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Abstract To understand the size-resolved aerosol ionic
composition and the factors inﬂuencing secondary aerosol
formation in the upper boundary layer in South Central
China, size-segregated aerosol samples were collected
using a micro-oriﬁce uniform deposit impactor (MOUDI)
in spring 2009 at the summit of Mount Heng (1269 m asl),
followed by subsequent laboratory analyses of 13
inorganic and organic water-soluble ions. During nondust-storm periods, the average PM1.8 concentration was
41.8 μg$m–3, contributing to 55% of the PM10. Sulfates,
nitrates, and ammonium, the dominant ions in the ﬁne
particles, amounted to 46.8% of the PM1.8. Compared with
Mount Tai in the North China Plain, the concentrations of
both ﬁne and coarse particles and the ions contained
therein were substantially lower. When the air masses from
Southeast Asia prevailed, intensive biomass burning there
led to elevated concentrations of sulfates, nitrates,
ammonium, potassium, and chloride in the ﬁne particles
at Mount Heng. The air masses originating from the north
Gobi brought heavy dust storms that resulted in the
remarkable production of sulfates, ammonium, methane
sulfonic acid, and oxalates in the coarse particles.
Generally, the sulfates were primarily produced in the
form of (NH4)2SO4 in the droplet mode via heterogeneous
aqueous reactions. Only approximately one-third of the
nitrates were distributed in the ﬁne mode, and high
humidity facilitated the secondary formation of ﬁne
nitrates. The heterogeneous formation of coarse nitrates
and ammonium on dry alkaline dust surfaces was found to
be less efﬁcient than that on the coarse particles during
non-dust-storm periods.
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Introduction

Water-soluble ions are among the major components of
atmospheric aerosols [1]. The content and size distributions of inorganic ions and organic acids are crucial for the
aerosol characteristics including optical properties, hygroscopicity, acidity, and reactivity, which have potential
impacts on the atmospheric visibility, cloud formation,
acid precipitation, and human health [2–5]. The chemical
composition and abundances of aerosol ions differ from
location to location. In polluted urban areas, the secondary
sulfates, nitrates, and ammonium are the dominant ions
and comprise approximately half of the ﬁne aerosol [6]. In
marine areas, chlorides and sodium from sea salts are the
most abundant ions in the total suspended particles [7]. In
the desert or Gobi region, the dust aerosol primarily
comprises crustal substances [8]. The characteristics of the
size distribution of aerosol ions, to a certain extent, reﬂect
their sources and the involved atmospheric processes [9].
Typically, the secondary inorganic ions of sulfate and
ammonium are primarily produced in the ﬁne particles.
However, sodium, chlorides, calcium, and magnesium,
which come from the primary emissions of sea salts and
ground dust, mostly appear in the coarse particles [10–13].
The size distributions of aerosol ions may alter if the
ambient air is inﬂuenced by intensive pollutant emissions
from anthropogenic or natural sources. For example,
massive coal combustion or biomass burning will produce
a high concentration peak of chloride in the ﬁne mode [14],
and a dust storm may cause high levels of sulfates in the
coarse mode [15].
In the past decades, rapid industrialization and urbanization have caused severe particulate pollution in mainland
China [16]. The complexity of the size-resolved aerosol
ionic composition in the ambient air has raised the demand
to conduct relevant ﬁeld measurements in different areas.
So far, the ﬁeld studies on the size distribution of aerosol
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Experiment and methods

2.1

Measurement site and the air mass trajectories

The ﬁeld campaign was conducted in spring in the Nanyue
Meteorological Station at the summit of Mount Heng
(27°18′ N, 112°42′ E). Mount Heng is located in Hunan
Province in South China (as marked in Fig. 1), a region that
suffers from severe acidic rain [26]. A large industrial zone
(i.e., the Changsha-Zhuzhou-Xiangtan city cluster) is
situated 70 km to the north of Mount Heng. The PRD
and Yangtze River Delta (YRD), two well-known highly
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determined in the laboratory. In this paper, the sizeresolved aerosol mass concentrations in spring at Mount
Heng were presented, and the size-resolved aerosol ionic
compositions were compared with those observed at
Mount Tai. The characteristics of the size distribution of
aerosol as well as nine inorganic ions and four organic
acids were then analyzed in detail for ﬁve clustered air
masses. The secondary formation of sulfates and nitrates
were also investigated for the non-dust-storm periods and
the dust-storm events.
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water-soluble ions were mostly made at surface sites, such
as the North China Plain [12,14,17–19] and the Pearl River
Delta (PRD) [10,20], and only limited studies were
performed at high-altitude mountains [13,21]. Mount
Heng, a high-elevation mountain (1269 m asl) located in
South Central China, is an ideal location to investigate the
aerosol concentrations and ionic composition within
different size ranges in the upper boundary layer in that
region. The air ﬂow at Mount Heng is strongly inﬂuenced
by the Asian Monsoon [22,23] and shows large variability,
particularly during the monsoon transition period in the
spring [24]. Because the summit of Mount Heng is far from
the concentrated anthropogenic emission regions, the
concentrations and size distributions of aerosol ions are
possibly strongly affected by the long-range transport of
particulate matter and the atmospheric chemical processes
during the transport. This situation provides an opportunity
to study the inﬂuences of air-mass transport on the aerosol
ionic compositions at Mount Heng and the involved
formation mechanisms.
As part of China’s National Basic Research Program on
acid rain pollution and control, size-segregated aerosol
samples were collected at Mount Heng in spring 2009, and
the inorganic ions and organic acids in the aerosols were

Fig. 1 Map showing the location of the measurement site, the mean ﬁve-day backward trajectory clusters, and the Asian emission
inventory of PM2.5 in 2006 [25]
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2.2

Field measurements and laboratory analyses

In this study, a micro-oriﬁce uniform deposit impactor
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(MOUDI) (Model 100 with rotator, MSP Corporation,
USA) was deployed to collect the aerosol samples in
different size ranges at a ﬂow rate of 30 L$min–1. There
were 8 stages of the MOUDI sampler: >18 μm (inlet), 10–
18 μm, 5.6–10 μm, 3.2–5.6 μm, 1.8–3.2 μm, 1.0–1.8 μm,
0.56–1 μm, 0.32–0.56 μm, and 0.18–0.32 μm. A total of 26
sets of size-segregated aerosol samples were collected
from March 18 to May 31. The aerosol samples were
mostly collected over 24-h periods from 0800 Local
Standard Time (LST) in the morning to the next 0800 LST.
During the two heaviest dust-storm days, aerosol samples
were collected over 12-h periods – from 0800 to 2000 LST
for the daytime samples and from 2000 to the next 0800
LST for the nighttime samples. Due to the lack of a water
removal device, samples were not collected by the MOUDI
sampler during rainy and heavy fog days. Aluminum
substrates (ordered from MSP Corporation, USA) were
used to collect the aerosol samples in this study. Once the
sampling was ﬁnished, the substrates were placed in plastic
Petri dishes and stored in a refrigerator at a temperature
below – 5°C for subsequent gravimetric and chemical
analyses.
The aluminum substrates were weighed in a weighing
room using a microbalance (ME5, Sartorius Corporaton,
Germany) before and after collecting the samples. In the
laboratory, the size-segregated aerosol samples collected
on the substrates were dissolved in deionized water by
ultrasonication. Inorganic water-soluble ions in the sample

ri
nt
nt

developed regions in China, are approximately 400 km to
the south and 900 km to the north-east, respectively. Mount
Heng features high humidity and abundant rainfall in the
spring. The detailed information on the meteorological
conditions at this site is given in Sun et al. [27].
The analysis of the air mass back trajectory is helpful for
understanding the sources and the transport of air
pollutants. The hourly ﬁve-day back trajectories for the
study period were calculated using the Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT,
version 4.9) model with Global Data Assimilation System
(GDAS) data [28] and were then assorted into different
groups according to the transport direction and distance in
both horizontal and vertical scales [29]. As shown in Fig.
1, ﬁve air mass categories have been identiﬁed: fast
continental air masses at high altitudes coming from the
north Gobi areas (NG, 15%), continental air masses at
middle altitudes from the north-western China (NWC,
24%), air masses at low altitudes from northern and eastern
China (NEC, 28%), air masses at low altitudes from the
PRD region (PRD, 28%), and air masses from Southeast
Asia (SEA, 5%). Note that the PRD air masses passed
above the sea, and thus the corresponding aerosol samples
likely contained abundant sea salts.

817

Fig. 2 Time series of size-resolved aerosol mass concentrations in PM10 and the corresponding temperature, relative humidity and air
mass category in spring at Mount Heng
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Results and discussion

3.1

Size-resolved ionic composition
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The concentrations of PM10 from MOUDI (sum of the
particulate matters that are equal to and less than 10 µm in
aerodynamic diameter) at Mount Heng in spring are shown
as a time series in Fig. 2. Generally, the PM10 concentration was relatively low at high elevations in South Central
China. However, when the NG air masses dominated,
heavy dust storms occurred, and the PM10 concentration
increased by several times with coarse particles dominating
the particulate matter. The average PM10 concentration
was 152.0 μg$m–3, with the lowest value of 29.6 μg$m–3
under the NWC air masses and highest value of 749.3 μg
$m–3 appearing during the dust-storm event. The aerosol
concentrations and size distributions during the dust storm
were greatly different from those during the periods
without a dust storm; therefore, in most cases in this paper,
the data were analyzed individually for the non-dust-storm
periods (NDS) and dust-storm events (DS). The dust-storm
periods were identiﬁed based on the following criteria: 1)
the air masses were mainly from the north Gobi areas; 2)

of

the PM10 concentration was above 100 μg$m–3 and 3) more
than two thirds of PM10 existed in the coarse mode.
Because there is no 2.5 μm cut-point diameter in the
MOUDI, the diameter of 1.8 μm was selected as the cut
point to divide the ﬁne and coarse particles. The average
aerosol and ion mass concentrations in PM1.8 and PM1.8–10
and the PM1.8/PM10 ratios for the NDS and DS periods in
the spring of 2009 at Mount Heng are listed in Table 1. On
the NDS days, the mean PM1.8 and PM1.8–10 concentrations were 41.8 and 34.0 μg$m–3, respectively, with a
PM1.8/PM10 ratio of 0.55. The mean ﬁne sulfate, nitrate,
and ammonium ion concentrations were 12.55, 1.66 and
5.34 μg$m–3, respectively. The sum of these three secondary inorganic ions accounted for 91.2% of the total watersoluble ions and contributed to 46.8% of the PM1.8,
indicating the dominant role of secondary inorganic ions in
the ﬁne particles. The mean ﬁne potassium, sodium, and
chloride ion concentrations were 0.63, 0.21, and 0.16 μg
$m–3, respectively. The content of crustal substances (Ca2+,
Mg2+, and F–) in the ﬁne particles was very small, ranging
from 0.04 to 0.13 μg$m–3. The concentrations of most
organic acids (i.e., formic acid, acetic acid, and MSA) in
the ﬁne particles were also very low, in the level of 0.05–
0.12 μg$m–3, except for the oxalate acid, which was up to
0.44 μg$m–3. Overall, during the non-dust-storm periods at
Mount Heng, sulfates, ammonium, potassium, MSA, and
oxalate acid were primarily produced in the ﬁne particles,
with PM1.8/PM10 ratios of 82%–98%. Up to 93% of the
potassium ions were produced in the ﬁne mode, demonstrating that the aerosol potassium mainly came from
anthropogenic sources (e.g., biomass burning) instead of
soil dust [30]. More than half of the formic and acetic acids
were produced in the ﬁne mode, whereas only approximately one-third of the nitrates, chlorides, and sodium
formed in the ﬁne particles. The crustal ions mostly existed
in the coarse mode. In contrast, in dust-storm events, the
coarse particles dominated the particulate matter, and more
aerosol ions were produced in the coarse mode. For
example, the PM1.8/PM10 ratio of sulfates decreased from
94% to 63%, and that of nitrates from 34% to 11%. During
the dust storm, the insoluble crustal substance dominated
the aerosols. The secondary inorganic ions of sulfate,
nitrate, and ammonium only amounted to 29.9% of the ﬁne
particles.
The size-resolved aerosol concentrations and chemical
composition at Mount Heng to a certain degree reﬂected
the characteristics of particulate matter pollution in the
upper boundary layer in South Central China. These
characteristics were likely different from that in the upper
boundary layer in densely populated industrial region in
North China. For comparison, the average aerosol and ion
mass concentrations in PM1.8 and PM1.8–10 and the PM1.8/
PM10 ratios for the NDS and NDS periods in spring 2007
at Mount Tai (1534 m asl, located in the North China Plain)
are also listed in Table 1. Compared with Mount Tai, the
concentrations of both PM1.8 and PM1.8–10 and almost all
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solutions were detected with an ion chromatograph (ICS
90, Dionex Corporaton, USA). The anions of F–, Cl–,
NO3– , and SO24 – were analyzed using an AS14A Column
and an ASRS 300 Suppresser with an eluent of 3.5 mmol
$L–1 Na2CO3-1.0 mmol$L–1 NaHCO3. The cations of Na+,
+
2+
2+
were analyzed using a CS12A
NHþ
4 , K , Mg , and Ca
Column and a CSRS Ultra II Suppresser with an eluent of
20 mmol$L–1 methane sulfonic acid (MSA). Organic
water-soluble ions including CHO2– , C2 H3 O2– , CH3 SO3– ,
and C2 O24 – were detected with another ion chromatograph
(ICS 2500, Dionex Corporaton, USA), using an AS11-HC
Column and an ASRS 300 Suppresser with an eluent of a
NaOH solution drawn by a gradient pump. The columns
and suppressers used in this study were all ordered from
Dionex Corporaton, USA. Note that the organic ions were
only determined for some of the aerosol samples. During
the chemical analyses using the ion chromatographs,
multi-point calibrations were performed for all of these
ions every day after the eluent solutions were changed.
Additionally, a number of gas pollutants and meteorological parameters were measured in this study. SO2 was
measured using a pulsed UV ﬂuorescence analyzer (Model
43C, Thermo Electron Corporation, USA), and O3 using a
UV photometric analyzer (Model 49i, Thermo Electron
Corporation, USA). Nitric oxide (NO) and NO2 were
measured with a commercial chemiluminescence analyzer
(Model 42i, Thermo Electron Corporation, USA) equipped
with a photolytic NO2 converter (blue light converter,
Meteorologie Consult Gmbh, Germany). The data on the
ambient temperature and relative humidity were provided
by the Nanyue Meteorological Station.
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Fig. 3 Mean mass size distributions of aerosols and inorganic and organic water-soluble ions under ﬁve types of air masses in spring at
–
+
+
2+
2+
–
–
–
Mount Heng: (a) PM; (b) SO24 – ; (c) NO3– ; (d) NHþ
4 ; (e) Cl ; (f) Na ; (g) K ; (h) Ca ; (i) Mg ; (j) F ; (k) CHO2 ; (l) C2 H3 O2 ; (m)
CH3 SO3– ; (n) C2 O24 –
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rare local anthropogenic emissions. Thus, the long-range
transport of air masses likely has a signiﬁcant inﬂuence on
the concentrations and size distributions of aerosol ions at
Mount Heng. During the periods dominated by the NG,
NWC, NEC, PRD, and SEA air masses, the average mass
size distributions of aerosols and inorganic and organic
water-soluble ions are depicted in Fig. 3. The corresponding average trace gas concentrations and meteorological
parameters are listed in Table 2. The data of NO2 and O3
were unavailable for the SEA air masses, because these
two analyzers were not ready in the beginning of the ﬁeld
campaign when SEA air masses prevailed. On the
sampling days except the dust-storm events (i.e., the NG
air mass-dominated periods), the sulfate, ammonium,
potassium, MSA, and oxalic ions exhibited a single
concentration peak at 0.56–1.0 μm in the droplet mode.
The sulfates were dominated by the droplet mode, which
suggests that the dominant formation pathway of heterogeneous aqueous reactions occurs on aerosol surfaces and/
or cloud processes under humid conditions [9,31,32]. This
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water-soluble ions at Mount Heng were substantially lower.
This result suggests that the particulate matter pollution in
the upper boundary layer in South Central China was lighter
than that in the North China Plain. Furthermore, for both the
NDS and DS periods, the PM1.8/PM10 ratios of the
secondary ions of sulfate and ammonium at Mount Heng
were higher than those at Mount Tai, whereas the PM1.8/
PM10 ratios of the primary ions of chloride, sodium,
calcium, magnesium, and ﬂuoride were lower than those at
Mount Tai. The partition of aerosol components in the ﬁne
and coarse modes at Mount Heng was closer to the initial
size distributions when they were immediately produced,
indicating that the ambient aerosols at Mount Heng
experienced fewer aging processes and were inﬂuenced by
fewer anthropogenic emissions.
3.2 Size distributions of aerosol ions under different air
masses

Table 1

fp

The high-elevation mountain site of Mount Heng features

Mean aerosol and ion mass concentrations in PM1.8 and PM1.8–10 and the PM1.8/PM10 ratios for the NDS and DS days in spring 2009 at

Mount Heng and in spring 2007 at Mount Tai (μg$m–3)
Mount Heng (2009)

NDS (n = 19)
PM1.8–10

of

PM1.8

DS (n = 7)

Mount Tai (2007)

NDS (n = 10)

DS (n = 1)

PM1.8/
PM10

PM1.8

PM1.8–10

PM1.8/
PM10

PM1.8

PM1.8–10

PM1.8/
PM10

PM1.8

PM1.8–10

PM1.8/
PM10

41.8

34.0

0.55

47.2

311.9

0.13

65.4

53.1

0.55

90.6

475.9

0.16

SO24 –

12.55

0.84

0.94

9.45

5.59

0.63

15.31

3.76

0.80

8.60

16.98

0.34

NO3–

1.66

3.17

0.34

1.07

8.64

0.11

8.12

4.37

0.65

2.05

7.04

0.23

NHþ
4

5.34

0.20

0.96

3.60

1.00

0.78

7.87

0.88

0.90

1.49

0.76

0.66

0.63

0.05

0.93

0.51

0.34

0.60

1.24

0.23

0.84

1.18

0.62

0.66

Na

0.21

0.40

0.34

0.21

0.89

0.19

0.32

0.25

0.56

0.70

4.59

0.13

Cl–

0.16

0.40

0.29

0.09

0.98

0.08

0.90

0.40

0.69

0.54

1.74

0.24

Ca

0.13

0.96

0.12

0.76

8.47

0.08

0.54

2.87

0.16

3.22

16.57

0.16

Mg2+

0.04

0.12

0.26

0.10

0.53

0.15

0.15

0.27

0.37

0.38

1.02

0.27

F

0.04

0.17

0.19

0.02

0.90

0.03

0.04

0.14

0.22

0.05

0.20

0.19

CHO2–

0.12

0.08

0.61

0.06

0.10

0.35

C2 H3 O2–

0.08

0.07

0.53

0.05

0.09

0.36

CH3 SO3–

0.05

0.00

0.98

0.02

0.01

0.72

C2 O24 –

0.44

0.09

0.82

0.14

0.38

0.26
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Table 2 Mean concentrations of SO2, NO2 and O3 together with the mean ambient temperature and relative humidity for ﬁve types of air masses
air mass

SO2 /ppbv

NO2 /ppbv

O3 /ppbv

temperature /°C

RH /%

NG

4.40

1.28

67.73

13.71

70.89

NWC

3.05

0.74

65.47

15.36

71.55

NEC

3.13

1.13

72.15

16.81

72.00

PRD

3.24

1.00

66.45

SEA

0.50

19.09

84.11

16.67

90.67
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wet aerosols or liquid droplets and thus existed in the
smaller particles.
3.3 Secondary formation of sulfates and nitrates in ﬁne and
coarse modes

The secondary components of sulfate, nitrate, and
ammonium were the major inorganic ions in the ﬁne
particles and also appeared in the coarse particles,
particularly during the dust storm. They were mostly
produced from anthropogenic precursors via a series of
physical and chemical processes. To gain an understanding
of the formation mechanisms and inﬂuencing factors, the
sulfates and nitrates in different size ranges were analyzed
in detail in conjugation with the related air pollutants and
weather parameters.
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observation is different from the ﬁne sulfates in spring at
Mount Tai [21], which were dominated by the condensation mode and mainly produced via homogeneous
oxidation followed by nucleation or condensation growth
on existing aerosols. Calcium and magnesium showed a
sole concentration peak at 3.2–5.6 μm in the coarse mode,
whereas nitrates, chlorides, sodium, and ﬂuorides generally had a major concentration peak in the coarse mode and
a minor peak in the ﬁne mode. Different from other water
soluble ions, the size distributions of formic and acetic ions
featured a second minor coarse concentration peak in the
size range from 10 to 18 μm, suggesting there could be
efﬁcient formation of formates and acetates in this size bin.
Southeast Asia, the source region of the SEA air masses,
was characterized by a large amount of biomass burning in
March [24]. When the SEA air masses dominated, the
concentrations of ﬁne aerosols, sulfates, nitrates, ammonium, potassium, chlorides, and ﬂuorides were signiﬁcantly higher than those on other sampling days.
Therefore, biomass burning contributed to the high
concentrations of secondary inorganic aerosols in spring
at Mount Heng. In addition, on the days dominated by the
PRD air masses, elevated levels of sodium, chloride, and
nitrates were observed in the coarse mode, indicating
abundant sea salts in the coarse particles and fast coarse
nitrate formation on the marine aerosols. The concurrently
increased MSA concentration was due to abundant
dimethyl sulﬁde and its subsequent oxidation by radicals
in the marine air masses.
When the NG air masses prevailed, the air masses
brought a large amount of dust from the Gobi desert to
South China, and light and heavy dust storms were
observed at Mount Heng. As shown in Fig. 3, during the
dust storm, the mass size distributions of aerosols, nitrate,
chloride, ﬂuoride, sodium, calcium, and magnesium
exhibited a single high concentration peak in the coarse
mode. Moreover, the secondary ions of sulfate, ammonium, MSA and oxalate, which were primarily produced in
the ﬁne particles during non-dust-storm periods, also
showed an apparent concentration peak in the coarse
particles. These results indicate that the vast aerosol
surface area of dusts was favorable to the secondary
formation of coarse sulfates, ammonium, MSA, and
oxalates via heterogeneous reactions on the dust surface.
In particular, during the non-dust-storm periods the
oxalates were primarily produced in the ﬁne mode,
whereas in the dust-storm events, they mostly formed in
the coarse mode. In addition, during the dust storm the ﬁne
concentration peaks of sulfate, ammonium, MSA, and
oxalate shifted to a smaller size – the condensation mode
(0.32–0.56 μm). When the dust storm occurred, the RH
was relatively low, and the ﬁne aerosols were dominated
by crustal substances. As a result, there was rare liquid
water on the surfaces of the ﬁne particles. The ﬁne sulfates,
ammonium, MSA, and oxalates were mainly produced via
heterogeneous surface reactions on dry aerosols instead of

821

3.3.1

Fine-mode sulfates and nitrates

Figure 4(a) shows the linear regression curve between
ammonium and sulfate in size bins in the ﬁne mode (i.e.,
0.18–0.32 μm, 0.32–0.56 μm, 0.56–1.0 μm, and 1.0–1.8
μm) in spring at Mount Heng. The strong correlation (R2 =
0.89) demonstrates that the ﬁne sulfates always coexisted
with ammonium. Generally, the molar concentrations of
ﬁne ammonium were 2.24 (p < 0.0001 for the t-test of the
slope) times that of sulfate, indicating that the ﬁne sulfates
were fully neutralized by the ammonium ions and primarily
existed in the form of (NH4)2SO4. The remaining small part
of the ammonium ions possibly coexisted with the anions
of nitrate and chloride. During the non-dust-storm periods
at Mount Heng, the ﬁne sulfates were primarily produced
via heterogeneous aqueous oxidation of SO2 on the
surfaces of wet aerosols or liquid droplets. The production
rate and concentration of ﬁne sulfate were mainly
controlled by the concentrations of gaseous precursors
(SO2 and oxidants), aerosol surface area, and the liquid
water content on the aerosol/droplet surfaces. Because there
were few SO2 emission sources locally, the ambient SO2
concentration was relatively low (average 3.0 ppbv for the
NDS periods) and not variable. The ambient air was humid
(average 78.6%), and thus there was always liquid water on
the surface of ﬁne aerosols. As a result, the aerosol surface
area was likely the dominant factor that inﬂuenced the ﬁne
sulfate concentration, which is indicated by the good
positive correlation between ﬁne sulfate and ﬁne aerosol
loading (R2 = 0.79, shown in Fig. 4(b)). This result is
different from the humidity-dependent heterogeneous
formation of ﬁne sulfates in urban areas in the North
China Plain [33]. During the dust storm, the average SO2
concentration was 4.4 ppbv, approximately 1.5 times the
value of 3.0 ppbv during the non-dust-storm periods.
However, the linear slope between the ﬁne sulfate and ﬁne
PM for the DS was much lower than that for the NDS (see
Fig. 4(b)), suggesting a slower production rate of ﬁne
sulfate on dry aerosol surfaces during dust-storm events.
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Fig. 4 Linear regression curves of (a) ammonium vs. sulfate (molar concentration) and (b) sulfate vs. particulate matter (mass
concentration) in size bins in the ﬁne mode

3.3.2
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The concentrations of ﬁne nitrate were substantially low
in spring at Mount Heng. The nitrates were mostly
produced in coarse particles, indicating that Mount Heng
was an ammonia-poor environment in spring and that there
was scarcely excess ammonia to react with nitric acid to
produce ammonium nitrates in ﬁne particles. This
observation differs from that at Mount Tai – the nitrates
mostly formed in ﬁne particles in the form of NH4NO3
[21]. Different from ﬁne sulfates, the ﬁne nitrates had only
a weak correlation with the ﬁne aerosol loading, but a
moderate correlation (R2 = 0.34) with the ambient relative
humidity (data not shown here). The ﬁne nitrate concentration tended to increase with rising RH. When the RH
was 50%–70%, 70%–80%, 80%–90%, and 90%–100%,
the ﬁne nitrate concentration was 0.58, 1.57, 1.71, and
3.05 μg$m–3, respectively. These results demonstrate that
the ambient humidity was most likely the dominant factor
that inﬂuenced the secondary formation of ﬁne nitrate via
the heterogeneous uptake of gaseous nitric acid and/or
dinitrogen pentoxide [34,35].
Coarse-mode sulfates and nitrates

of

During non-dust-storm periods at Mount Heng, the
concentrations of coarse sulfate and ammonium were
generally low, averaging 0.84 and 0.20 μg$m–3, respectively. In the dust-storm events, the coarse sulfate and
ammonium concentrations increased to 5.59 and 1.00 μg
$m–3, respectively, which were more than ﬁve times the
values during non-dust-storm periods (see Table 1). During
the dust storm, the sulfates and ammonium exhibited a
remarkable concentration peak in the coarse mode and the
coarse peak of ammonium only appeared when the sulfates
had a coarse peak, suggesting that the coarse-mode

ammonium primarily coexisted with the sulfates. Figures
5(a) and 5(b) show the linear regression curves of sulfates
and ammonium with the particulate matter in size bins in
the coarse mode (i.e., 1.8–3.2 μm, 3.2–5.6 μm, 5.6–10 μm,
10–18 μm, and 18–100 μm) for the DS and NDS periods.
The elevated levels of coarse sulfates and ammonium
appearing in dust-storm events were well-correlated with
the dust loading (R2 = 0.88 and 0.74, respectively), which
indicates that the coarse sulfates and ammonium mainly
formed via heterogeneous reactions/uptake of SO2 and
NH3 on the dust surface and largely depended on the
surface area. The linear slope between the coarse sulfates
and aerosol loading for the DS was similar to that for the
NDS. However, the slope between coarse ammonium and
aerosol loading for the DS was signiﬁcantly smaller than
that for the NDS (0.003 vs. 0.005). The lower molar ratios
2–
of NHþ
4 =SO4 ( < 1.0) during dust-storm events (see Fig.
5(c)) further demonstrated that the heterogeneous uptake
of NH3 on alkaline dusts was less efﬁcient than that on the
coarse particles during the non-dust-storm periods.
Approximately two-thirds of the nitrates were in the
coarse particles. As shown in Fig. 6, there were strong
positive correlations between the coarse nitrates and coarse
particle concentrations for both the DS and NDS periods (R
= 0.89 and 0.56, respectively), suggesting that the
secondary formation of coarse nitrates was governed by
the coarse particle loading (i.e., the aerosol surface area).
Although the average NO2 concentration (1.28 ppbv)
during dust-storm events was 1.3 times the value during
non-dust-storm periods, the linear slope between the coarse
nitrate and the coarse PM for the DS was approximately
one ﬁfth of that for the NDS, indicating that the production
rate of coarse nitrate on dry dusts was relatively slow.
As described previously, the elevated concentrations of
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non-dust-storm days were 41.8 and 34.0 μg$m–3, respectively, with a PM1.8/PM10 ratio of 0.55. Compared with
Mount Tai in the North China Plain, the average mass
concentrations of aerosols and water-soluble ions in both
the ﬁne and coarse modes at Mount Heng were apparently
lower, indicating that the upper boundary layer in South
Central China experienced lighter particulate matter
pollution than that in the North China Plain. In spring at
Mount Heng, the sulfates, ammonium, potassium, MSA,
and oxalates were primarily produced in ﬁne particles with
a concentration peak appearing in the droplet mode (0.56–
1.0 μm), whereas calcium and magnesium were mostly
distributed in the coarse particles with a concentration peak
occurring in the size range of 3.2–5.6 μm. The nitrates,
chlorides, sodium, ﬂuorides, formates, and acetates
showed obvious concentration peaks in both the ﬁne and
coarse modes. Inﬂuenced by biomass burning in the Southeast Asia region, elevated concentrations of ﬁne sulfates,
nitrates, ammonium, potassium, chloride, and ﬂuorides

ri
nt
nt

coarse nitrate appeared when the sea salt was abundant.
During the non-dust-storm periods at Mount Heng, coarse
nitrate was well-correlated (R2 = 0.68) with the content of
coarse sodium, and the chloride concentration was
approximately one-half of the sodium concentration in
the coarse mode (as shown in Fig. 7). These results suggest
that the heterogeneous uptake of nitric acid and/or
dinitrogen pentoxide on sea salts facilitated the secondary
formation of coarse nitrate and led to a signiﬁcant
depletion of chlorides.

Summary and conclusions
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Size-segregated aerosol samples were collected using
MOUDI at Mount Heng in South Central China in spring
2009, followed by subsequent gravimetric and ionic
analyses in the laboratory. During the sampling period,
the mean ﬁne and coarse particle concentrations on the

823

Fig. 5 Linear regression curves of (a) sulfate vs. particulate matter and (b) ammonium vs. particulate matter in size bins in the coarse
mode and (c) the molar ratios of ammonium to sulfate in different size bins for the DS and NDS periods
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Fig. 6 Linear regression curves of nitrate vs. particulate matter in size bins in the coarse mode for the DS and NDS periods

fp

Fig. 7 Linear regression curves of (a) nitrate vs. sodium and (b) chloride vs. sodium in size bins in the coarse mode during the non-duststorm periods

of

were observed when the SEA air masses prevailed. The
ﬁne sulfates were mostly distributed in the droplet mode
and existed in the form of (NH4)2SO4. They were mainly
produced via heterogeneous aqueous reactions and/or
cloud processes, and the concentration was governed by
ﬁne aerosol loading. The nitrates mostly formed in the
coarse mode. The ﬁne nitrate concentration was increased
with rising RH, whereas the coarse nitrates correlated well
with the coarse aerosol loading. In addition, when the air
masses form the north Gobi prevailed, light and heavy dust
storms were observed at Mount Heng, characterized by
extremely high levels of coarse particles and elevated
concentrations of secondary ions of sulfate, nitrate,
ammonium, and oxalate in the coarse mode. During the

dust storm, the vast aerosol surface area led to a signiﬁcant
production of coarse sulfates, nitrates, and ammonium;
however, the formation of coarse nitrates and ammonium
via the heterogeneous uptake of nitric acid and ammonia
on dry alkaline dusts was less efﬁcient than that on the
coarse particles the during non-dust-storm periods.
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