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Abstract Aerosols and cloud water were analyzed at a mountaintop in the planetary boundary layer in
southern China during March–May 2009, when two Asian dust storms occurred, to investigate the effects
of aerosol-cloud interactions (ACIs) on chemical evolution of atmospheric trace elements. Fe, Al, and Zn
predominated in both coarse and ﬁne aerosols, followed by high concentrations of toxic Pb, As, and Cd. Most
of these aerosol trace elements, which were affected by dust storms, exhibited various increases in
concentrations but consistent decreases in solubility. Zn, Fe, Al, and Pb were the most abundant trace
elements in cloud water. The trace element concentrations exhibited logarithmic inverse relationships with
the cloud liquid water content and were found highly pH dependent with minimum concentrations at the
threshold of pH ~5.0. The calculation of Visual MINTEQ model showed that 80.7–96.3% of Fe(II), Zn(II), Pb(II),
and Cu(II) existed in divalent free ions, while 71.7% of Fe(III) and 71.5% of Al(III) were complexed by oxalate
and ﬂuoride, respectively. ACIs could markedly change the speciation distributions of trace elements in
cloud water by pH modiﬁcation. The in-cloud scavenging of aerosol trace elements likely reached a peak
after the ﬁrst 2–3 h of cloud processing, with scavenging ratios between 0.12 for Cr and 0.57 for Pb. The
increases of the trace element solubility (4–33%) were determined in both in-cloud aerosols and postcloud
aerosols. These results indicated the signiﬁcant importance of aerosol-cloud interactions to the evolution of
trace elements during the ﬁrst several cloud condensation/evaporation cycles.

1. Introduction
Trace elements in the atmosphere that are derived from natural processes or emitted by human activities can
adversely affect on human health [Fomba et al., 2013] and can be transported over hundreds or even thousands of kilometers by virtue of their residence times of days, considerably contributing to transboundary
environment pollution [Travnikov et al., 2012]. More importantly, once lofted into the upper planetary boundary layer or even the free troposphere, where clouds or fogs frequently occur, transition metals can play
signiﬁcant roles in heterogeneous/multiphase chemistry, free radical budgets, generation of sulfate, and
degradation of organics in atmospheric aqueous phases (e.g., cloud drops and aqueous aerosols)
[Deguillaume et al., 2005; Harris et al., 2013; Herrmann et al., 2015; Mao et al., 2013; Weller et al., 2014;
Weschler et al., 1986].
Accumulation mode particles can act as cloud condensation nuclei (CCN) and determine the chemical composition of cloud water including major ions and trace elements [Plessow et al., 2001]. The numerous aerosol
particles in the planetary boundary layer have many opportunities to encounter or interact with clouds and
inﬂuence each other, that is, aerosol-cloud interactions (ACIs), which have very complicated effects on tropospheric chemical processes [Ervens, 2015], the physical and chemical properties of aerosols, clouds and trace
gases in the troposphere [Eck et al., 2012; Lihavainen et al., 2010; Unger et al., 2009], and eventually the climate
system through radiative forcing [Rosenfeld et al., 2014]. It has been estimated that the elevated aerosol
concentrations can lead to an increase of 5% in the global average cloud cover [Kaufman and Koren, 2006].
Recent studies showed that anthropogenic aerosol particles from ship efﬂuent can remarkably impact cloud
properties in ship track regions, e.g., higher cloud optical thickness, smaller cloud droplet size, and elevated
liquid water content (LWC), than clean regions [Possner et al., 2015; Russell et al., 2013], along with higher
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cloud acidity and concentrations of sulfate, nitrate, and trace elements [Wang et al., 2014]. Simultaneously,
cloud processes can modify aerosol particles. Bimodal sizes in the accumulation mode with higher aerosol
optical depth are often observed in cloud-processed aerosols by retrieved Aerosol Robotic Network data
and in situ measurements [Eck et al., 2012], and new particle formation has occurred in clouds according
to aircraft measurements [Lee, 2004].
The concentrations and sources of trace elements in fog or cloud water have been investigated in many different regions of North America [Hutchings et al., 2008; Malcolm et al., 2003; Straub et al., 2012; Wang et al.,
2014], Europe [Cini et al., 2002; Fomba et al., 2015; Plessow et al., 2001], and Asia [Ghauri et al., 2001; Liu
et al., 2012; Sun et al., 2015]. Graedel et al. [1985] suggested the signiﬁcant inﬂuence of transition metal complexes on atmospheric droplet acidity and free radical formation, so knowledge of the chemical speciation of
trace elements in ﬁeld observations is very crucial. The oxidation states of trace metals (e.g., Fe, Cu, and Mn)
were measured to evaluate their roles in atmospheric aqueous phase chemistry [Parazols et al., 2006; Siefert
et al., 1998]. The ﬂight observation during the E-PEACE Campaign proved that Fe(II)/Fe(III) redox cycling was
likely to cause the photolysis of oxalate in cloud drops [Sorooshian et al., 2013]. Trace metals in aerosols and
clouds were closely studied in the ﬁeld campaign HCCT-2010 at Mount Schmücke, which investigated
aerosol-cloud interactions [Fomba et al., 2015]. Thus, the catalysis of transition metal ions has been conﬁrmed
to be an important in-cloud oxidation pathway of SO2 in sulfur isotope experiments [Harris et al., 2013]. The
chemical equilibrium model is an efﬁcient and convenient approach to determine the complexation of trace
elements in atmospheric aqueous phase [Scheinhardt et al., 2013; Siefert et al., 1998; Sun et al., 2015] in the
context of knowing almost all the composition contents. The simulations by Weller et al. [2014] indicated that
Fe(III) was mainly coordinated by oxalate and the complex photolysis could be a considerable sink process of
carboxylic acids in clouds. However, the chemical reaction mechanisms of trace metals in atmospheric multiphase are still unknown because many properties, such as the dissolution kinetics and complexation in
realistic clouds, remain poorly understood [Deguillaume et al., 2005].
Aerosol particles are the only source of trace elements in cloud water and typically undergo about 10
condensation/evaporation cloud cycles before removal [Warneck, 1999]. But the behaviors of trace elements
during aerosol-cloud interaction events are far from clearly known. Therefore, learning the characteristics and
evolution of trace elements in aerosols and droplets is essential and critical to improve our understanding of
the effects of trace elements on the atmospheric composition and chemistry.
This study presents the concentrations, solubility, and chemical speciation of trace elements in aerosols and
clouds at the top of Mount Heng in southern China during the spring of 2009. The effects of dust storms,
cloud water acidity, and aerosol-cloud interactions on the chemical evolution of trace elements in both
aerosols and cloud water are discussed.

2. Experiments and Methods
2.1. Site Description
The observation site was at the summit of Mount Heng (27°180 N, 112°420 E, 1269 m above sea level) in Hunan
Province, southern China (Figure S1 in the supporting information). The summit of Mount Heng is located in
the planetary boundary layer, where cloud events frequently occur because of the continual encounter of
cold and warm airﬂow in spring [Sun et al., 2010]. Therefore, this location is a favorable platform to observe
ACI events and the long-range transport of air pollutants or dust. Although very few local anthropogenic
emissions occur at Mount Heng, which is a national nature reserve, the intensive nonferrous industries in
the Chang-Zhu-Tan city clusters, which are situated in central Hunan Province approximately 70 km to the
north of Mount Heng, may contribute to air pollution at the observation site.
2.2. Observation Campaign
The observation campaign was conducted from 11 March to 31 May in 2009. Daily TSP (total suspended
particulates) and PM2.5 (particulate matter with an aerodynamic diameter of 2.5 μm or less) samples were
manually collected on preheated (500°C) microquartz ﬁber ﬁlters (90 mm, Munktell, Switzerland) during clear
days. Two particulate matter samplers (TH-150A, Tianhong Co., China), one with a TSP impactor and another
with a PM2.5 series impactor, were employed at a ﬂow rate of 100 L min1. Aerosol samples were intensively
collected every 4–12 h during dust storms. The sample ﬁlters were then saved at –20°C in the dark for
LI ET AL.
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laboratory analysis. The details of this cloud water sampling procedure were described by Sun et al. [2010]. In
brief, cloud water samples were collected via a single-stage Caltech Active Strand Cloudwater Collector and
then immediately ﬁltered and preserved at 4°C after ﬁeld measurement of conductivity and pH values.
Continuous aerosols and trace gases were measured by using the following instruments as presented by Nie
et al. [2012]: TEOM (Thermo Electron Corporation, East Greenbush, NY, USA) for measuring the hourly PM10
and PM2.5, TEI Model 43C for SO2, and TEI Model 42CY for NOy. The meteorology data were provided by
the Mount Heng Meteorological Station.
2.3. Pretreatment and Chemical Analysis
The extraction procedure of aerosol particle samples that was employed in this study was the same as that in
Li et al. [2015]. Generally, half of the sample ﬁlters were extracted in pure water for 1 h by using ultrasonic
vibrations to extract water-soluble ions and soluble trace elements. A quarter of the sample ﬁlters, acid
mixture (65% HNO3 and 30% H2O2), sealed Teﬂon vessels, and a microwave digestion system were used to
digest the total fractions of aerosol trace elements.
Water-soluble ions in the aerosol and cloud water samples, including Na+, NHþ4 , K+, Mg2+, Ca2+, F, Cl, NO2,

SO2
4 , and NO3 were analyzed by ion chromatography (Dionex, ICS-90) [Sun et al., 2010]. The concentrations
of small carboxylic acid ions (formate, acetate, oxalate, lactate, propionate, and mesylate) in cloud water were
determined by using ion chromatography (Dionex, ICS-2500) [Y. Wang et al., 2011]. The total and watersoluble trace elements in the aerosols and dissolved trace elements in the cloud water, including Al, V, Cr,
Mn, Fe, Ni, Cu, Zn, As, Se, Mo, Cd, Sb, Ba, and Pb were measured by inductively coupled plasma–mass spectrometry (ICP-MS, Agilent 7500a) based on the EPA 200.8 method.
2.4. Chemical Speciation Calculation
The chemical speciation of dissolved trace elements in cloud water was calculated by the Visual MINTEQ 3.0
model (http://vminteq.lwr.kth.se) considering the difﬁculties of direct determination. Visual MINTEQ is a
chemical equilibrium model that was developed to calculate metal speciation in natural waters. The ﬁeld
pH values and liquid phase concentrations of water-soluble ions, small carboxylic acid ions, and trace
elements (Fe, Al, Zn, Pb, and Cu) of 188 cloud water samples were used as input parameters (see the data
set in Table S1). Thus, the percentage distribution of dissolved trace metal speciation was obtained.
In this study, the ionic strength I was calculated based on the concentrations of ions measured in cloud water.
As shown in Table S1, the cloud water samples were dilute solutions with ionic strengths from 105 to
102 M. Then, the activity coefﬁcients γ were estimated using the Davies equation, which is applicable at ionic
strengths below 0.5 M:
 pﬃ

I
2
pﬃ  0:3I
logγi ¼ Az i
1þ I
where A = 1.82 × 106(ɛT)3/2 (ɛ is the dielectric constant) and T was set to 13.4°C, the mean temperature of
cloud water.
The oxidation states of trace elements could not be distinguished by ICP-MS. Zn, Pb, and Cu were assumed to
be present in +II oxidation states and Al in +III, which are their predominant states in aqueous solutions.
However, the iron oxidation states +II and +III greatly vary in atmospheric liquid phases [Deguillaume et al.,
2005], and only the total Fe concentration was measured here. However, we found that the Fe(II)/Fe(III) ratios
barely changed their speciation distribution as a function of pH (see Text S1 for details), which is the main
research topic in this study. The equivalent amount of Fe(II) and Fe(III) was chosen as the best guess to calculate the speciation of dissolved iron. Chemical equilibria in solid phases and photoredox reactions during the
daytime and nighttime were not considered here.
2.5. Scavenging Ratio Calculation
Nucleation scavenging is usually more efﬁcient to remove particles that act as CCN and most chemical
species therein (mass scavenging > 90%) from the troposphere [Ervens, 2015], and coarse aerosols are preferentially removed via cloud impaction scavenging or gravity sedimentation [Warneck, 1999]. Thus, the PM2.5
samples were selected to determine the scavenging effects on aerosol particles and trace elements by using
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different approaches in this study. According to the continuous PM2.5 data, the cloud mass scavenging ratios
(F) for aerosol particles were calculated as
F¼

C clear  C int
C clear

where Cclear and Cint are the concentrations in clear air and cloud interstitial space, respectively.
Based on the availability of precloud aerosols and cloud water concentrations, the mass scavenging ratios (ɛ)
for aerosol trace elements were estimated from the following relationship by Junge [1963]:
ε ¼ C c LWC=C a
where Cc and Ca represent the concentration of a species in cloud water (μg L1) and ﬁne aerosol particles
(ng m3), respectively. The formula is particularly applicable to the nucleation scavenging of submicron particles which comprise most of the aerosol mass.

3. Results and Discussion
3.1. Overview of Dust Storms and ACI Events
Figure 1 displays the time series of manual aerosol and cloud water samples, continuous aerosols, and trace
gases, and meteorological parameters at Mount Heng throughout the observation period. Overall, 43 TSP
(coarse) and 38 PM2.5 (ﬁne) aerosol samples and 192 cloud water samples were manually collected. A nationwide intense Asian dust storm on 24–26 April and a moderate ﬂoating dust storm on 22–23 March were captured at Mount Heng, which were also observed at Mount Hua, Mount Tai [G. Wang et al., 2011], Chengdu
[Tao et al., 2013], Hong Kong, and Taiwan [Wong et al., 2015]. During these dust periods, a prevailing northerly
wind occurred with wind speeds below 5 m s1 and relative humidity (RH) as low as 40%. The pollution gases
SO2 and NOy both increased by 6–9 ppb during the dust storms and were likely entrained during the longrange transport through the industrialized eastern and central China. The concentrations of major ions

2+
(except NHþ4 ), such as SO2
4 , NO3 , and Ca , signiﬁcantly increased by approximately 2 to 6 times, which
was consistent with the sharply elevated coarse and ﬁne aerosols. A more detailed discussion of the mass
concentrations of aerosols and water-soluble ions during nondust and dust storm periods can be found in
Text S2 in the supporting information [Tao et al., 2013; G. Wang et al., 2011].
The cloud periods were characterized by high relative humidity (RH more than 95%) and weak solar radiation
(below 400 W m2), when extremely low concentrations of continuous PM10 and PM2.5 were usually
observed because of the cloud scavenging of aerosol particles. The LWC of cloud water ranged from 0.03
to 0.47 g m3, and the pH values varied between 2.91 and 6.91 with a volume-weighted mean (VWM) pH
value of 3.80. Five ACI events are shown in Figure S3, and the dust ACI events were conﬁrmed by the dustcloud migrations in Movies S1 and S2, the Moderate Resolution Imaging Spectroradiometer true color
images, and CALIPSO vertical mask in Figure S4.
3.2. Effects of Dust Storms on Aerosol Trace Elements
The aerosol trace elements concentrations at Mount Heng are listed in Table 1. Fe was the most predominant
trace element in both ﬁne and coarse aerosols at Mount Heng during nondust periods, followed by Al and Zn,
but their concentrations were obviously lower than those at Mount Tai in the North China Plain [Deng et al.,
2011]. High concentrations of toxic Pb (108.6 ng m3), As (21.1 ng m3), and Cd (5.55 ng m3) in ﬁne aerosols
were observed at Mount Heng, which were likely contributed by the heavy metal pollution in the Chang-ZhuTan city clusters and were comparable to the levels at Mount Lushan [Li et al., 2015]. However, overall, most
trace elements at Mount Heng had lower concentrations than those at Mount Dinghu in the Pearl Delta
Region [Yang et al., 2009]. Different climate and geographical conditions in northern and southern China
and various air pollution around these mountain sites should be responsible for the differences of trace
elements concentrations.
The dust storms made large, but different, contributions to individual trace element concentrations. As
shown in Table 1, crust-related elements such as Al, Fe, Mn, Cr, Ba, and V increased in coarse and ﬁne aerosols
by approximately 3–11 times and 2–13 times, respectively, and the trace elements Zn, Se, Mo, and Ni were
elevated approximately onefold to twofold. Pb and Cu showed increased concentrations in coarse aerosols
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Figure 1. Time series of manual TSP, PM2.5 and cloud water samples, continuous PM10 and PM2.5 aerosols, trace gases SO2 and NOy, and meteorological parameters
RH and solar radiation at Mount Heng from 11 March to 31 May 2009. The start time (UTC + 8) of the manual sampling is indicated.

3

Table 1. Concentrations (Mean ± SD, ng m ) of Trace Elements in PM2.5 and TSP Aerosols at Mount Heng During
Nondust (ND) and Dust Storm (DS) Periods and Comparison With Other Mountain Sites in China
Mt. Heng

Mt. Tai

PM2.5
Species
Fe
Al
Zn
Pb
Ba
Mn
As
Cu
Cr
Se
Cd
Sb
Ni
V
Mo

a

b

c

Mt. Lushan

Mt. Dinghu

TSP

ND

DS

ND

DS

PM2.5

TSP

PM2.5

PM2.5

510.5 ± 345.4
208.2 ± 170.6
171.7 ± 105.5
108.6 ± 50.9
13.8 ± 5.20
44.6 ± 24.7
21.1 ± 12.4
14.6 ± 8.20
8.85 ± 9.50
5.20 ± 2.20
5.55 ± 3.47
2.93 ± 2.26
2.92 ± 2.06
1.78 ± 1.82
0.57 ± 0.34

3672 ± 1470
2833 ± 1267
315.9 ± 190.1
102.3 ± 29.8
33.5 ± 16.3
137.1 ± 54.9
16.5 ± 10.6
12.2 ± 11.0
30.6 ± 11.9
6.26 ± 1.85
3.19 ± 1.14
0.88 ± 0.53
3.41 ± 1.55
4.02 ± 3.15
1.08 ± 0.65

1577 ± 1347
851.2 ± 769.9
349.2 ± 218.2
124.3 ± 56.0
186.6 ± 174.0
69.6 ± 37.5
38.4 ± 29.1
49.6 ± 45.0
17.0 ± 13.6
6.67 ± 2.71
7.97 ± 5.47
10.6 ± 6.47
7.03 ± 4.55
4.54 ± 2.94
2.26 ± 2.02

17980 ± 9379
8492 ± 4646
529.7 ± 430.3
144.2 ± 52.2
577.0 ± 430.7
367.2 ± 176.2
36.6 ± 10.9
84.3 ± 68.6
83.1 ± 30.1
11.7 ± 2.25
5.02 ± 2.33
7.68 ± 4.19
30.7 ± 8.80
29.4 ± 10.3
3.23 ± 2.50

810
1200
400
15.2

2180
3010
490
42.2

39.1
2.3
24
22.9

75.3
5.71
57
23

569.8
914.1
432.1
216.2
14.2
33.1
31.8
60.6

1.0

1.3

331.6
515.1
245.3
70.5
61.9
20.2
20.9
11.7
9.6
6.5
2.2

7.4

7.5
5.4
1.5

8.1
7.0
8.4
6.5
15.4
1.4

a
Spring 2006/2007, frequently affected by sand dust
b
Spring 2012, in the neighboring Jiangxi Province in
c

in the North China Plain [Deng et al., 2011].
southern China [Li et al., 2015].
June–December 2006, which suffered severe air pollution in the Pearl River Delta region [Yang et al., 2009].
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and comparable in ﬁne aerosols.
Apparently, the dust storms brought
abundant crustal elements and the
entrainment of air pollution lead to
the increase of many anthropogenic
elements. As, Cd, and Sb exceptionally decreased both in coarse and ﬁne
aerosols, probably due to relatively
lower emissions of these anthropogenic elements in the dust storm
pathways than other regions in
addition to the dilution effect of dust
plumes.
Figure 2 shows the trace element
solubility in coarse and ﬁne aerosols
at Mount Heng. Here the solubility
Figure 2. Solubility of trace elements in TSP and PM2.5 at Mount Heng (this concept was deﬁned as the percenstudy) and in PM2.5 at Mount Lushan [Li et al., 2015].
tage of the water-soluble concentration of an element to its total
fraction, indicating the dissolution capacity of aerosol trace elements. Most elements had similar solubility
in coarse and ﬁne aerosols during nondust periods, while As, Pb, and Ba appeared to be more soluble in ﬁne
mode than coarse mode, with a solubility discrepancy of ~10%. In addition, trace elements in ﬁne aerosols at
Mount Heng showed approximately comparable solubility with those at Mount Lushan [Li et al., 2015], except
for more soluble Se and Cd and less soluble Cu and Fe. However, the declined solubility of trace elements in
both coarse and ﬁne aerosols during dust periods was clearly observed, indicating the suppressed dissolution
of aerosol elements by dust storms, which was largely attributable to the decreased aerosol acidity (see Text S3)
from abundant alkaline substances.
3.3. Trace Elements in Cloud Water
3.3.1. Concentrations
Table 2 presents the concentration levels of dissolved trace elements in cloud water at Mount Heng. Zn was
found to be the predominant element with a VWM concentration of 224.6 μg L1, almost the same level as
the values at Mount Lushan [Sun et al., 2015] and Mount Tai [Liu et al., 2012]. Higher concentrations of Fe
(155.2 μg L1) than Al (99.7 μg L1) were observed, exactly opposite to the results at Mount Lushan and
Mount Tai where higher concentrations of Al were measured instead of Fe, but matching the concentration
order of Fe and Al in aerosols at Mount Heng. Toxic Pb (100.5 μg L1) in cloud water was determined to be
twice as high as the values at Mount Lushan and Mount Tai, and other trace elements such as As, Cu, and
Cd also showed slightly higher concentration levels. Compared to Mount Schmücke [Fomba et al., 2015]
and Mount Elden [Hutchings et al., 2008], most of the trace elements, especially Pb, As, Ni, and Se, at
Mount Heng exhibited markedly higher concentrations, suggesting the serious toxic heavy metal pollution
1

Table 2. Volume-Weighted Mean (VWM) Concentrations (μg L

) of Trace Elements in Cloud Water at Mount Heng and Other Mountain Sites

Sites

pH

Zn

Fe

Pb

Al

Mn

As

Ba

Cu

Ni

Se

Cd

Sb

V

Cr

Mo

Mt. Heng
VWM
Max
Min
a
Mt. Lushan
b
Mt. Tai
c
Mt. Schmücke
d
Mt. Elden

3.80
6.91
2.91
3.79
3.95
4.30
6.34

224.6
3527
0.11
179.2
249.1

155.2
876
12.3
25.75
105.8

100.5
1421
0.01
54.4
46.2
1.4
0.4

99.7
1872
0.01
111.9
157.3

34.0
694
0.49
16.4
42.8
5.59
34

19.9
213
0.01
20.4
13.7
0.63
0.8

12.7
138
0.01
23.9

11.7
424
0.01
7.97
9.2

7.15
81.7
0.46
4.4
9.3

5.66
58.3
0.56
7.4

4.05
84
0.18
1.66
3.08

2.56
31.8
0.01
0.77

2.26
29.2
0.16
5.9

0.95
6.96
0.4
0.8

15.2

25

5.7

1.61
14.3
0.01
8.37
0.93
5.54
1.7

5.6

16.6

a
August–September 2011 and March–May 2012 in southern China [Sun et
b
March 2007 to November 2008 in the North China Plain [Liu et al., 2012].
c
September and October 2011 in Germany [Fomba et al., 2015].
d

1.38
2

0.71
3.2

al., 2015].

Median concentrations, summers of 2005–2007 in southwestern America [Hutchings et al., 2008].
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Figure 3. Relationship between total concentration of the dissolved trace elements (including Al, V, Cr, Mn, Fe, Ni, Cu, Zn,
As, Se, Mo, Cd, Sb, Ba, and Pb) and LWC for 192 cloud water samples at Mount Heng.

of cloud water. A wide range of concentration variations (approximately 1–5 orders of magnitudes) of cloud
water trace elements is also shown in Table 2.
3.3.2. Dependencies on LWC and pH
Many factors such as particle sources, acidity of cloud drops, and aging processes [Deguillaume et al., 2005]
can inﬂuence the dissolution of trace elements in cloud water. In this study, the LWC and pH of cloud water
were found to have important effects on dissolved trace elements.
LWC has been acknowledged as an important factor that controls solute concentrations in cloud water, with
complicated inverse relationships such as power laws [Elbert et al., 2000; Möller et al., 1996] or exponential
functions [Aleksic and Dukett, 2010]. Similar inverse relationships between dissolved trace elements and
LWC are also visible at Mount Heng, as shown in Figure 3 (and Figure S6). The difference is that the inverse
relationships in this study could only be well ﬁtted by logarithmic functions. Additionally, the ﬁtted curves
in this study were fully empirical and may have been regionally limited because of various meteorological
and environmental conditions compared to other observation locations.
However, no matter what the ﬁtted curves were, the trace element concentrations sharply decreased as the
LWC increased to approximately 0.1 g m3 and then slowly declined with increasing LWC. Small LWC values
(≤0.1 g m3) usually occurred at the beginning or end of a cloud event and during interruptions in clouds by
external air masses with longer sampling duration (Figure S7), when intense aerosol-cloud interactions
occurred. Therefore, the higher concentrations of trace elements in cloud water at lower LWC (≤0.1 g m3)
were likely caused by greater contributions from ambient aerosol particles from nucleation scavenging
and the faster evaporation of smaller cloud drops because of increased CCN. In contrast, larger LWC values
(>0.1 g m3) generally appeared during the middle of cloud events, which were characterized by smaller
variability and shorter sampling duration (Figure S7). Thus, the slowly decreasing tendency of trace elements
with increasing LWC from 0.1 to 0.47 g m3 (Figure 3) could be considered a result of dilution effect in the
context of lower entrainment of external air masses. Figure 3 shows notable deviation of scatter points from
ﬁtted curve, in addition to the important role of LWC in controlling trace elements concentrations in cloud
water. Cloud water samples above the ﬁtted curve with LWC < 0.2 g m3 often exhibited very low pH values
(<4.0), while samples below the ﬁtted curve across the entire LWC range were mainly characterized by
moderate pH values (4.0 to 5.0). The cloud water acidity appeared to have an important inﬂuence on the
LWC dependency of the trace element concentrations.
Figure 4 displays the concentration distributions of individual trace elements as a function of the cloud water
pH values, with ﬁve groups divided in terms of the LWC at interval of 0.1 g m3. Clearly, the trace element
concentrations were highly pH dependent: extremely high concentrations were mainly located under a
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Figure 4. Scatterplots of dissolved trace elements concentrations versus pH values at Mount Heng. Four dust-affected cloud water samples are indicated by arrows.

low pH regime (<4.0), while rapid decreases in concentration were observed with increases in pH from 2.9 to
approximately 5.0. Afterward, two different trends in the concentration variations of trace elements were
observed: when the pH was higher than 5.0, crustal elements such as Fe, Al, Mn, Ba, and Se presented
evidently elevated concentrations, while anthropogenic elements including Zn, Pb, Cu, Ni, and Cd
remained nearly constant. Additionally, each LWC group showed an approximately similar distribution
tendency for individual trace element, especially for groups with higher LWC (>0.1 g m3). The larger
variability of trace elements in samples with lower LWC (<0.1 g m3, red dots in Figure 4) was mainly
induced by ACIs as mentioned above, but these samples had comparable concentration distributions. We
cautiously inferred that the pH dependency of the element concentrations was barely inﬂuenced by the LWC.
The declining trend of metal solubility in rainwater and aerosols with increasing pH was reviewed by
Deguillaume et al. [2005], and the pH-edge values at which the correlation trend between the metal solubility and pH sharply changed are distinguished. In our ﬁeld cloud water, a pH of ~5.0 was likely a threshold below which signiﬁcantly higher element concentrations were observed. Typically, lower pH
accelerates the release of trace elements from solid phases by the intense competitive adsorption of H+
for ligands at acidic pH [Stumm and Morgan, 1996]. Thus, the remarkably high concentrations under a
low pH regime with low LWC should have resulted from promoted dissolution and contributions from
ACIs. However, little is known regarding why crustal elements such as Fe, Al, Mn, and Ba notably increased
again above the pH threshold, especially for pH > 5.6. The elevated crustal elements in 4 of the 14 cloud
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water samples under a high pH regime (indicated by arrows in Figure 4) were affected by dust storms
according to our sampling records. However, no matter if the cloud water samples at pH > 5.0 were
affected by dust, the crustal elements exhibited increased concentrations to varying degrees. In fact, the
pH-dependent distribution pattern for trace elements in this study was not unique. In our previous work
at Mount Tai [Liu et al., 2012], where the cloud water pH ranged from 2.56 to 7.64, we similarly found a
minimum concentration at a pH of 5.0–6.0 and increasing trends above pH ~6.0 for crustal elements
(Figure S8). Further dissolution of dust aerosol Fe at pH above 7.1 was also observed during simulated
cloud processing by Mackie [2005], which was thought to have been caused by the formation of soluble
ferrates. In section 3.3.3, the increase in soluble Fe(III)-hydroxyl complexes by chemical speciation calculation is likely to be a signiﬁcant reason for the elevated iron under a high pH regime. The pH threshold
values in this study were not identical with those in cloud water at Mount Tai and the simulation by
Mackie [2005] and seemed to be region dependent, because many situations, e.g., types and content of
(in)organic ligands and heterogeneous reactions in ﬁeld cloud water, were varied.
3.3.3. Chemical Speciation
The chemical speciation distribution of dissolved trace elements in cloud water is summarized in Table S3.
Generally, 96.3% of the Fe(II), 94.2% of the Zn(II), 88.0% of the Pb(II), and 80.7% of the Cu(II) were present
in divalent free ions; 71.7% and 27.5% of the Fe(III) were present in the form of Fe(III)-oxalates and Fe(III)hydroxyls, respectively; and 71.5% and 19.7% of the Al(III) were complexed by ﬂuoride and oxalate ions,
respectively. Oxalate was an important organic ligand, which contributed 0.7–71.7% of the metal complexation, while sulfate only provided 0.2–5.2%, although this compound was the most abundant species in
cloud water.
The cloud water acidity signiﬁcantly inﬂuenced the distribution of trace metal speciation, as shown in
Figure 5. Fe(II), Zn(II), and Pb(II) had an approximately parallel speciation distribution pattern. Their dominant
free ions stayed at very large percentages from pH 4.2 to 5.3 and then decreased. On the contrary, sulfuric
complexes stepwise decreased before a pH of 4.2 and began to return to their previous levels at pH higher
than 5.3. A similar speciation distribution pattern for Cu(II) was obtained, except that the free Cu2+ showed
no maximum but rather declined with increasing pH.
However, dissolved Fe(III) showed quite distinctive speciation distribution patterns. The dominant Fe(III)-oxalato complexes gradually vanished from 91% and the Fe(III)-hydroxyl species signiﬁcantly increased from 5%
to 98% as the pH values increased. Meanwhile, minor species such as free ferric ion and sulfato and ﬂuoro
complexes were only found at pH below 4.0. Figure S9a displays the variation curves of speciﬁc Fe(III) species
that were mainly complexed by oxalate and hydroxyls. Clearly, [Fe(Oxalate)]+ and [Fe(Oxalate)2] were the
two main Fe(III) species at pH below 4.4, comprising 55–94% of dissolved Fe(III). The dominated Fe(III)-oxalate
complex could have been an important contributor to the high concentration of dissolved Fe in cloud water
under a low pH regime (Figure 4) because oxalate can improve dust iron solubility as efﬁciently as acid processes [Paris et al., 2011], probably via the formation of soluble oxalic complexes and/or the concomitant
photoreduction of Fe(III)-oxalato complexes to more soluble Fe(II) [Chen and Grassian, 2013; Paris and
Desboeufs, 2013]. As the cloud water acidity decreased, oxalic complexation declined and [Fe(OH)2]+ rapidly
became the most predominant Fe(III) speciation. [Fe(OH)]2+ only slightly increased until its maximum at a pH
of 4.5. Fe(OH)3(aq) species were observed in circumneutral cloud water at pH > 5.6, and soluble ferrates [Fe
(OH)4] even formed in the sample with the highest pH (6.91), although these compounds comprised less
than 0.3% of the total Fe(III). This result adequately indicated the dissolution of precipitated iron (e.g.,
goethite, α-FeOOH) in neutral cloud drops through form transformation because the solubility of amphoteric
metal hydroxide theoretically increases at high pH from the strong competition of OH with other ligands
[Stumm and Morgan, 1996].
The variations in the dissolved Al(III) complexes were more complicated. Brieﬂy, the major ﬂuoro complexes
gradually decreased, while oxalic and hydroxy-oxalic complexes increased quickly with rising pH. The speciation curves in Figure S9b further distinguished [AlF2]+ and [Al(OH)2-Oxalate] as the primary complexing
forms under a low pH regime (pH < 4.0) and very high pH regime (pH > 6.0), respectively. [AlF2]+ and
[AlF]2+ decreased across the entire pH range, while [Al(Oxalate)]+ and [Al(Oxalate)2] rose to their maximum
at a pH of 4.8 and decreased afterward. Al(OH)-Oxalate, which peaked at a pH of 5.5, presented a similar but
lagging curve compared to the oxalato complexes, and [Al(OH)2-Oxalate] accordingly boomed from 3% to
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Figure 5. Distribution patterns of the calculated equilibrium complexation of dissolved trace elements as a function of cloud water pH at Mount Heng. “Free” repre3

+
sents uncomplexed metals. Complexes such as “oxalato Fe(III)” comprise [Fe(Oxalate)3] , [Fe(Oxalate)2] , and [Fe(Oxalate)] . Other categories are deﬁned in the
same manner, except the “others” group, which contains metals that were complexed by organic and inorganic ligands such as formate, acetate, lactate, nitrate, and
chloride.

70% at a pH regime of 5.0–6.9. The complexing ligands of Al(III) were stepwise substituted by OH as the pH
increased, forming anionic hydroxide-ligand complexes. In conclusion, the chemical speciation of dissolved
trace elements was highly pH dependent, and the formation of soluble hydroxo complexes could have been
vital for the dissolution of iron and aluminum under a high pH regime.
3.4. ACI Effects on Trace Element Evolution
3.4.1. Inﬂuence of Dust Aerosols on Cloud Water Trace Elements
Figure 6 displays the temporal variations in the concentration and speciation of dissolved Fe(III), Al(III), and Cu
(II) in selected cloud events to investigate the inﬂuence of dust aerosols on cloud water trace elements. When
comparing these concentrations, the equivalent air concentrations, which are deﬁned as the multiplication of
the solute concentrations with the LWC, were employed to remove the interference of dilution variability during cloud processes.
A signiﬁcant increase in cloud water pH values was observed at the end of the dust storm on 23 March
(Figure 6a) and the arrival of the dust storm on 24 April (Figure 6b) because of neutralization by abundant
alkaline substances in dust aerosols. The exceptional pH of 4.7 from the ﬁrst sample in Figure 6a can be
ascribed to much more abundant sulfate (37.4 mg L1) and nitrate (26.2 mg L1), which formed from their
enhanced precursors SO2 and NOy (Figure S3a). The notable elevation in the equivalent air concentrations
of Fe, Al, and Cu in dust-affected cloud water demonstrated large contributions of trace elements from aerosol particles to cloud condensation. Changes in the speciation distribution patterns of trace elements in cloud
water were also observed. However, we are not sure whether these changes originated from the direct dissolution of the preserved speciation in the precloud particulate phase or from the recombination of dissolved
metal ions with ligands in cloud drops. If we assume that the contributions from air masses to cloud events in
Figure 6a over the ﬁrst 3 h were constant, this speciation should have remained approximately identical if
these materials were directly derived from the preserved speciation in aerosol particles. However, the opposite was true: the speciation varied greatly with different pH values. Moreover, the chemical speciation of
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Figure 6. Temporal variation in cloud water pH, LWC, equivalent air concentration, and chemical speciation of dissolved Fe
(III), Al(III), and Cu(II) during cloud events on (a) 23–24 March after dust storms and (b) 23–24 April before dust storms. The
shaded areas indicate dust storm periods. The Fe(III) concentrations are half the total dissolved Fe.

dissolved Fe(II), Fe(III), and Cu(II) in this study was quite different from their complexing forms in aerosol liquid
phases as calculated by Scheinhardt et al. [2013]. We believe that the chemical speciation of these trace
elements in cloud water was modiﬁed from the preserved species in dust aerosols because of the sharp
changes in solution acidity and ligands availability.
3.4.2. In-Cloud Scavenging Effects
Figure 7 shows an evident decrease in the PM2.5 concentration during the two selected cloud events on 12
and 18 May 2009, which demonstrates the signiﬁcant effects of in-cloud scavenging on aerosol removal.
More importantly, aerosol particles quickly and heavily declined within only 2–3 h, after which their concentrations remained at a relatively lower and constant level. That is, ﬁne aerosols were mostly removed by cloud
processing during the initial few hours, reaching maximum scavenging ratios of approximately 0.80 and 0.68
for the two cloud events. Trace elements in cloud drops are only derived from the incorporation and dissolution of aerosol particles, so the ﬁrst cloud water samples whose sampling periods (2–3 h, indicated by the
light blue shadows in Figure 7) approximately coincided with the maximum scavenging of aerosols were
believed to be appropriate to measure the in-cloud scavenging of aerosol trace elements. Thus, each trace
element showed different scavenging ratios, ranging from 0.11 for Cr (0.15 for Cr) to 0.56 for Pb (0.57 for
As) for the cloud process on 12 May (18 May) 2009. The results in this study were acceptable compared to
the various scavenging ratios for different chemical species (e.g., water-soluble ions and organics) by different types of clouds, as summarized by Ervens [2015], because numerous factors such as the different solubility
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Figure 7. PM2.5 mass concentration variation (red line) and in-cloud scavenging ratios for trace elements (colored symbols)
during cloud events on (a) 12 May 2009 and (b) 18 May 2009. The light blue and yellow shadows indicate the periods of the
ﬁrst and subsequent cloud water samples, respectively. See the text for details on the calculations.

and size distributions of chemical species in particles and cloud drops [Fomba et al., 2015; Hoag et al., 1999;
Lin et al., 2015] may signiﬁcantly inﬂuence their in-cloud scavenging. In the case of less aerosol particle
contributions (scavenging) to cloud process on 18 May, most of the trace elements still had comparable or
slightly higher scavenging ratios than on 12 May. The promoted dissolution of trace elements by the lower
cloud water pH on 18 May (pH = 3.37, LWC = 0.23 g m3) than on 12 May (pH = 3.77, LWC = 0.18 g m3)
might have been to blame according to their pH-dependent concentrations in Figure 4. The in-cloud
scavenging effects on all the trace elements should have been underestimated to different extent because
their undissolved portions that remained in cloud residues were not included in the calculation, which was
reﬂected by the higher scavenging ratios for ﬁne particles than trace elements.
3.4.3. Modiﬁcation of Aerosol Trace Element Solubility by Cloud Processing
During the dust ACIs event on 23–24 March 2009, an in-cloud TSP sample was synchronously collected from
the beginning of the cloud event from 9:30 to 11:20 A.M. (Figure S3a). Figure 8 demonstrates an obvious
increase in solubility for each trace element in both in-cloud aerosols (4% for Se to 28% for As) and postcloud
aerosols (4% for Fe to 33% for As) by cloud processing. The lower solubility of trace elements in the precloud
aerosols was likely related to their crystal structure in mineral dusts, even if the abundant sulfate (45.5 μg m3)
and nitrate (9.9 μg m3) in the dust aerosols could not efﬁciently improve the trace element solubility. Given

that the calcium was primarily from natural dusts, we used the equivalent mole ratio of secondary SO2
4 , NO3 ,
2+
2+
2+
2
þ
þ
and NH4 to Ca to roughly estimate their net variation. Apparently, higher [SO4 ]/[ Ca ] and [NH4 ]/[ Ca ]
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Figure 8. Trace element solubility (left of the dashed line) and equivalent
mole ratio of secondary sulfate, ammonia, and nitrate to calcium (right of
the dashed line) in precloud, in-cloud, and postcloud TSP aerosols during the
dust ACIs on 23–24 March 2009.

10.1002/2016JD025541

ratios were observed in cloudprocessed aerosols, which suggested
that more in-cloud formation of
secondary ions, particularly SO2
4 ,
should always occur against the
cloud scavenging of dust aerosols.
The heterogeneous oxidation of SO2
that is catalyzed by transition metal
ions such as Fe3+ and Cu2+ proves
large contributions to sulfate production in cloud aqueous phases [Harris
et al., 2013], which could further
increase the acidity of cloud drops
and thus promote the dissolution
of trace elements in particulate
phases. Solubilization is generally
irreversible, so dissolved trace elements in cloud drops would remain
associated with cloud-processed
aerosols after cloud evaporation and
lead to the enhancement of aerosol
trace element solubility.

Additionally, the solubility of trace elements in in-cloud aerosols showed signiﬁcantly large increases, which
were 34–90% (for Ba to Cu), 181% (for Fe), and 365% (for Al) of their solubility increases in postcloud aerosols,
indicating that the ﬁrst 2 h of cloud processing (the sampling duration of the in-cloud TSP sample) could have
substantially promoted the aerosol elements’ dissolution. The modiﬁcation of metal particle morphology or
complexing states by ACIs was supposed to have greatly contributed to the solubility increases because Shi
et al. [2009] proved that the increased Fe solubility in Saharan dusts during simulated cloud processes was
caused by the formation of amorphous Fe nanoparticles.

4. Conclusions
This study investigated the effects of dust storms and aerosol-cloud interactions on chemical evolution of
trace elements in aerosols and cloud in the planetary boundary layer. Generally, dust storms provided large
contributions to the crust-related elements in both coarse and ﬁne aerosols, except for the lower amounts of
ﬁne aerosol Pb, Cu, As, Cd, and Sb. In contrast, most of the trace elements showed evidently inhibited solubility because the aerosols became more alkaline.
Trace elements in the cloud water had similar concentrations to those in aerosols; in particular, high concentrations of toxic Pb, Cu, and Cd were observed. The LWC had complicated dilution effects on the concentrations of dissolved trace elements, as the logarithmic inverse relationships were found. Intense aerosol-cloud
interactions likely lead to the very high concentrations of trace elements which had low LWC (≤0.1 g m3) and
low pH values (<4.0). Importantly, the dissolution of trace elements was highly pH dependent and the lowest
concentrations were observed at a threshold of pH ~5.0. The pH threshold values in this study should be
region dependent and the chemical speciation of trace elements which were also pH dependent might be
a determinant. The elevated trace elements under a low pH regime were mainly released from the solid
phases by the strong protonation of acid cloud drops, while the increased crustal elements under a high
pH regime might have been induced by the formation of soluble hydroxo metal complexes in neutral cloud
water as indicated by the calculation result.
Signiﬁcant effects of ACIs on trace elements were demonstrated in the ﬁeld observation. ACIs induced the
evident changes in the chemical speciation of trace elements in the ﬁrst several cloud water samples by
altering the droplets acidity. At the same time, trace elements were primarily removed by in-cloud nucleation
scavenging within the ﬁrst 2–3 h on the basis of the dramatic decline of PM2.5 mass. The higher scavenging
ratios for aerosol particles indicated that the scavenging of trace elements was likely underestimated because
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portions that remained in cloud residues were not considered here. In future studies, the actual concentrations of undissolved trace elements should be determined to obtain more accurate scavenging ratios. ACIs
also created 4–33% of the increases in the aerosol trace elements’ solubility, making appreciable contributions to the mobility and reactivity of transition metals (e.g., Fe, Cu, and Mn), and the bioavailability and
toxicity of heavy metals (e.g., Pb, As, and Cd) in aerosol particles. The notably increased solubility that was
observed in in-cloud aerosols indicated that enhancement of aerosol trace elements solubility could be
considerably achieved during the ﬁrst 2 h of cloud processing.
This study highlights the effects of aerosol-cloud interactions on the speciation, solubilization, and scavenging of atmospheric trace elements within the initial few hours. As small convective clouds and deep clouds
are estimated to have lifetimes of 0.5–1 h and 2–3 h, respectively [Warneck, 1999], our ﬁndings imply that the
ﬁrst several cloud cycles (conservatively ~1–3 cycles on average) could be crucially important to the chemical
evolution of trace elements. Knowledge of the dynamic chemical changes of trace elements, in particular
transition metals, during aerosol-cloud interaction events is vital to understand their impacts on
atmospheric chemistry.
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