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ABSTRACT: Playas emit large quantities of dust that can facilitate the
activation of cloud droplets. Despite the potential importance of playa
dusts for cloud formation, most climate models assume that all dust is
nonhygroscopic; however, measurements are needed to clarify the role
of dusts in aerosol-cloud interactions. Here, we report measurements of
CCN activation from playa dusts and parameterize these results in
terms of both κ-Köhler theory and adsorption activation theory for
inclusion in atmospheric models. κ ranged from 0.002 ± 0.001 to 0.818
± 0.094, whereas Frankel-Halsey-Hill (FHH) adsorption parameters of
AFHH = 2.20 ± 0.60 and BFHH = 1.24 ± 0.14 described the water uptake
properties of the dusts. Measurements made using aerosol time-of-
flight mass spectrometry (ATOFMS) revealed the presence of halite,
sodium sulfates, and sodium carbonates that were strongly correlated
with κ underscoring the role that mineralogy, including salts, plays in water uptake by dust. Predictions of κ made using bulk
chemical techniques generally showed good agreement with measured values. However, several samples were poorly predicted
suggesting that chemical heterogeneities as a function of size or chemically distinct particle surfaces can determine the
hygroscopicity of playa dusts. Our results further demonstrate the importance of dust in aerosol−cloud interactions.

1. INTRODUCTION
Dust particles emitted from arid and semiarid regions represent
a dominant contributor to the global aerosol burden.1 One
globally significant source of dust is dry lake beds (i.e., playas)
that emit high mass concentrations of dust to the atmosphere
compared to their small spatial extents.2,3 Once released into
the atmosphere, dust particles affect multiple environmental
and climatic processes.4 Dust can directly scatter or absorb
incoming solar radiation,5,6 impact the production and radiative
properties of clouds, and impact precipitation efficiency by
acting as ice nuclei7−11 and cloud condensation nuclei.12−14

The ability of dust to serve as ice and cloud condensation nuclei
is dependent on the size, morphology, and chemical
composition of dust particles.15−17 Most models consider fine
dust particles to be inefficient cloud condensation nuclei unless
they have acquired coatings or undergone chemical aging in the
atmosphere via heterogeneous reactions between dust particles
and atmospheric trace gases.13,18−20 However, observations of
warm cloud droplets containing fine, unprocessed dust
particles9,21 have challenged the validity of this assumption.

An attempt to model cloud droplet activation from mineral
dust has recently been undertaken;22 however, additional
knowledge of the hygroscopicity of complex mineral dusts is
needed. In order to improve model parameterizations of dust
particles, laboratory and field measurements are required of the
water uptake properties of dust particles from a variety of
sources.
Several studies have measured the water uptake properties of

compounds representative of minerals commonly found in
dust. These measurements are typically reported in terms of a
single hygroscopicity parameter (κ), which represents the
dependence of the water activity of a solution on its chemical
composition.23 Values of κ range from 0, which is
representative of wettable but nonhygroscopic particles, up to
1.4 for highly hygroscopic salts, such as sodium chloride
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(NaCl). Several minerals found in dust exhibit low hygro-
scopicity including calcite (CaCO3, κ ∼ 0.001) and clays such
as illite, kaolinite, and montmorillonite (κ ∼ 0.001−
0.003).24−27 A few studies have characterized the water uptake
properties of dust generated from soil samples including
Arizona Test Dust (κ ∼ 0.003), Chinese loess (κ ∼ 0.007), and
dust from the Saharan desert (κ ∼ 0.023).25,28−30 However,
these dusts are not comprised of playa materials. Recently, the
water uptake properties of dust generated from a sample from
the Owens (dry) Lake Basin in Inyo County, California were
measured. This sample exhibited high hygroscopicities that
varied as a function of particle size with the highest
hygroscopicities measured for the smallest sized particles (i.e.,
κ ranged from 0.04 to 1.07 with an average κ ∼ 0.7).31 The
highly hygroscopic nature of dust from the Owens (dry) Lake
Basin is due to the fact that this region is a playa, which
contains high amounts of saline material derived from
groundwater or dissolved minerals in surface water that
evaporate leaving behind a salt-rich, erodible crust.32−35 The
erodible surface formed on playas is a significant source of
mineral aerosols. The saline nature of dust generated from
playas, such as Owens (dry) Lake, suggests that playa dusts can
potentially serve as efficient cloud condensation nuclei in the
atmosphere. Using single-particle mass spectrometry, Pratt et
al.36 detected playa dust particles in individual cloud droplets
further suggesting that playa dusts are efficient cloud
condensation nuclei. Because playas can emit some of the
highest regional concentrations of particulate matter observed
in the atmosphere32,37 and dust-emitting playas are ubiquitous
in many arid and semiarid regions of the world,3,35,38,39

quantifying the hygroscopic properties of playa dust particles is
critical in order to understand the role that dust plays in
aerosol-cloud-climate interactions around the globe.
Here we present measurements of the water uptake

properties of dust particles generated from playa soil samples
collected from southwestern North America. The bulk and
single-particle chemical compositions of dust generated from
these samples were also measured in order to determine
relationships between dust mineralogy, the presence of soluble
salts, and the cloud nucleating properties of playa dust. We
explore whether diverse values of κ exist for different dusts or
whether a single, average value of κ is appropriate for dust
aerosols. The potential for playa dusts to efficiently seed cloud
droplets is discussed.

2. EXPERIMENTAL SECTION
Generation of Dust Particles. Surface samples were

obtained from saline playas in southwestern and western North
America known to be intense dust emitters including: the Black
Rock Desert (Nevada),40 Owens (dry) Lake (California),32−34

Lordsburg Playa (New Mexico),41 Salt Flat Basin (Texas),42

Willcox Playa (New Mexico),41 and near the Great Salt Lake
(Utah).42 Photos of some of the sediment samples are shown in
Figures S1−S3 of the Supporting Information (SI). When
necessary, sediment samples were manually ground with a
mortar and pestle to produce smaller particles for analysis. For
the Owens (dry) Lake samples, both atmospheric dust and
surface soil were collected (referred to here as Owens Lake
Dust and Owens Lake Crust, respectively). The dust sample
was collected in the atmosphere at 10 cm above the playa
surface during a dust storm on March 23, 1993 using Big Spring
Number Eight (BSNE) samplers,32 and a second sample was
collected from the playa surface when a powdery white crust

was present. Samples were aerosolized by dry generation as
detailed previously by Sullivan et al.;27 further details of this
method can be found in the SI. Commercially purchased salts
were used to generate salt aerosols of known compositions.
Predicted and observed values of κ for the salt standards are
discussed in the Table S1 of the SI.

Chemical Analysis of Dust Using ATOFMS. The
chemical composition of individual aerosolized particles was
measured using an aircraft aerosol time-of-flight mass
spectrometer (A-ATOFMS).43 The A-ATOFMS measured, in
real-time, the vacuum aerodynamic diameter (dva) and dual-
polarity mass spectra of individual particles from ∼100−1500
nm (dva). After exposure to a 210Po neutralizer, particles are
focused in an aerodynamic lens system. Then particles are
optically detected by two continuous wave 532 nm lasers
spaced 6.0 cm apart, providing particle velocity and, thus, dva.
Polystyrene latex spheres of known physical diameter from 95
to 1500 nm were used for the particle size calibration. The
timing circuit used to determine the particle velocity was also
used to time the firing of a 266 nm laser (∼0.6−0.85 mJ/laser
pulse) used to induce laser desorption/ionization, which
produced positive and negative ions from individual particles
that were detected using a dual polarity, time-of-flight mass
analyzer. No significant chemical differences were observed for
the particle sizes detected within the size range of the A-
ATOFMS, likely due to grinding the samples; thus, average
mass spectral signatures are discussed herein.

Measurements of Dust Hygroscopicity. The hygro-
scopicity of each aerosol sample was measured by aerosolizing
particles, passing them through a 85Kr neutralizer, and then
size-selecting the aerosol using a differential mobility analyzer
(DMA, Model 3081, TSI Inc.). Three mobility diameters,
ranging from 50 to 250 nm, were chosen for each sample
depending on its hygroscopicity. Total particle concentrations
were measured by a condensation particle counter (CPC,
model 3010, TSI Inc.) and compared to the number
concentrations of particles that activated cloud droplets within
a miniature cloud condensation nuclei counter (CCNc) at
supersaturations between 0.1 and 1.1%.44 The supersaturation
of the CCNc is a function of the column temperature gradient
(dT), which was calibrated using (NH4)2SO4 (Aldrich,
99.999% purity). Activation curves of CCN/CN ratios, referred
to herein as fCCN, were generated by scanning through
supersaturations (column dT) at a fixed dry diameter. The
critical supersaturation (Sc) is defined as CCN/CN = 0.5. The
contribution of multiply charged particles was corrected using
the method of Rose et al., 2008.45 Herein, CCN activity is
presented as the single hygroscopicity parameter kappa (κ),23

which was determined by plotting Sc for each dry diameter
(Dd) on a log−log plot with the different Sc-Dd pairs for each
sample falling on κ-isolines. Herein we report (i) exper-
imentally measured values of κ, hereafter referred to as apparent
κ or simply κ and (ii) predicted values of κ (κpredict) using a
simple mixing rule described in the next section for
multicomponent aerosols. Uncertainty in κ is primarily due to
the stability of the column dT and the transmission efficiency of
the DMA, which affects calibrations of the column dT in the
CCNc and the accuracy of size-selected monodisperse
aerosols.45

Ion Chromatography Analysis and Thermodynamic
Predictions of Hygroscopicity. Ion chromatography (IC)
was performed to quantify soluble ions and to predict κ for each
aerosol sample. Samples were prepared by adding 10 mg of
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crushed dust or sediment to 30 mL of milli-q water (>18 MΩ),
sonicating the solution for 75 min in a water bath heated to 60
°C to ensure that all of the soluble material had dissolved, and
filtering the solution using a 0.2 μm Supor membrane syringe
filter (Acrodisc, Pall Life Sciences) similar to the method
described in Padro ́ et al., 201046 and Kumar et al., 2011.47 Two
different IC systems were used to quantify anions (F−, Cl−,
NO3

−, PO4
3−, SO4

2−) and cations (Na+, NH4
+, K+, Ca2+, Mg2+);

the details of the IC instruments can be found in the SI. All
samples were run in triplicate. Sample blanks were obtained by
filtering milli-q water in the absence of dust particles and
performing IC using the same method. Mass fractions of
Na2SO4, NaNO3, NaCl, CaSO4, Ca(NO3)2, K2SO4, KCl, CaCl2,
MgCl2, and MgSO4 were estimated using the ISORROPIA-II
model.48 The following inputs were used: total mass
concentration of each ion measured from the IC assuming a
temperature of 293 K and 5% relative humidity. Mass fractions
were converted to volume fractions using the reported densities
of each compound.27,31,46,47 Excess Na+ and Ca2+ were assumed
to form carbonates, consistent with available data on the
mineralogy of Owens (dry) Lake49−51 where most of the excess
cations were observed. The remaining (insoluble) mass fraction
for each sample was assumed to have κ ∼ 0 and is likely
composed of aluminosilicates. κ for each aerosol sample was
then calculated using eq 1:47

∑κ κ= V
i

f i ipredict ,
(1)

where κpredict is the predicted κ for each sample derived from the
sum of κ for each compound (κi) reported in this work and in
previous work27,46,47,52 and multiplied by the volume fractions
of each compound (Vf,i) calculated from eq 2:47

ρ
ρ

=
∑

V
m

m

/

/f
i i

(2)

where mi and ρi refer to the mass and density of each measured
substance (i) and the denominator refers to the total volume of
the sample, which includes both soluble and insoluble material.
Table S2 lists all of the densities and κ values for the standard
compounds used in this work. Values of κpredict for each aerosol
sample are compared to κ and discussed in this work.
The water uptake properties of the dust samples were also

predicted using Frankel-Halsey-Hill (FHH) adsorption
theory53−56 because adsorption has also been shown to be
important for predicting the water uptake properties of aerosols
with low amounts of soluble material. The water activity of the
aerosol is parametrized using a multilayer adsorption frame-

work and combined with the Kelvin term (A) to solve for the
equilibrium saturation ratio over a droplet (S) using eq 3:56

= − Θ−⎜ ⎟
⎛
⎝

⎞
⎠S

A
D

Aexp exp[ ]B
FHH

FHH

(3)

where D is the droplet diameter, Θ is the surface coverage of
adsorbed water molecules, and AFHH and BFHH are adsorption
coefficients. eq 3 is explained in greater detail in the SI. Here we
report values of the adsorption coefficients AFHH and BFHH that
yielded the best fits to our experimental data and compare them
to previously reported values for other dust samples.47

3. RESULTS AND DISCUSSION
Hygroscopicity of Playa Particles. Table 1 presents the

values of κ, κpredict, and the adsorption parameters AFHH and
BFHH for each playa dust/sediment sample. Average values of
AFHH = 2.20 ± 0.60 and BFHH = 1.24 ± 0.14 were observed with
values of BFHH decreasing with increasing hydrophilicity of the
dust sample. The values reported herein are similar to the
values of AFHH = 2.25 ± 0.75 and BFHH = 1.20 ± 0.10 reported
for unprocessed mineral dust samples.55 Because the Owens
(dry) Lake crust sample is well-described by κ-Köhler theory
(e.g., κ > 0.2), AFHH and BFHH adsorption parameters are not
reported for this sample. Both Figure 1 and Table 1 present the
measured values of κ for each sample. The most striking feature
in both Figure 1 and Table 1 is the widespread of
hygroscopicities measured for playa surface and dust particles.
κ ranged from 0.002 ± 0.001 up to 0.818 ± 0.094. For
simplicity, the observed values of κ are grouped into three
categories: (i) “highly hygroscopic” samples with κ ≥ 0.1; (ii)
“slightly hygroscopic” with 0.01 ≤ κ ≤ 0.1, similar to values
obtained for some organic compounds23 and a dust sample
from the Sahara Desert;25,28 and (iii) “low hygroscopicity” with
κ ≤ 0.01, similar to the water uptake measured for
aluminosilicate clays.24−26,57 For comparison, water-soluble
salts exhibit κ> 0.5,23,27,52 water-soluble organic compounds
can have values of κ up to 0.3,46,58,59 and organic compounds
with low degrees of oxygenation can exhibit κ< 0.1.60 “Highly
hygroscopic” samples include model salts and the Owens Lake
Crust sample; “slightly hygroscopic” samples include two
samples from the Great Salt Lake Basin, the two sediment
samples from the Salt Flat Basin (Texas), and the Owens Lake
Dust sample; the “low hygroscopicity” samples include both
sediment samples from the Lordsburg Playa, the Black Rock
Desert playa sample, and sediment from the Willcox Playa. It is
notable that the hygroscopicities of the dust sample and the
sediment sample taken from Owens (dry) Lake differ by over
an order of magnitude (i.e., the Owens Lake Crust sample has κ

Table 1. Measured and Predicted Values of κ (i.e., κ, κpredict) and the FHH Adsorption Coefficients AFHH and BFHH for Each
Playa Dust Sample

sample soluble Vf κ κpredict AFHH BFHH

Owen’s Lake Crust 52.66% 0.818 ± 0.094 0.688
TX Salt Basin Site S3 2.67% 0.052 ± 0.004 0.001 3.15 ± 0.20 1.14 ± 0.02
Great Salt Lake ″Puffy Soil″ 33.14% 0.041 ± 0.006 0.374 2.48 ± 0.07 1.13 ± 0.01
Great Salt Lake ″Salt Crust″ 29.89% 0.033 ± 0.004 0.348 2.10 ± 0.05 1.12 ± 0.02
Owen’s Lake Dust #12 14.53% 0.030 ± 0.003 0.148 2.42 ± 0.20 1.14 ± 0.02
TX Salt Basin Site S63 4.21% 0.029 ± 0.002 0.033 2.11 ± 0.05 1.13 ± 0.01
Lordsburg Playa #8 0.36% 0.006 ± 0.001 0.002 2.20 ± 0.18 1.32 ± 0.01
Black Rock Desert Dust 0.54% 0.004 ± 0.001 0.002 2.70 ± 0.35 1.33 ± 0.04
Lordsburg Playa #2 0.63% 0.002 ± 0.001 0.001 1.50 ± 0.12 1.40 ± 0.04
Willcox Playa 0.05% 0.002 ± 0.001 0.001 1.17 ± 0.05 1.47 ± 0.03
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= 0.818 ± 0.094, while the Owens Lake Dust sample has κ =
0.030 ± 0.003) despite being collected from within the same
dried lake bed. The likely explanation for the differing values of
κ is the different types of material that were collected and
analyzed in this work. The Owens Lake Crust sample was a
white, powdery sediment taken from the top of the dried lake
bed consistent with a highly saline-rich crust that is persistent
after the playa has been recharged from an underlying brine
pool. The Owens Lake Dust sample was beige in color and was
comprised of dust collected from the atmosphere, representing
a mixture of materials eroded from both the immediate
efflorescent salt surface and the salt-silt-clay crust directly
underneath it.32−34,61−63 Thus, the Owens Lake Crust sample is
expected to contain much higher concentrations of hygroscopic
evaporites, while the Owens Lake Dust sample contains a
mixture of hygroscopic evaporites and poorly hygroscopic clays,
which explains the differences in κ.
It is also important to note that the playa sample appearance

is not always indicative of its hygroscopic properties. For
example, the two samples from the Great Salt Lake were very
different in appearance, hence the distinction between a “salt
crust” sample that contained a distinct powdery white crust and
the “puffy soil” sample, which was fluffy yet contained no
distinct powdery crust (see Figure S1 for photos of the two
samples). Despite these differences in appearance, their
respective values of κ did not exhibit major differences (i.e., κ
= 0.041 for the “puffy soil” sample and κ = 0.033 for the “salt
crust” sample). Overall, these results highlight the range of
hygroscopicities that playa dust and sediment grains exhibit as a
consequence of precipitation, hydrological, and geophysical
phenomena including saline inputs to the playa surface from
underlying groundwater and the generation and differentiation
of dust (in the atmosphere) from sediment (on the land
surface). These factors are not necessarily reflected in the
morphological appearance of the soil or dust.33

Single-Particle Composition and Mineralogy of Playa
Aerosols. In order to probe the relationship between dust/
playa mineralogy, soluble salts, and κ, single-particle mass

spectrometry was used to determine the chemical composition
of individual playa/dust particles. The hygroscopic properties of
each sample were correlated with individual particle mineral-
ogy. Figure 2 shows the average single-particle mass spectra for

the most and least hygroscopic samplesOwens Lake Crust
and Willcox Playa, respectively (see Figure S4 for the average
mass spectra corresponding to the other samples). Dominant
ion peaks found in dust generated from the Willcox Playa
sediment sample and most of the “low hygroscopicity” and
“slightly hygroscopic” playa sediment/dust samples include
silicates (60SiO2

−, 76SiO3
−, etc.), metals (7Li+, 27Al+, etc.), and

metal oxides (43AlO−) indicative of clastic minerals including
aluminosilicates and quartz. The values of κ for the “low
hygroscopicity” samples are consistent with hygroscopicities
derived from clay minerals suggesting that little additional
soluble material was present in most of these samples.25 The
ion peak at m/z + 56 frequently detected in the “low
hygroscopicity” samples corresponds to 56CaO+, indicative of
calcite (CaCO3),

64 a typical constituent of playa sediments and
dust aerosols in southwestern North America. These samples
also contain a large peak at 40Ca+ further supporting the
assignment of m/z + 56 to calcite. This ion peak does not
correspond to 56Fe+ due to the lack of an isotope pattern at m/
z + 54, 57, and 58.
In contrast to the “low hygroscopicity” samples, aerosols

generated from the Owens Lake Crust sample produced several
ion peaks consistent with soluble sodium carbonates, sodium
chloride (halite), and sodium sulfates. These ion peaks include
62Na2O

+, which is likely due to the fragmentation of Na2CO3

forming 62Na2O
+ and CO2(g), similar to the ions observed for

calcite, and further supported by the observation of 129Na3CO3
+

in this sample. The saline-rich, erodible soil from Owens (dry)
Lake, especially when collected from the surface containing
efflorescent salts, has been found to contain several minerals
rich in sodium carbonates, including natron (Na2CO3·10H2O),
thermonatrite (Na2CO3·H2O), and trona (Na3HCO3CO3·
2H2O).

31,49−51 The Owens Lake Crust sample produced
additional ion peaks indicative of soluble material, including
chloride (35,37Cl−, 81,83Na2Cl

+), likely due to the presence of
halite (NaCl), and sulfate (80SO3

−, 96SO4
−). Several sulfate ion

peaks present in the Owens Lake Crust sample were associated
with sodium (e.g., 119NaSO4

−, 165Na3SO4
+), likely due to the

presence of thenardite (Na2SO4) and mirabilite (Na2SO4·
10H2O), which are present when the surface of Owens (dry)

Figure 1. Critical supersaturation (Sc) and the estimated activation
diameter (Dc) for salt standards and playa dust samples are plotted
along with κ-isolines. The diameter shown along the x-axis is the
mobility diameter. Closed blue symbols denote salt particles atomized
from solutions containing commercially available standards, whereas
open symbols denote particles derived from dry generated dust
samples. “Highly hygroscopic” samples are shown in purples, “slightly
hygroscopic” samples are shown in greens, and “low hygroscopicity”
samples are shown in reds.

Figure 2. A-ATOFMS spectra of dust particles with the lowest κ
(Willcox Playa, top panel) and the highest κ (Owens Lake Crust,
bottom panel).
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Lake is covered with an erodible, efflorescent evaporite salt
crust.32,33,51,62,63 Notably, the Owens Lake Dust sample
contained 23Na+, 27Al+, and silicate peaks (60SiO2

−, 76SiO3
−,

etc.) consistent with previous results that indicated that this
sample contained a mixture of surface salts and the underlying
aluminosilicate material.62,63 Further, this sample lacked ion
peaks indicative of sodium sulfates and halite, and had low
intensity peaks associated with sodium carbonates consistent
with this sample representing a cement-like crust rather than an
erodible, saline-rich crust. Overall, the Owens Lake Crust
sample generated several ion peaks indicative of highly
hygroscopic material (e.g., Na2SO4, κ ∼ 1.04; NaCl, κ ∼ 1.4;
Na2CO3, κ ∼ 1.2931,47), which explains the order of magnitude
difference in κ between the two different samples from Owens
(dry) Lake, as well as the high hygroscopicity of the Owens
Lake Crust sample in comparison to the other playa samples.
The mineralogy of playas, especially Owens (dry) Lake, is
known to change rapidly in time due to changes in groundwater
availability and salinity, precipitation, temperature, evaporation
rates and other factors;65 thus, it is likely that these changes are
reflected in the chemical composition and cloud nucleating
properties of playa dust particles.
A comparison of the single-particle composition of playa

samples with their respective κ revealed that several key ion
markers indicative of playa dust mineralogy can be used to infer
hygroscopicity. Comparisons were made between values of κ
and absolute ion peak areas indicative of the hygroscopic
compounds halite (81Na2Cl

+) and sulfates (96SO4
−) (Figure 3).

The ratio of m/z −81 (halite) to m/z −76 and −77 (silicates)

showed a strong correlation with κ (R2 = 0.90, Figure 3a), as
did sulfate (R2 = 0.74, Figure 3b). Because the Owens Lake
Crust sample had significantly higher sulfate and halite ion peak
areas than the other samples, the relationships shown in Figure
3a and b do not include this sample. Analysis of the relationship
between κ, sulfate, and the halite/silicate ratio with the Owens
Lake Crust sample included yields a tight correlation between κ
and the chemical markers associated with hygroscopic material
(e.g., R2 = 0.99). We note that the correlation between
hygroscopicity and sulfate decreases when the Owens Lake
Crust is not considered due to the fact that most of the sulfate
associated with this sample was likely in the form of mirabilite,
which is much more hygroscopic (e.g., κ ∼ 1.04 for Na2SO4

31)
than other sulfate-containing minerals such as gypsum (κ ∼
0.01 for CaSO4

46,47), which is not observed at Owens (dry)
Lake and not geochemically expected given the composition of
its sediments and groundwater.50 Overall, the hygroscopic
properties of playa sediment and dust particles were found to
depend on the mineralogy of each sample highlighting the
important role that chemical composition plays in the cloud
nucleating properties of dust particles.

Bulk Mineralogy Measurements and Predictions of
Hygroscopicity. To further probe the water uptake properties
of the playa dust samples, IC was performed to quantify water-
soluble ions, ISORROPIA-II was used to model the salts
present, and values of κpredict were predicted for each sample.
Table S3 shows the soluble ion concentrations for each sample.
Carbonate, which was not quantified by IC, is suggested to be
an important component of the playa dusts, consistent with
previous studies49−51 and with the observed single-particle
mineralogy (see Figure 2). Several samples contained
unbalanced Ca2+ and Na+, which we attributed to calcite
(CaCO3) and Na2CO3, respectively.
Table 1 shows the soluble volume fractions and predicted

values of κpredict for each sample; Figure 4 shows a comparison

of κ and κpredict for each sample and a 1:1 line for reference.
Notably, most of the playa sediment/dust samples are well-
predicted by their soluble mass fractions, including the Owens
Lake Crust sample (i.e., κ = 0.818 ± 0.094 while κpredict = 0.688)
and most of the “low hygroscopicity” samples. However, there
are a few notable exceptions. κ was severely under-predicted for
the sediment sample taken from TX Salt Flat Basin Site S3 (κ =
0.052 ± 0.004 and κpredict = 0.001), which produced a soluble
mass fraction of only 2.7%. Particle-induced X-ray emission

Figure 3. Comparison of κ with the average A-ATOFMS (a) sulfate
peak area (96SO4

−), and (b) the halite (81Na2Cl
+)/silicates (76SiO3

− +
77HSiO3

−) ratio. Data from the Owens Lake Crust sample is not
included.

Figure 4. Comparison of the measured (apparent) κ and the
calculated κ from minerals predicted using ISORROPIA-II (κpredict).
A 1:1 line is shown for comparison. Inset is the same figure zoomed in
on the under-predicted TX Salt Flat Basin S3 sample.
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(PIXE) and X-ray diffraction (XRD) conducted on this sample
revealed the dominance of calcium, sulfur, and magnesium due
to high mass fractions of gypsum and dolomite (CaMg(CO3)2),
aluminum and silicon due to the presence of aluminosilicates,
and smaller contributions from halite.66 Overall, this analysis
suggests that the bulk composition of this sample contains only
a small amount of soluble material, which is inconsistent with
our measured value of κ. Chemical heterogeneities as a function
of particle size have been noted for playa dusts63 and likely
explain our under-predictions of κ. This is due to smaller
particles, measured during our water uptake studies, containing
a higher fraction of soluble material than the larger particles
that dominate the mass of the sample analyzed by bulk
techniques (IC and PIXE). Alternatively, chemical distinctions
between the particle core and surface could also explain our
observations. While the bulk data provided by the IC is not
sensitive to chemical distinctions between the core and surface
of particles, the single-particle data could be more sensitive to
the particle surface, especially because a slightly lower laser
fluence was used for this study, which favors ablation of surface
material.67,68 The TX Salt Flat sample does show a strong signal
at 81Na2Cl

+ compared to most of the other playa dusts
suggestive of halite, which could be concentrated at the particle
surface. The common observation that playas contain
aluminosilicate grains that become coated or frosted with
salts after the brine water has dried out is also consistent with
this hypothesis.69−72

In contrast to the TX Salt Flat Basin Site S3 sample, κpredict
for the Owens Lake Dust sample and both Great Salt Lake
samples are overpredicted. Notably, excess Na+, assumed to be
in the form of Na2CO3, accounts for a large fraction (8.6%) of
the total mass analyzed for the Owens Lake Dust sample. The
single-particle data from this sample shows a signal at 62Na2O

+

that is less intense than the signal present for the crust sample.
When the excess Na+ in the Owens Lake Dust sample is
ignored, κpredict (0.038) matches κ (0.030), which suggests that
a different compound could explain the excess Na+. Na-
containing compounds known to be present at Owens (dry)
Lak e i n c l ude n a t r on (Na 2CO3 ·10H2O) , t r on a
(Na2CO3NaHCO3·2H2O), pirssonite (Na2Ca(CO3)2·2H2O),
and burkeite (2Na2SO4Na2CO3).

49,50 The higher molecular
weights of these compounds favor a lower intrinsic κ which
would lower κpredict. Indeed, substitution of Na2CO3 for these
compounds does lower κpredict to 0.110 for trona, pirssonite, and
burkeite and κpredict to 0.061 for natron, which likely explains
the overprediction of κpredict, in part. The Great Salt Lake
samples are overpredicted by an order of magnitude. The most
reasonable explanation for this observation is the presence of
hydrates with higher molecular weights and lower values of κ.
Overall, comparisons between the hygroscopic, bulk

chemical, and single-particle chemical properties of playa dust
particles provide insight into the water uptake properties and
mineralogy of dust particles. Further investigation into “κ-
closure” for dust particles using bulk methods is clearly
warranted. The results presented herein highlight that single-
particle methods show promise for linking dust mineralogy
with their water uptake properties by providing detailed
information regarding the mineralogy of the different samples.
Further analysis probing differences between the mineralogy of
the particle surface and core using single-particle techniques
should be explored.
Atmospheric Implications. The results presented herein

highlight the widespread in hygroscopicity observed for playa

dust particles, which ranged from more hygroscopic than
ammonium sulfate (κ ∼ 0.818) to nearly nonhygroscopic (κ ∼
0.002). The wide range in hygroscopicity was directly linked
with variations in the mineralogy of the dust samples. Typically
values of κ are reported as a singular value that represents the
average of multiple aerosol populations. The wide range in κ
shown herein suggests that a single, average value of κ for dusts,
even from the same type of source (e.g., playas), is not
sufficient to capture the diverse hygroscopicity that dust
aerosols exhibit. Activation by the adsorption of water was
also explored in this work. The adsorption parameters that best
fit the data were AFHH = 2.20 ± 0.60 and BFHH = 1.24 ± 0.14 in
close agreement with values reported for unprocessed mineral
dust samples.55

Despite the low hygroscopicity of some of the playa dust/
sediment samples, it should be pointed out that even “low
hygroscopicity” playa dusts that are rich in aluminosilicates
could induce the formation of ice crystals in the atmosphere.7−9

Further, the dust from the Lordsburg and Willcox playas have
been detected in precipitation collected in the southwestern
United States highlighting the potential significance of playa
dusts as contributors to precipitation.73,74 Notably, more than
half of the samples measured in this study were defined as
“highly hygroscopic” or “slightly hygroscopic” demonstrating
that playas can emit fine dust particles that do not require
chemical aging in order to efficiently seed cloud droplets. This
finding indicates that the commonly held assumption that all
dust is nonhygroscopic should be re-examined. The Owens
(dry) Lake Basin is a fugitive dust source created when water
was diverted away from Owens Lake starting in 1913.33

Because dust from this dried lake bed can be highly
hygroscopic, this basin serves as a potential example of how
humans can modify clouds and climate. It is anticipated that
continued anthropogenic activities, including agricultural
practices, diversion of water away from lakes, and other land
use practices, combined with desiccation due to climate change
will increase the spatial extent of playas and exacerbate dust
emissions from dried lake beds.2,75 Our findings indicate that
increased playa dust emissions could significantly impact the
formation of cloud droplets in the atmosphere.
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