl→NH3 þ HCl: ð2Þ

Considering the surroundings of the sampling site and the diurnal
variation of HNO3 (Fig. 4d), we may assume that HCl was mainly
came from coal combustion, waste incineration, and evaporation of
NH4Cl. The decreased Cl− was resulted from the second reaction (2)
mechanism.

As showed in Fig. 4d, HONOhad its highest concentration at 07:00 LT
and decreased thereafter till 17:00 LT with higher concentration in the
nighttime. The heterogeneous reaction of NO2 ( NO2 + H2O → HONO
+ HNO3) is an important source of HONO (Heland et al., 2001). Under
the relatively higher relative humidity and lower boundary layer height
during the nighttime, HONOmight be formed and accumulated in night.
The decreasing HONO in the daytimemight been caused by its photoly-
sis reaction (HONO+ hv→ NO+ OH) (Bari et al., 2003). HONO plays a
very important role in the formation of secondary pollutants since it is
one of the most important oxidants in the troposphere.

HNO3 shows almost the same diurnal change as HONO. The photo-
chemical reaction of NOx (NOx = NO2(g) + NO(g)) was a main source
of HNO3 (Lin et al., 2006). In the daytime, HNO3was formed by the pho-
tochemical reaction of NO2 with OH (Seinfeld and Pandis, 2006):

NO2 gð Þ þ OH þM→HNO3 gð Þ þM:

During the nighttime, HNO3 can be formed by the following reac-
tions (Jacob, 1999):

NO2 gð Þ þ O3 gð Þ→NO3 gð Þ þ O2 gð Þ
NO3 gð Þ þ NO2 gð Þ þM→N2O5 gð Þ þM

N2O5 gð Þ þ H2O→2HNO3 gð Þ:

NO3
− illustrates the similar diurnal variation as NH4

+with increasing
concentration after sunrise (06:00 LT) and reaches its highest value at
10:00 LT, and then began to decrease, indicating that these two ions
have the same formation pathway as follows:

HNO3 þ NH3→NH4NO3:

NH4NO3 is a semi-volatile species (Mozurkewich, 1993), which in-
creases with the increasing temperature and decreasing the concentra-
tion of NO3

−.
ing the non-dust period (the vertical bar denotes their respective standard deviation).



Fig. 4.Diurnal variations of trace gases (black square) and their correspondingwater-soluble ions (red square) during the non-dust period (blue square represents HONO, the vertical bar
denotes their respective standard deviation).

Fig. 5. Temporal profiles of cation ions (a), andwater-soluble ions and corresponding trace gases (b, c, d) (blue square represents water-soluble ion, red square represents trace gas) in the
dust event (the anthropogenic-dominant period and dust-dominant period are marked between the lines as ‘AP’ and ‘DP’, respectively).
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The diurnal variations of water-soluble ions and trace gases in the
dust event are depicted in Fig. 5, in which the anthropogenic-
dominant period and dust-dominant period were defined by ‘AP’ and
‘DP’, respectively. The temporal profiles of Na+, HCl and Cl−, SO2, and
SO4

2− show similar fluctuations and exhibit a “Λ” pattern with their
peak values at 08:00 LT (AP), so did Mg2+ and Ca2+, these chemicals
reached their maximums (DP) after 13 h from 08:00 LT, indicating
that preliminary pollutants from AP and DP were not necessarily
transported together and did not mix with each other. The result was
in line with that from some studies in other locations (Bates et al.,
2004; Choi et al., 2008; Hatakeyama et al., 2004; Matsumoto et al.,
2003; Uematsu et al., 2002;Wang et al., 2013; Zhang et al., 2005). How-
ever, our result disagreed with those cases in which sulfate and nitrate
were formed by heterogeneous reactions during the course of long-
range transport and well mixed anthropogenic pollutants and dust par-
ticles (Formenti et al., 2010; Huang et al., 2010b; Ndour et al., 2008;
Usher et al., 2003).

In the AP, SO2 and SO4
2− were higher than that in the DP. The peak

concentration of SO4
2− was 42.75 μg/m3 and accounted for 37% of the

total measured water-soluble ions. As SO2 can be transported for hun-
dreds of kilometers before its reaction (oxidation) if the weather condi-
tions are unfavorable for its oxidation or the oxidizing substance were
insufficient in the air, such the long-range transport might play more
significant role in the change in SO2 (Erduran and Tuncel, 2001). The
contribution of fugitive dust should also not be overlooked as it has
been reported that the background concentration of SO4

2− could be as
high as 1.4 mg/g in typical salty soil in North China (Jiang and Zhang,
2011).

HCl and Cl− followed basically the same trend in AP and DP, respec-
tively. The temporalfluctuations of Cl− and Na+were the same as SO4

2−

and also occurred during the AP, indicating that they might have the
same source. The concentration of Na+ ranged from 1.21 μg/m3 to
18.81 μg/m3 and Cl− ranged from 1.35 μg/m3 to 16.55 μg/m3, respec-
tively. Their peak values were 17.42 and 8.15 times higher than those
average values in the non-dust period. There are many dried salt lakes
in the northern and northwestern China in which NaCl and some
other salts are common components (Zheng, 1991). Therefore, it
could be deduced that the following reactions contributed the concen-
tration of Cl−:

NaClþ HNO3→HClþ NaNO3
NH3 þ HCl→NH4Cl:

The mole ratio of Na+ to Cl− was 1.74, indicating that the source of
Na+ contained not only salt lakes but also local dust.

In the DP, the peak concentration of Ca2+ was 76.34 μg/m3, contrib-
uting 78% to the total measured water-soluble ions alone. The highest
concentration of Mg2+ was 5.84 μg/m3, 4.17 times of the average
value in the non-dust period. The temporal profiles of Ca2+ and Mg2+

manifest that that large amount of Ca2+ andMg2+measured in Lanzhou
came from Gobi Deserts or Deserts through long-range transport and
deposition, because Ca2+ is one of the most common mineral salts in
the surface soil in the Taklamakan Desert, Gobi Deserts, and Loess Pla-
teau (Li et al., 2007; Maher et al., 2009). Due to this fact, Ca2+ is usually
chosen as a tracer of dust (Huang et al., 2010a,b; Wang et al., 2012).
Some studies revealed that the molar ratio of Mg2+ to Ca2+ was 0.15
in the northern deserts and loess topsoil of China (Osada et al., 2002).
In this study, themolar ratio of Mg2+ to Ca2+was 0.15 in the DP, agree-
ingwell with their ratio in deserts and loess, further demonstrating that
Mg2+ and Ca2+ had the same sources in Gobi-deserts or Loess Plateau.

The temporal variations of K+, HNO3, and NO3
− had no significant

change in the AP and DP during the dust event. As a tracer of biomass
burning (Dibb et al., 1996; Duan et al., 2004; Liu et al., 2000; Ma et al.,
2003), the presence of K+ in measured samples suggest that biomass
burning did not occurred in the dust event, but it might be conveyed
from the upwind sources because its concentration increased slightly
in both AP and DP. Likewise, although there was no obvious difference
of HNO3 and NO3

− between the AP and DP, their concentration changes
were the same as those in the non-dust period.

3.3. Mixing mechanisms

In the non-dust period, according to Spearman correlation coeffi-
cients (SCCs) analysis of water-soluble ions (Table S2), the predominant
salts were: NH4NO3 (r= 0.662, p b 0.01), KCl (r= 0.420, p b 0.01) and
(NH4)2SO4/NH4HSO4 (r = 0.756, p b 0.01) (Table S2).

In the dust event, there existed complicated combination be-
tween cations and anions. To understand possible cation-anion asso-
ciations among water-soluble ions, an equivalent ratio analysis was
conducted. The results were showed in Fig. 6. In the figure, R2 and S
represented the regression coefficient and the slope of the linear re-
gression equation, respectively. The linear regression coefficient sug-
gested that SO4

2− was strongly associated with Na+ (R2 = 0.96, S =
1.42), but no association with Ca2+, Mg2+, and K+. The result im-
plied that Na2SO4 was a major combination. As NO3

− had no associa-
tion with any cation ions, we inferred that it might be associated
with NH4

+, similar to that in the non-dust period. Cl− had a strong
correlation with Na+ (R2 = 0.65, S = 0.39), indicating the presence
of NaCl. In this study, the balance of overall ions was not illustrated
since there was a large cation excess. To explore the cation excess
that might be resulted from the lack of CO3

2− measurement which
apparently was attributed to the presence of CaCO3 (Lee et al.,
2003; Maxwell-Meier et al., 2004), we assumed that the particles
were charge-neutral and the CO3

2− was the only unmeasured anionic
(Weber et al., 2005), then the CO3

2− ([CO3
2−] estimated) could be es-

timated by subtraction of the total measured anion equivalence from
total measured cation equivalence as follows:

CO2−
3

h i
estimated

¼
Xn
i

Cation½ �measured;i−
Xm
j

Anion½ �measured; j;

where n andm stand for the total number of cations and anions mea-
sured by MARGA, as showed in Fig. 7. The estimated CO3

2− concen-
tration was almost perfectly associated with Ca2+ (R2 = 0.98, S =
1.06) and Mg2+ (R2 = 0.94, S = 15.86), indicating that dust particle
remained intact over the long-range transport and the CO3

2− were
not replaced by SO4

2− or NO3
−.

3.4. Ratio analysis of measured species

3.4.1. [NO3
−]/[SO4

2−]
SO2 is mainly produced from stationary sources such as coal com-

bustion and is the main precursor of SO4
2−. NOx is mainly released

from the mobile sources and is the main precursor of NO3
−. To assess

the relative importance of mobile and stationary sources, the mass
ratio of NO3

− to SO4
2− is often used. The higher [NO3

−]/[SO4
2−] indicates

the advantage of mobile sources over stationary sources, and vice
versa (Arimoto et al., 1996).

Themeanmass ratios of NO3
− to SO4

2−were 0.56 in the non-dust pe-
riod and 0.31 in the dust event, confirming that the stationary sources
contributed more to the PM pollution than mobile sources, either in
the non-dust period or in the dust event. The ratio in the dust period
was a factor of 1.8 lower than that in the non-dust period, indicating
higher SO4

2− in the dust event.

3.4.2. SOR and [SO4
2−]/[SO2]

The SOR (SOR = SO4
2− / (SO4

2− + SO2)) is the ratio of SO4
2− to the

total sulfur, reflecting the degree of transformation from SO2 to SO4
2−

(Lin, 2002). It has been reported that SOR was smaller than 0.1 when
SO4

2− was emitted from primary sources whereas SOR was above 0.1
when SO4

2− was mainly produced through the secondary formation of



Fig. 6. Linear regression between cations (Ca2+, Mg2+, K+, and Na+) and anions (SO4
2− (red circle), Cl− (blue circle), and NO3

− (black circle)) for measurements in the dust event.
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SO2 (Ohta andOkita, 1990). In our case, themean value of SOR averaged
over the dust event were 0.64, which was 1.33 times than that in the
non-dust period (0.48), indicating that the secondary transformation
played an appreciable role in the dust event.

The ratio of SO4
2− to SO2 is used to characterize the formation route

and source of SO4
2− (Sievering et al., 1991). The average value of [SO4

2−]/
[SO2] was 2.7 in the dust event, about 2.31 times greater than that in the
non-dust period (1.17). Under the same temperature in the non-dust
period and dust event, we could deduce that except for local gas
phase oxidation of SO2, the long-range transport exerted a large impact
on the air quality in Lanzhou in the dust event.
Fig. 7. Linear regression between measured cations (Ca2+, Mg
3.5. HYSPLIT analysis

To interpret the origins of water-soluble ions during the dust event,
the 48-hour backward trajectory analysis started at 500 m from Lan-
zhou was carried out by using the HYSPLIT model. Results clearly re-
vealed the air parcels extended from different origins, as illustrated in
Fig. 8. The air parcel #1 arriving at the sampling site was originated
from the border of Xinjiang Province and Gansu Province, passing
through Qinghai Province where there are many salt lakes. This air par-
cel then swirled in the urban are of Lanzhou and finally arrived in the
city. Hence, this trajectory characterized high loadings of SO4

2−, Cl−,
2+, K+, and Na+) and estimated CO3
2− in the dust event.



Fig. 8. NOAA HYSPLIT Model result with GDAS meteorological data. 72-h backward
trajectories are ended at 05:00 UTC, Apr 30th.
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and Na+. The rest of air parcels remotely traveled through the Desert
such as Gurbantunggut Desert from the northwest of Xinjiang and the
Gobi Deserts in southern Mongolia, successively arrived the sampling
site, forming another peak characterized by abundant Mg2+ and Ca2+.
Fig. 9. Backward trajectory cluster and the corresponding cl
When the dust occurred, the origins and compositions of aerosols
were different before and after the cold front associated with themove-
ment of cyclones. Particles in the prefrontal air normally were origi-
nated from local or regional sources and moved from the south or
southwest to the north or northeast. Therefore, theprefrontal airmasses
usually carried a large number of anthropogenic pollutants (Li et al.,
2012). Particles in the postfrontal air were originated from the remote
sources in the north or northwest of Lanzhou (Wang et al., 2006).
Since the prefrontal and postfrontal air masses had different origina-
tions held different components of pollutants, and arrived at the sam-
pling point at different time. Such different time interval before and
after the cold front further demonstrated the different origins of the dif-
ferent air parcels.

In the non-dust period, the backward trajectory cluster and corre-
sponding cluster statistics of water-soluble ions were depicted in
Fig. 9. According to their origins and paths, all the trajectories could be
classified into 5 categories: (1) southern airflow, (2) northern air
masses, (3) the northwest parcel associated with the long-range atmo-
spheric transport, (4) rotary air masses from north, and (5) northwest
airflow. From Fig. 9, it can be seen that, in addition to cluster 1, which
originated from the south and accounted for 9.8% of the total number
of trajectories, almost all trajectories were originated from the north
or northwest of the sampling site. The northwest parcel associated
with long-range transport (cluster 3) was the most frequent and
accounted for 36.1% of total trajectories, whereas the north air masses
from Mongolia also played an important role in the air masses arriving
at Lanzhou as it contributed 26.2% to the total trajectories (cluster 2).

The highest concentrations of NO3
−, SO4

2−, and Ca2+ were observed
in the cluster 3, indicating that secondary ions in PM10 were readily
formed during the long-range transport from their upwind sources.
Among them, Ca2+ concentration tends to be enriched because of the
vast region covered by Gobi-desert (Karaca and Camci, 2010). The air
masses in Cluster 3were essentially originated from the TaklimakanDe-
sert and Kumtag Desert in Xinjiang Province, traveled through Qinghai,
and then arrived at the sampling site. Many salt lakes in Qinghai Prov-
ince also contributed to Cl− abundance.

Much higher concentrations of Ca2+, SO4
2−, and NO3

− were con-
nected with air masses from north or northwest including cluster 2,
uster statistics (inserted figure) in the non-dust period.
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cluster 4, and cluster 5. The air masses in cluster 2 originated from
Mongolia, passing over Inner Mongolia before arriving at Lanzhou. The
air masses in cluster 4 contained the lowest Ca2+ originated from the
south of Inner Mongolia, moved southerly and finally turned westerly
to Lanzhou. The air masses in cluster 5 were mostly originated from
the northwest of Lanzhou, and partially traveled though Inner
Mongoliawith the almost number of trajectories but held larger amount
of Ca2+ and SO4

2− than that in cluster 4. Lower concentrations of NO3
−,

SO4
2−, and Ca2+ were identified in cluster 1 with the air masses mostly

from Sichuan Province, which moved northwesterly to Lanzhou via in-
dustrial zones with high emissions of primary pollutants. This pathway
brought larger abundant SO4

2− as compared with other trajectories
(Chang et al., 2009).

3.6. Source apportionment by PMF

PMF analysis was used to assess the contribution of the different
sources to the water-soluble ions. The source profiles and contributions
gained from PMF 5.0 in the non-dust period and dust event were
displayed in Figs. 10 and 11, respectively. In the non-dust period,
three factors were extracted by the model. The first factor showed
high levels of NH4

+, NO3
−, and SO4

2−, characterizing the secondary aero-
sols (Gao et al., 2011). Hence, this factor could explain the secondary
sources and contributed 33.98% to the mass concentration of water-
soluble ions. The second factor correlated stronglywith K+, Cl−, and rel-
atively strongly with Na+. K+ is a tracer of biomass burning which in-
cludes domestic burning of firewood and agricultural residues and Cl−

might be emitted from coal combustion (Chow et al., 2004; Singh and
Sharma, 2012). This factor represents a combination of coal andbiomass
burning. Mg2+ and Ca2+were identified as the third factor whichmade
a dominate contribution 58.09% to the water-soluble ions. This factor
characterizes the impact of local construction materials and re-
suspended dust (Nicolás et al., 2009). As discussed in Section 3.5, the
air quality in Lanzhou also associated largely with the air parcels from
Desert regions over the non-dust period, crustal materials from these
deserts could be also linked with the factor 3 in the context of the
water-soluble ions.

In the dust event, four sources were identified. The first one was at-
tributed to the dust source via the long-range transport from the
Gurbantunggut Desert, which contributed 8.92% to the water-soluble
ions. The second factor was dominated by high loadings of K+ largely
due to biomass burning, this factor only explained 0.8% of the loading
of total water-soluble ions. The third factor featured large amount of
Cl−, Na+, and SO4

2−. As discussed in Section 3.5, we inferred that this
factor represented the aerosols transported to Lanzhou over long dis-
tance from salt lakes. This factor contributed as much as 29.68% to the
loading of water soluble ions. The forth factor was represented by
Fig. 10. Factor profiles from execution of PMF 5.0 i
NO3
− which was emitted from motor vehicle, contributed 2.51% to the

water-soluble ions.

3.7. The potential source-area analysis

Fig. 12 shows the results of CWT analysis for water-soluble ions in
PM10, respectively. As NH4NO3 is a semi-volatile species, its concentra-
tion is strongly influenced by the air temperature and relative humidity
during its atmospheric transport (Mozurkewich, 1993), the potential
source-area of NH4

+ was not analyzed in the present study. Serval fea-
tures can be identified in Fig. 12: (1) NO3

−, Cl−, and K+ basically had
the same spatial patternswith the darker color near the receptor region
(Lanzhou), indicating that these ions were local pollutants. (2) Na+,
Mg2+, and Ca2+ show similar spatial distributions with two main po-
tential regions from different sources. The one was identified in the
areas around or in Lanzhou which might be caused by floating dust in-
duced by construction or re-suspended agricultural field dust. The other
onewas identified on the border region of Xinjiang, Qinghai, and Gansu.
(3) The potential sources of SO4

2−were adjacent to Lanzhou and its spa-
tial patternwas nicely consistentwith its precursor SO2 (Fig. S5). In gen-
eral, the potential sources near the Lanzhou contributed themost to the
secondary ions and potential sources located in the border of Xinjiang,
Qinghai and Gansu contributed most to the mineral ions.

4. Conclusion

In this study, trace gases andwater-soluble ionsweremeasured and
compared in the springtime, 2011, the seasonwith frequently occurring
dust storms in Lanzhou. Themean concentrations of water-soluble ions
in the dust event were 0.55–4.29 times higher than that in the non-dust
period, trace gases in the dust event all decreased except HCl. In the
non-dust period, diurnal variations of SO4

2−, NO3
−, and their gaseous

precursors exhibited a similar pattern with the maximum concentra-
tions at 09:00–10:00 LT, and the minimum concentrations at
18:00–19:00 LT. NH4

+ shows the unimodal temporal pattern with one
peak at 09:00 LT, and the other occurred at 19:00 LT. NH3 shows a bi-
modal pattern whereas, HCl and Cl− illustrated an opposite diurnal pat-
tern. In the dust event, Except for HNO3 and NO3

−, temporal profiles of
HCl and Cl−, SO2 and SO4

2− all presented similar change trend with
unimodal pattern, and dust ions (Ca2+ and Mg2+) lagged 13 h to Na+,
SO4

2−, and Cl−. Equivalent ratio analysis revealed that the chemical
composition of dust particles unaltered after the long-range transport.

The mean mass ratios of NO3
− to SO4

2− revealed the importance of
stationary sources than mobile sources in both dust event and non-
dust period. As the [NO3

−]/[SO4
2−] in the dust period was a factor of 1.8

lower than that in the non-dust period, indicating higher SO4
2− in the

dust event. The SOR and [SO4
2−]/[SO2] ratios manifested that the long-
n the dust event (a) and non-dust period (b).



Fig. 11. Contributions of different sources to water-soluble ions in the dust event (a) and non-dust period (b).

Fig. 12. TheWCWTmaps for measuredwater-soluble ions in thewhole campaign (The color corresponds to the probability for the emission areas as origin of themeasuredwater-soluble
ions in Lanzhou (black fork), the darker the color, the stronger the potential source is).
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range transport of SO4
2− accounted for a much larger proportion of sul-

fate than gas phase oxidation of SO2. PMF results indicated that fugitive
dust contributed significantly to water soluble ions and PM contamina-
tion in Lanzhou in spring. Cl−, Na+, and SO4

2− from salt-lakes exerted a
more significant impact than crustal ions from Gurbantunggut Desert
via the long-range transport in the dust event.

The CWT results indicated that the potential sources of NO3
−, Cl−,

and K+ were local sources in and near Lanzhou. The potential sources
of Na+, Mg2+, and Ca2+ could be traced back to the areas in the vicinity
of Lanzhou and the border region of Xinjiang, Qinghai and Gansu. The
potential sources of SO4

2− were, however, local which is proximate to
Lanzhou.
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