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Dust storms are commonmeteorological events that occur frequently in the late spring and
early summer in arid and semi-arid areas. The resulting lofted dust and salt mixtures can
impact atmospheric chemistry and climate systems through the many pathways
represented by aerosol-cloud-climate interactions. In this study, dust/salt samples
were collected from important sources of the East Asian dust storm, including the
Badain Jaran Desert, the Tengger Desert and the Ulan Buh Desert in northwestern
China. Ion chromatography (IC) measurements were performed to determine the
concentrations of cations and anions. The ionic concentrations, pH and dissolvable
fractions of sand samples show a positive correlation, indicating that the dissolved
content is rich in alkaline ions. A positive matrix factorization (PMF) receptor model
was employed to analyze the IC results, and from the PMF solutions non-obvious
connections to local geography emerge. The results of hygroscopic experiments of
sand samples which were measured by a vapor sorption analyzer indicate that the
hygroscopicity may be related to the soluble content of samples, and the observed
hygroscopic behavior can be well described by a thermodynamic model. The morphology
of individual particles was chemically mapped by the synchrotron-based scanning
transmission X-ray microscopy, and needle-shaped CaCO3 particles were observed to
adhere to more irregular high K-containing particles. Moreover, a continuous flow diffusion
chamber was used to investigate the ice nucleation abilities of typical salts, with both
homogeneous freezing and deposition nucleation being observed. The results indicate that
the salts primarily act as cloud condensation nuclei but can also act as ice nucleating
particles at low temperatures.
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1 INTRODUCTION

Dust storms are common meteorological events which occur
frequently in the late spring and early summer in arid and semi-
arid areas (Barkan et al., 2005; Bou Karam et al., 2014; Liu et al.,
2020). North Africa, Middle East Asia (including Western
China), Western Australia and Western North America are
the four most important dust-prone areas in the world (Su
et al., 2016). Annually, about 1,000 to 3,000 trillion grams
(Tg) of dust is emitted into the atmosphere (Huang et al.,
2010), and more than 40% of the land areas on Earth are
affected by aeolian processes. In Asia, about 800 Tg of dust is
lofted into the atmosphere every year, of which about 30% is
redeposited onto deserts, 20% is transported over regional scales,
and 50% is transported to the Pacific Ocean or even further (Uno
et al., 2009; Li et al., 2010; An et al., 2018). Asian dust storms
follow a typical transport path across the northern regions to the
eastern seas of China under the influence of strong northwest to
southeast airflow at high altitude, and also affect Japan and Korea,
and at long-range the United States and Europe, as well as both
Arctic and equatorial regions under special weather conditions
(Duce et al., 1980; Kanayama et al., 2002; Okin, 2005; Ziegler
et al., 2008; Huang et al., 2015). The global character of dust has
been demonstrated, for example, by assessing the contributed
fractions from North Africa (15%), the Middle East (21%), the
Taklimakan Desert (25%), and Northeast China/Mongolia (42%)
to aerosols collected in California (Creamean et al., 2013).

Mineral dust aerosols are a primary component in the
atmosphere, accounting for almost half of tropospheric aerosol
mass, and they can deteriorate human living conditions
(Engelstaedter et al., 2006; Prospero et al., 2014), endanger
human health (Ichinose et al., 2008; Venero-Fernández, 2016),
and affect ecosystems (Mahowald et al., 2014; He et al., 2016; Kok
et al., 2021; Rashki et al., 2021). Dust particles can also absorb or
scatter radiation to heat or cool the atmosphere, thereby affecting
the radiative balance of the Earth-atmosphere system (Che et al.,
2019; Zhang et al., 2019). During long-distance transportation
processes, dust aerosols can participate in chemical reactions by
interacting with the sulfide, nitride and black carbon in the
atmosphere, and thus influence terrestrial and marine
biogeochemical cycles (Costa et al., 2006; Nee et al., 2007).
N2O5 produced by the reaction of NO2 and O3 can be
hydrolyzed to HNO3 on the surface of salt-containing mineral
dusts (e.g., CaSO4 and Na2SO4), and can be further neutralized by
NH3 to NH4NO3 through heterogeneous reactions (Wu et al.,
2020). Some studies show that, in dusty weather, nitrate, mainly
Ca(NO3)2, can be formed by the reaction of HNO3 and carbonate
in dust particles under alkaline condition (Krueger et al., 2004;
Tobo et al., 2010; Tang et al., 2016).

Mixtures of mineral dust and salts also impact atmospheric
chemistry and the climate system due to their high hygroscopicity
and their potential to act as cloud particle seeds. Hygroscopicity
determines the ability of aerosol particles to grow in humid
environments, which is important for optical properties and
atmospheric aging processes, and the ability to act as cloud
condensation nuclei (CCN) or ice nucleating particles (INPs)
(Kumar et al., 2011; Karydis et al., 2017). Mixtures that have high

hygroscopicity can act as CCN and potentially INPs, to change
the optical characteristics and lifetime of clouds, and to suppress
or enhance precipitation under certain conditions, all of which
have indirect climate effects (Rosenfeld et al., 2001; Rudich et al.,
2002; Sassen, 2002; Yin et al., 2002; Huang et al., 2006; Hoose and
Möhler, 2012; Huang et al., 2014; DeMott et al., 2015; Chen et al.,
2017; Gui et al., 2017; Kok et al., 2018; Huang et al., 2021).
Mineral dust has a significant impact on the hygroscopicity of
particles, soluble inorganic ions such as Ca2+, Mg2+, Na+, and K+

on dust surfaces can react heterogeneously with HNO3 and HCl,
processes that can coat the dust particles with soluble substances,
further increasing the hygroscopicity and the ability to act as
CCN (Kelly et al., 2007). Based on a 4-year combined CALIPSO
and CloudSat dataset, Zhang et al. proposed that dust increased
the effective INPs leading to glaciated mixed-phase clouds over
east Asia (Zhang et al., 2015). Based on satellite retrievals, Yuan
et al. analyzed a typical dust-rain storm in northwest India in
2018, and showed that under the influence of dust, a supercooled
liquid water cloud was likely to freeze due to increased INPs. In
this scenario, ice water path and cloud optical depth were both
increased, leading to heavy rainfall in northern India (Yuan et al.,
2021).

In the context of global climate change, the trend of warming
and drying that is intensifying desertification in northern China
is clear (Fu et al., 2008; Wang et al., 2008). The dominant
regional geophysical feature, the neighboring Third Pole, that is
the elevated region represented by the Himalayas and the
Tibetan Plateau, impacts the entire planet’s climate directly
and via global teleconnections (You et al., 2021). This makes
desert research in northwestern China well situated to help
build a deeper understanding of driving mechanisms and
consequences of climate change (You et al., 2021). This has
motivated investigations of the physiochemical properties and
sediment characteristics of desert lakes (Wang et al., 2013;
Bogen et al., 2015; Liu et al., 2016; Schillereff et al., 2016; Li
et al., 2018), but few studies thoroughly probe the
physiochemical properties and hygroscopicity of the deserts’
salt/sand mixtures. In this study, dust, salts and mixed samples
were collected from important source regions of East Asian Dust
Storms, including the Badain Jaran Desert, the Tengger Desert
and the Ulan Buh Desert in northwestern China. Ion
chromatography (IC) measurements were performed to
determine the concentrations of cations and anions.
Synchrotron-based scanning transmission X-ray microscopy
(STXM) was carried out to investigate particle morphology
and to chemically map representative dust/salt particles.
Hygroscopic properties of the samples were measured using a
vapor sorption analyzer, and a thermodynamic model was used
to predict the deliquescence relative humidity (DRH) based on
samples’ chemical compositions. To expose links between
physiochemical properties and the sample origins/types, a
positive matrix factorization (PMF) receptor model was
implemented to analyze the results of the IC and the
thermodynamic model. Ice nucleation activity has been
investigated with the Portable Ice Nucleation Chamber II
(PINCii), with which both homogeneous freezing and
deposition nucleation were observed.
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2 SAMPLING SITES

The sampling was carried out between 17 May and 24 May 2021.
Figure 1 shows the sampling locations in the Tengger, Badain
Jaran and Ulan Buh deserts. In this study, not all but
representative samples are analyzed. Different types of
samples, e.g., brines, high salt-content samples and sand
samples, were collected in some sites, e.g., Gurinai (sample
#14, #15 and #16). The background information of the three
deserts is summarized below.

2.1 Badain Jaran Desert
The Badain Jaran Desert (39°20′~41°30′N, 99°48′~104°14′E) is
located in the western Inner Mongolia Autonomous Region, with
Yabulai Mountain and the Tengger Desert to the southeast,
Guaizi Lake and the ancient Juyan Lake to the north, the
Heihe River and Gurinai Lake to the west, and Beida
Mountain to the south (Ma et al., 2014). The Badain Jaran
Desert is the second largest desert in China, with an area of
about 5.2 × 104 km2, and mobile sand dunes accounting for
approximately 83% of the total desert area (Zhu et al., 2010). The
southeastern part of the desert has a higher topography, including
more and well-developed tall sand hills, and relatively more
precipitation and lakes. The sand dunes in the Badain Jaran
Desert are the highest sand hills in the world, with a relative
height greater than 300 m and a maximum height of close to
500 m (Qu et al., 2003).

The Badain Jaran Desert has a temperate continental desert
climate with extremely arid areas and scarce precipitation (Dong
et al., 2013). The average annual precipitation in the southern part
of the desert is 90–115 mm, while it is 35–43 mm in the northern
area and the precipitation is mostly concentrated in June to
August (Ma et al., 2011). The annual evaporation exceeds

3,500 mm, which is 40–80 times larger than the annual
precipitation. The annual average temperature is 7–8°C, with
the average summer temperature being 25°C and average winter
temperature –9°C (Xu and Li, 2016). The annual average wind
speed is 4 m/s, which is mainly a northwest wind (Hu and Yang,
2016).

2.2 Tengger Desert
The Tengger Desert (37°30′~40°00′N, 102°20′~106°00′E) is
located in the southwest area of Alxa Left Banner, Inner
Mongolia Autonomous Region, close to the central Gansu
Province. The Great Wall lies to the south, Helan Mountain to
the east and Yabulai Mountain to the west. The Tengger Desert is
the fourth largest desert in China, with a total area of about 4.3 ×
104 km2. The desert includes two parts, Nanjiling in the north and
Tengger in the south, which are collectively referred to as the
Tengger Desert. Sand dunes account for 71% of the total desert
area, lake basins 7%, and mountainous hills and flat lands 22%.
Among the dunes, mobile dunes, semi-fixed dunes, and fixed
dunes represent fractions of 67.2, 17.4, and 15.4%, respectively.

The Tengger Desert is a typical continental arid climate and is
very sensitive to climate change (Zhang et al., 2000; Ji et al., 2014).
The annual average temperature is 7.0–9.7°C, and the average
summer temperature is 24.2°C (Gao et al., 2020). The 60-year
average precipitation in the Tengger Desert is 146.5 mm, wherein
summer and autumn precipitation accounts for about 80% of the
annual precipitation, and more rain falls in east and south (Wang
et al., 2020). The average annual evaporation is ≈ 2,600 mm (Li
et al., 2015). The annual average wind speed is 3–4 m/s, and the
main wind direction is northwest wind.

2.3 Ulan Buh Desert
The Ulan Buh Desert (39°41′07″~40°31′14″N,
105°59′45″~106°41′53″E) is located in the eastern part of the
Alxa Plateau in Inner Mongolia, with the Jilantai Saline Lake to
the west, LangshanMountain to the north, the Yellow River to the
east, and Helan Mountain to the south. The Ulan Buh Desert is
one of eight major deserts in China with a total area of about
9.991 × 103 km2 (Jia et al., 2015). The desert’s altitude ranges from
1,028 to 1,054 m, and its terrain slopes from south to west (Chun
et al., 2009). Mobile sand dunes account for about 49.9% of the
total desert area, semi-fixed sand dunes account for around
21.8%, and fixed sand dunes account for ≈23.4%. The Ulan
Buh Desert has a mid-temperate arid climate, with an average
annual temperature of 7.8°C, an average annual precipitation of
102.9 mm, and an average annual evaporation of 2,258.8 mm.

3 METHODOLOGY

For sampling the sand samples, about 300–500 g samples were
collected at each site with a sampling area of around 10 × 10 cm2

and a sampling depth of about 0–10 cm. For the high salt-content
samples, about 100–150 g samples were taken at the surface of
each sampling site with the sampling area of about 10 × 10 cm2.
Sand samples (#1, #6, #8, #11, #12, #15, #18, #19, #20, #22, #25,
#26) and high salt-content samples (#13, #17, #21) were first dried

FIGURE 1 | Sampling route, sampling sites, and aqueous environments
marked in blue.
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in a Muffle furnace at 90°C. From the dried samples 0.4 g was
extracted and added to 40 ml distilled water to dissolve soluble
content. The suspensions were sonicated and centrifuged, with
the upper part extracted and filtered through a 0.22 μm
membrane filter. Filtered sample solutions were stored in
polyethylene bottles sealed with Parafilm and refrigerated at
4°C before measurements. The undissolved sands were dried
and weighed to calculate the fractions of dissolvable content.
The pH and conductivity of all filtered sample solutions were
measured using a pH meter (FE28-Standard, Mettler Toledo,
China) and a portable conductivity meter (F3-Standard, Mettler
Toledo, China), respectively.

3.1 Ion Chromatography
Filtered sample solutions prepared as described above were used
to determine the ionic compositions. The Dionex AQUION Ion
Chromatography system (Thermo Fisher Scientific, MA,
United States) was used to measure cations (Na+, K+, Mg2+,
Ca2+, and NH4

+) and anions (Cl⁻, SO4
2⁻, NO3⁻, NO2⁻, and F⁻)

simultaneously. High salt-content sample solutions (#13, #17,
#21) were diluted 20–100 times to reduce concentrations to be
within the instrumental detection limits. The sand sample
solutions were measured without dilution. Cations and anions
were measured with CS12A IC columns (Dionex IonPac, Thermo
Fisher) with a 30 mmol L⁻1 methanesulfonic acid eluent, and
AS11-HC IC columns (Dionex IonPac, Thermo Fisher) with a
20 mmol L⁻1 KOH eluent, respectively. All samples were
measured in duplicate with good reproducibility.

3.2 Hygroscopicity Measurements
Hygroscopic properties of 0.5–1 mg sand samples (#12, #18, #20)
were measured using a vapor sorption analyzer (Q5000SA, TA
Instruments). Relative humidity (RH) was elevated in a stepwise
manner (at 25 ± 0.1°C), with the sample mass change, during the
RH ramp, monitored with a balance that has a 0–100 mg dynamic
range and <0.1 µg measurement sensitivity. Only brief
descriptions are presented here, with detailed instrumental and
operational information found in previous publications (Gu et al.,
2017; Guo et al., 2019; Tang et al., 2019). The mass change of an
empty sample holder during the RH ramp was measured as a
baseline, which was removed during data processing. The
apparatus is calibrated using pure NaCl, KCl and (NH4)2SO4

and the differences between measured results and the theoretical
deliquescence RHs were within 1% (Tang et al., 2019). The
samples were dried to <1% RH before each experiment, and
then the RH was increased to 90% over 30 min, in 10% RH steps.
At each step, the samples were equilibrated until the observed
mass change ratio was less than 0.05% in 1 minute. Triplicate
samples were prepared and measured, with the average values
reported.

3.3 Thermodynamic Model
The Aerosol Inorganic-Organic Mixtures Functional groups
Activity Coefficients (AIOMFAC) model was used to simulate
the DRH of the samples based on their chemical matrix (Zuend
et al., 2008; Zuend et al., 2011). The cations and anions were
balanced by scaling, and water was selected to be present in the

system. From the results, the molar Ion Activity Product (IAP) is
calculated based on the generated ion activities. As an example,
for MgCl2 the IAP is calculated as,

IAP � [am(Mg2+)] × [am(Cl−)]2 (1)

where am is the activity of the relevant ion. The IAP is a function
of RH (Figure 2), and when the IAP reaches the IAP of saturated
solutions (IAPsat), the corresponding RH is the DRH. The IAPsat
is calculated based on the ionic concentrations of saturated
solution from literature. Figure 2 shows one example with the
IAP plotted versus RH. The horizontal dashed lines indicate the
IAPsat of saturated solutions of four common salts, while the
vertical dashed lines point to the DRHs simulated by the
AIOMFAC model.

3.4 Positive Matrix Factorization Analysis
A Positive Matrix Factorization (PMF) receptor model was used
to explore the correlations of the chemical compositions between
the samples. An open-source program EPA PMF 5.0 was
employed for the analysis (Norris et al., 2014). The input
datasets to the PMF program are the ionic concentrations
measured by the IC and the uncertainty of the measurements.
A 3-factor solution is identified from a 20-iteration PMF
calculation, and the interpretation of the factors is discussed,
where the recognized factors are closely linked to the local
characteristics of the sampling sites.

3.5 STXM Experiment
Scanning transmission X-ray microscopy (STXM) measurements
were performed at the BL4U UVSOR-III beamline (Ohigashi
et al., 2013). The STXM technique records high-resolution images
of soft X-rays transmitted through samples at set photon energies
(Kilcoyne et al., 2003). The photon energy spectra provide
information on mixing states and chemical compositions. For
STXM measurements sample particles were deposited on filmed

FIGURE 2 | IAP as a function of RH, including four salt components in
sample #21. The horizontal dashed lines indicate the IAPsat of saturated
solutions of four common salts marked on the y-axis. The vertical dashed lines
point to the DRH simulated by the AIOMFAC model on the x-axis.
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TEM grids (Copper 230 mesh, Beijing Zhongjingkeyi Technology
Co., Ltd.), and data was analyzed with the aXis2000 program.
Example optical images (sample #20) are presented in Figure 3,
where Figure 3A is an image captured at 348 eV photon energy,
corresponding to calcium absorption. In this case the calcium-
rich particles appear dark with a needle-like morphology.
Potassium-containing particles in the same sample are
highlighted in Figure 3B (297 eV) as the dark more polygonal
particles.

3.6 Ice Nucleation Experiments
Ice nucleation experiments were carried out using a Portable Ice
Nucleation Chamber II (PINCii), which is a newly-built
Continuous Flow Diffusion Chamber (CFDC) apparatus
(Brasseur et al., 2022; Castarède, 2021). Solutions of four
samples with higher salt content were diluted and atomized,
with the resulting aerosol flow being dried and split. One part of
the resulting flow was monitored using a condensation particle
counter (TSI CPC 3040) to measure input particle
concentrations, while the remainder of the flow was directed
through the PINCii. Experiments were run at four selected
temperatures with the RH increased by 1% per min from ice
saturation, RHice = 100%. The output flow was measured using a
four Channel OPC (Remote 3,104, Lighthouse Worldwide
Solutions, United States) that detects ice nucleation by size
discrimination. Using the input and outlet flows and particle

counting the concentration of ice active particles in a given size
channel (particles larger than 3 μm, C>3μm) is determined.

4 RESULTS AND DISCUSSIONS

4.1 Dissolvable Content and Ionic
Composition
Dissolvable content fractions of the sand samples are plotted
together with pH and conductivity in Figure 4A. The dissolvable
fractions range between 0.15 and 3.15%, with pH between 7 and 8
except for sample #20 which has pH ≈ 8.6. The dissolvable
fraction, pH and conductivity are positively correlated, which
indicates that the dissolved fractions are rich in alkaline ions.
Samples #6 and #20 have relatively large values for all three
parameters, while sample #12 has a notably large dissolvable
fraction but does not exhibit increased conductivity or pH as
measured. This indicates that the dissolved content of the sample
#12 is not in ionic form. In general, all the solutions show slight
alkalinity, agreeing with previous studies, which report that the
precipitation in northwest China is commonly slightly alkaline
due to the presence of alkaline dust in the atmosphere (Cao et al.,
2009; Wang and Xu, 2009).

In Figure 4B the measured ionic molar concentrations are
presented in addition to the ratios of total cationic charges to total
anionic charges (C/A). The total cationic charges are generally
greater than the total anionic charges, yielding C/A ratios ranging
from approximately 1–8. For the samples with low C/A ratios,
i.e., cation and anion balanced, the Cl⁻ and SO4

2⁻ concentrations
are relatively higher than in other samples. In the high C/A ratio
samples, the missing anions are probably carbonates and
bicarbonates, which are not detected by IC but have been
reported to be abundant in desert environments (Zhu and
Yang, 2010).

To visualize the relative abundance in detail, normalized ionic
molar concentrations are plotted in Figure 5. For comparison
three high salt-content samples (salt crusts; #13, #17 and #21) are
added (their absolute ionic concentrations are too high to be
shown in Figure 4). In general, the sand sample solutions contain
increased fractions of Ca2+ and Cl⁻ compared to the high salt-
content samples, indicating the high content of Ca2+- and Cl⁻-

FIGURE 3 | STXM images show the morphology of sample #20
particles. (A,B) Snapshots measured at 348 and 297 eV, which are high
absorption regions for Ca 2p and K 2p, respectively.

FIGURE 4 | (A) The dissolvable fractions, pH and conductivities of the 12 sample solutions. (B)On the left vertical axis the ionic molar concentrations measured by
IC are shown, while the right hand axis scaling depicts the ratio of total cationic charges to total anionic charges (C/A). The amount of each cation or anion (n) is multiplied
by the number of charges and then added together to get the total charges of the cation or anion, i.e., cation sum = n (Na+) + n (NH4

+) + n (K+) + 2n (Mg2+) + 2n (Ca2+);
anion sum = n (Cl−) + 2n (SO4

2−) + n (NO3
−).
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containing species are associated with sand. In the high salt-
content samples, the SO4

2⁻ fractions are commonly the greatest
except for Na+, and in two samples (#17 and #21) the Mg2+ levels
are relatively large. These Mg2+ and SO4

2⁻ fractions are
commonly associated with aqueous systems (Li et al., 2020),
which matches the geographic features of these sampling
locations: sample #13 is in the vicinity of the Heihe River,
sample #17 is close to the West Juyan Lake, and sample #21 is
near the Swan Lake (Figure 1).

To further explore the differences and connections between
the chemical compositions of samples, PMF was performed to
analyze ionic concentrations obtained from the IC experiments.
A 3-factor PMF solution converges best, and the results are
shown in Figure 6. The factor profiles, i.e., the ionic
compositions of each factor, are shown in Figure 6A. It is not
straightforward to directly interpret the factor profile due to its

complexity and shared ionic profiles. However, the factor
contributions shown in Figure 6B are relatively easy to
rationalize, where the samples can be grouped based on the
relative significance of factors. Color codes beneath the x-axis
are used to illustrate this grouping, i.e., sample #18 and #19 are
dominated by Factor 1 (Na+, Ca2+ and Cl⁻); samples #1, #8, #11,
#15, #22, #25, and #26 are dominated by Factor 2 (Na+ and Ca2+);
samples #13, #17 and #21 are dominated by Factor 3 (SO4

2⁻);
samples #6 and #20 are dominated by Factors 1 and 3; sample #12
is dominated by Factors 1 and 2 together.

In Figure 6C these color-coded samples are mapped, and it
appears that the PMF factors correspond with local characteristics of
the sampling locations. The factor 2 samples in red are close to the
deserts, while the other samples are closer to aqueous sources and
playa regions, i.e., the sampling location of sample #6 is near Qingtu
Lake, the samples #12 and #13 are near the Heihe River, samples #17
and #18 are nearWest Juyan Lake, the samples #19, #20, and #21 are
near Swan Lake. Thus, the PMF analysis illuminates non-obvious
classification links related to the local geography that do not stand
out from examining the ionic compositions alone (Figure 5).
Although the calculated factor profiles are complicated in their
compositions, the factor contributions provide useful information
that can be used to infer geographic features based on the chemical
analyses, which can be of use for analyzing samples from unknown
locations or environments.

4.2 Hygroscopicity
4.2.1 Experimental Results
Three sand samples (#12, #18, #20) were measured for
hygroscopicity using a vapor sorption analyzer and the results
are shown in Figure 7. In Figure 7A growth factors (m/m0) are
plotted as a function of RH, with Figure 7B providing a rescaled
y-axis to illuminate the low RH behavior. In all samples mass
increases immediately as RH rises. Two behaviors are observed:
1) When RH ≤ 60%, the mass growth is gradual and limited and

FIGURE 5 | Normalized ionic molar concentrations as a function of
species for sand sample solutions (#1, #6, #8, #11, #12, #15, #18, #19, #20,
#22, #25, #26) and high salt-content sample solutions (#13, #17, #21).

FIGURE 6 | PMF 3-factor solution based on ionic concentrations. (A) Factor profile and (B) factor contribution of all samples, where the color codes below the
x-axis indicate factors. (C) Sampling sites with color codes shown in map, aqueous environments marked in blue typeface. The blue code is for factor 1, the red code is
for factor 2, and the grey code is for factor 3. Some samples show joint features form multiple factors.
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2) when RH > 60%, the mass growth diverges. Among the three
samples, #20 has the greatest hygroscopicity, which is expected
because the sample also has more soluble content (65.80 mg/L)
than sample #18 (18.74 mg/L) and sample #12 (9.62 mg/L).

In Figures 7C,D the hygroscopic curves are scaled, i.e., sample #18
is scaled by a factor of 2.1 and sample #12 is scaled by a factor of 2.7.
The good overlap belowRH=60% indicates similar hygroscopicity in
this RH range, although the absolute values vary, which is due to the
variation in hygroscopic contents. Based on the dissolvable fractions,
sample #20 has a higher soluble content than sample #18 by a factor
of 3.5, and higher than sample #12 by 6.8 times. In other words, the
variations in soluble contents are higher than the variations in mass
growth factors, meaning that the hygroscopic fractions in the three
samples are different. Such differences are reflected above RH = 60%,
where the three scaled hygroscopic curves diverge. Samples #20 and
#18 are more hygroscopic than sample #12, and the hygroscopicity is
stronger at higher RH.

4.2.2 Thermodynamic Model
The AIOMFAC thermodynamic model was used to formulate
predictions for the hygroscopic behavior based on chemical
compositions. In Figure 8 modeled Ion Activity Products
(IAP) are presented as a function of RH for three sand
samples based on their ionic components, and complete
results of all samples can be found in Supplementary Figure
S1 in the Supplementary Information (SI). The corresponding
RHs where the IAP curves intersect with the horizontal dashed
lines (IAP of saturated solutions; IAPsat) are the predicted DRHs
of individual salts in the salt mixtures.

The DRHs of four common deliquescing salts (MgCl2, KCl,
NaCl and MgSO4) predicted by the AIOMFAC model are
0–5%, 30–40%, 40–60%, ≈90%, respectively. Among these

four components MgCl2 has the lowest DRH value, which
determines the earliest bulk water dissolution. NaCl and
MgSO4 are major components in most samples, and thus
these two components strongly influence the mass growth
of the mixtures. The results predicted by the
thermodynamic model are consistent with the results of the
hygroscopicity experiments, showing that the observed
hygroscopicity is thermodynamically well described. The
PMF 2-factor solution based on the DRHs predicted by the
AIOMFAC model can be found in Supplementary Figure S2
in the Supplementary Information.

4.3 Individual Particle Chemical Analysis
Individual particles were chemically mapped using the STXM
technique. Particle images are shown in Figure 3 and a zoomed-
in view in Figure 9A. Figure 9A shows the two typically observed
particle morphologies, needle-like and more cubic or polygonal.
We observe distinct chemical characteristics of the two
morphologies, as illustrated in Figures 9B–D, which include
the carbon K-edge and potassium L-edge spectra (Figure 9B),
the calcium L-edge spectra (Figure 9C) and the oxygen K-edge
spectra (Figure 9D).

The carbon K-edge includes the presence of a carbonate
peak (at 290.2 eV) for needle particles that is minimally
present for the polygonal particles (Benzerara et al., 2004).
Given the region around 284–290 eV is flat, these particles
cannot include significant black or organic carbon
components. At the potassium L-edge, a doublet at 297.2
and 299.8 eV indicates the presence of potassium in the
polygonal particle (Moffet et al., 2013). In Figure 9C, the
calcium L-edge shows the presence of calcium (at 348.8 and
352.1 eV) in the needle, suggesting the needle is likely CaCO3

FIGURE 7 | (A) Mass growth factor (m/m0) as a function of RH. (B) Zoomed-in, (C) scaled, and (D) scaled and zoomed-in mass growth factors. Sample #18 is
scaled by a factor of 2.1 and sample #12 is multiplied by 2.7 to overlap with sample #20.
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(Benzerara et al., 2004). At the oxygen K-edge (Figure 9D),
one sharp peak is observed at 533.6 eV in the needle, which
likely corresponds to the oxygen in the carbonate ions, which
further supports the supposition that the needle-like particles
are dominated by CO3 and Ca. The broad components in the
oxygen K-edge spectra are associated with other oxygen
species. These results show the mixing state of the CaCO3

and K/O salts in sand samples, and these two components
most likely have different solubilities, i.e., CaCO3 has low
solubility in water but the K/O salts may be highly
dissolvable. This indicates that IC measurements can only
detect low level Ca2+, though there are abundant CaCO3

needles in the sand.

4.4 Ice Nucleation
Four samples with higher salt content (#13, #17, #20 and #21, for
chemical compositions see Section 4.1) were tested using PINCii
for their ice nucleation ability, and results are shown in Figure 10.
The four samples were used to produce salt solutions, which were

atomized and dried before being introduced into PINCii. These
samples were taken from locations close to samples (#12, #18 and
#20) that were studied for hygroscopicity (Section 4.2). In
Figures 10A–D, the concentrations of activated ice particles
are plotted against RHice at different temperatures. During
experiments, the RH was increasing isothermally. In all
subplots the black solid line represents water saturation, and
the dashed line is the Koop et al. (Koop et al., 2000) prediction for
homogeneous freezing of a solution (nucleation rate; J = 1.7 ×
104). The heat map of concentration is scaled to make the ice
nucleation onset stand out at the transition to green. Onset values
are quantified using a cumulative sum algorithm for particle
counts in the selected size channel for ice (>3 μm) and are
replotted in Figure 10E, which summarizes the critical RHice

for nucleation onsets. For most temperatures and samples, the
observed nucleation matches what is predicted for homogeneous
freezing. However, at the lowest temperature (−50°C) ice
nucleation activation is also observed well below the
homogeneous freezing line, which strongly suggests that some
of these samples initiate deposition nucleation, which may occur
at RHs between ice saturation and homogeneous freezing (Kong
et al., 2018; Wagner et al., 2018).

Deposition nucleation primarily occurs on solid surfaces or
within micropores (Marcolli, 2014; David et al., 2019), but these
salt mixtures are very hygroscopic and start to take up water at
low RH, as shown in Figure 7. This raises the question as to
whether such salt mixture particles can serve as both CCN and
INP. The parallel CCN and INP behaviors have been observed
on sea salt particles in previous studies (Kong et al., 2018;
Wagner et al., 2018). However, in previous studies,
deposition nucleation was primarily observed below the
DRH. In this study, the salt mixtures may also contain small
less-soluble components, even though they are observed to be
very hygroscopic. Therefore, the specific behavior may reflect
how well the less-soluble components facilitate ice nucleation,
and simultaneously how much water uptake is promoted. The
balance between water uptake, solvation, and ice nucleation is
an area of active investigation in the cloud micro-physics
community (Hoose and Möhler, 2012; DeMott et al., 2015;
Brasseur et al., 2022). There may also be other important
properties of the solvating salt surfaces, such as surface-
promoted redox chemistry, that result in important
physicochemical phenomena (Kong et al., 2021).

FIGURE 8 | AIOMFAC modeled IAP as a function of RH. The horizontal dashed lines indicate the IAPsat of saturated solutions of four common salts (NaCl, MgCl2,
MgSO4, KCl). The vertical dashed lines are the model predicted DRH for individual salts in the corresponding salt mixtures.

FIGURE 9 | STXM image and X-ray spectra of representative particles.
(A) Optical image, (B) spectra scanned at C K-edge and K L-edge, (C) Ca
L-edge spectra, (D) O K-edge spectra. Blue lines and red lines represent the
mean spectra for needle-like particles and polygonal particles,
respectively.
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5 CONCLUSION

Dust/salt mixture samples were collected from important source
areas of East Asian Dust Storms, including the Badain Jaran Desert,
the Tengger Desert and the Ulan BuhDesert in northwestern China.
The concentrations of cations and anions were determined by IC
measurements. The ionic concentrations, pH and dissolvable
fractions of sand samples are positively correlated, indicating that
the dissolved content is rich in alkaline ions. A PMF receptor model
was implemented to analyze the IC results and the PMF solution
seemingly connects with the location of sampling sites, i.e., whether
there are or were aqueous environments nearby. The hygroscopic
properties of the samples were measured by a vapor sorption
analyzer, and a thermodynamic model was used to well describe
the DRH based on chemical compositions. Synchrotron-based
STXM was carried out to examine the sample morphology and
chemically map typical dust/salt particles. Needle-shaped CaCO3

particles are observed as are more irregularly shaped high
K-containing particles. Ice nucleation activity was measured for
typical salts, with both homogeneous freezing and deposition
nucleation observed from atomized and dried salt solutions/
particles. The results indicate that the salts primarily act as cloud
condensation nuclei that freeze at low temperatures but can also act
as ice nucleating particles at lower vapor saturations and at low
temperatures. We hypothesize that this is due the co-existence of
high- and low-hygroscopic materials within the salt mixtures.
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