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Abstract we present the first direct evidence that the hygroscopic properties of super micron (>1 pm)
African dust particles did not change despite undergoing long-range transport across the Atlantic toward
the Caribbean. Concurrent measurements of chemical composition show that most of mineral dust was
chemically unprocessed and externally mixed. A minor portion of mineral dust was internally mixed with
sulfate and chloride (~13-24% by number) or aggregated with sea-salt particles (~3-6%). Only dust particles
aggregated with sea salt showed significant hygroscopic growth above 75% relative humidity (RH), resulting
in a decrease in extinction mass efficiency by up to a factor 2.2. All other dust particles did not take up
significant amounts of water when exposed to up to 94% RH. These results demonstrate that the direct
radiative effect of African dust in this region remained independent of RH and an external mixing state could
be considered for evaluating the climate effects of dust.

1. Introduction

Mineral dust is an extremely important atmospheric constituent because of its remarkable global influence
on climate [Huneeus et al., 2011]. Dust particles affect the Earth’s radiative budget directly via the scattering
and absorption of solar and terrestrial radiation [di Sarra et al., 2011]. Mineral dust can also have an indirect
effect on cloud radiative properties by acting as cloud condensation nuclei (CCN) and ice nuclei (IN) [Choobari
et al,, 2014]. Since the interaction of particles with water changes their size, composition, and shape, and
henceforth their optical properties, these radiative effects are strongly sensitive to the hygroscopicity
of particles.

While fresh mineral dust is highly nonhygroscopic, a number of laboratory studies have indicated that the
uptake of hydrophilic species, such as sulfuric acid, nitric acid, or oxidized organic species, by the dust surface
can enhance its hygroscopicity [Hatch et al., 2008; Sullivan et al., 2009]. Soluble coatings on dust have been
observed in the atmosphere during field measurements [Matsuki et al.,, 2010; Li and Shao, 2009; Falkovich
et al., 2004]. Coagulation of dust with hygroscopic particles such as ammonium sulfate or sodium chloride
has also been documented in the past [Sullivan et al., 2007; Trochkine et al., 2003]. Therefore, dust hygroscopic
properties may change as the dust undergoes atmospheric processing during long-range transport. An
accurate description of the temporal evolution of dust hygroscopic properties is crucial to quantify dust
impact on the climate system that is a challenge for models [SmoydZzin et al., 2012].

Findings in the literature about dust hygroscopic properties show different results and are partly contradictory.
Several studies have reported coating-induced enhancements in the hygroscopic properties of Saharan and
Asian dust transported over a long range [Begue et al, 2014; Twohy et al., 2009; Perry et al., 2004; Matsuki
et al,, 2010]. By contrast, Pésfai et al. [2013] provided evidence that although Saharan dust particles were
transported over long distances (more than 3 days), their chemical composition can remain unaltered after
transport, with no observed internal mixing or coating. Nonhygroscopic Asian dust particles were also
observed in Chinese outflow [Massling et al., 2007]. Hence, the extent to which mineral dust particles react
and become hydrophilic is dictated by their origin and transport pathway and may differ from one area to
another depending on meteorological conditions and air masses encountered. Further studies that analyze
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dust hygroscopic properties after long-range transport in various regions are needed to accurately model
the impact of dust on climate.

Large quantities of mineral dust are transported westward from North African desert source regions toward
the Caribbean and the eastern coasts of North and South America [Prospero and Mayol-Bracero, 2013]. Most
previous studies in this region have focused on the analysis of dust microphysical, chemical, and optical properties
under ambient conditions [Maring et al., 2003; Reid et al., 2003; Trapp et al,, 2010]. To date, only one publication has
addressed the influence of relative humidity on the scattering properties of transported dust and found that only
minor amounts of hygroscopic materials were associated with dust [Li~Jones et al., 1998].

Here we present direct measurements of the hygroscopic properties of Saharan mineral dust collected in
Puerto Rico after its long-range transport across the Atlantic Ocean. We show that long-range transport
did not result in changes in dust hygroscopicity and discuss the implications of these results for dust
radiative effects.

2. Methods
2.1. Samples

Aerosol samples were collected during the Dust Aging and Transport from Africa to the Caribbean
(Dust-ATTACk) campaign, which was conducted in summer 2012 at the atmospheric observatory of Cabezas
de San Juan (CPR, 18°23'N, 65°37'W) in Fajardo, Puerto Rico. Puerto Rico is a Caribbean island dominated by
northeasterly winds, which carry high concentrations of dust from Africa to this region [Gioda et al,, 2011],
particularly during the boreal summer. Previous studies have also reported the presence of significant
anthropogenic organic and sulfate fractions in this region, which are indicators of local and transported
pollution from Europe [Allan et al., 2008; Li-Jones and Prospero, 1998].

For the purposes of this study, a four-stage cascade impactor (Dekati®, four-size range including >10, 2.5 to
10, 1 to 2.5, <1 um) was used to collect particles for microscopy study. Particles were collected on scanning
electron microscopy (SEM) Cu grids mounted on nonhygroscopic polytetrafluoroethylene filters. The samples
presented here were collected under two contrasting sets of conditions: (1) dusty conditions during an intense
dust event, on 2 July 2012, and (2) regional background conditions during a transition period between two dust
events, on 29 June 2012. Dust source regions were identified from the aerosol indexes derived from the Ozone
Monitoring Instrument aboard the EOS-Aura platform and from numerical simulations of dust emissions using
the dust production model developed by Marticorena and Bergametti [1995]. During the dust event, mineral
dust was emitted from Mauritania, Western Sahara and Central Algeria in 24-25 June and reached Puerto
Rico after 6-8 days of transport, as shown in Figure S1 in the supporting information.

2.2. ESEM Analysis

Environmental scanning electron microscopy (ESEM) was used to analyze the size, shape, chemical composi-
tion, and hygroscopic properties of individual particles having diameters larger than 1 um. High-resolution
images of the particles were obtained using a ZEISS Evo® LS15 scanning electron microscope. An acceleration
voltage of 15kV and a beam current between 300 and 400 pA were used for the analysis. The particles were
identified on the basis of their elemental spectrum, which was obtained with an energy dispersive X-ray
microprobe (EDX, Oxford Instruments, INCA Energy 350) at a relative humidity (RH) below 5%. Lighter
elements (C, N, and O) and Cu from the SEM grids were excluded for the classification of the particles. A total
of 450 particles were analyzed. Particles selected for analysis were separated by more than 1 pm such that
when deliquescing, they would not come into physical contact.

Particle hygroscopic properties were determined using a differentially pumped environmental chamber by
examining the particle growth and phase transitions as a function of RH. The deliquescence point corre-
sponds to the RH at which particles take up water to form a solution droplet. Samples were initially dried
and then hydrated in a stepwise fashion. The RH in the chamber was incrementally increased by introducing
a controlled amount of water vapor and by progressively increasing the pressure in the chamber. At each RH
step, high-resolution images of each selected particle were taken. In order to ensure that equilibrium was
reached, sample images were taken 5 min after stabilization of each RH level, and we checked that no change
in particle size and shape occurred during this time.
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Table 1. Contribution of Mineral Dust to the Number of Coarse-Mode Particles and Contribution of Sulfate-, Chloride-, and NaCl-Containing Dust Particles to the
Number of Mineral Dust Particles

Samples Information Externally Mixed Particles (%) Mixing of Mineral Dust (%)
Conditions Sampling Date ~ Sampling Time  No. of Particles  Dust Nacl Metallic SBearing  ClBearing  NaCl Aggregate
Dust event 2/7/2012 10:36-13:57 280 84 1 5 9 4 6
Regional background 29/6/2012 16:10-18:50 170 69 5 26 21 3 3

Samples were kept at a constant temperature using a Peltier stage as a control element and a diode to
measure the sample temperature. ESEM analysis was performed at 4+ 1°C, which allowed for a maximum
RH of 94 + 5%. At RH values above 94%, water condensed on the filters, making pressure and temperature
in the sample chamber difficult to control. Therefore, no water uptake analyses above 94% RH are presented
here. Prior to the analysis of ambient particles, RH in the sample chamber was controlled by measuring the
hygroscopic growth and deliquescence point of laboratory-generated ammonium sulfate particles.

2.3. Optical Models

Aerosol optical properties relevant to radiative transfer (mass extinction efficiency, ke, single-scattering
albedo, wg; and asymmetry factor, g) were calculated as a function of RH using a discrete dipole approxima-
tion (DDA) model, DDSCAT version 7.3 [Draine and Flatau, 2008]. For the calculation, 3-D shapes of particles
were discretized into an array of dipoles with individual polarizabilities, as shown in Figure S2 in the support-
ing information. Particle size and growth at different RH were determined from their ESEM images assuming
the cross-sectional diameter equal to the volume equivalent diameter. Using these parameters, 3-D particles
having compact aggregated spheres with distinct refractive indexes were simulated. All DDA computations
were performed using more than 100,000 dipoles for a particle.

Mie calculations of individual particles were also performed to determine ke, wo, and g using homogeneous
mixing and core-shell models [Bohren and Huffman, 1983] and assuming spherical single particles having the
same volume as used in DDA calculations. Refractive indexes of mixed components were determined from
their volume-weighted refractive indexes, based on the particle growth and phase transitions observed
during ESEM measurements, as further detailed in the supporting information. DDA and Mie calculations
were both performed at 550 nm wavelength.

3. Results
3.1. Mixing State of Mineral Dust Particles

During the Dust-ATTACk campaign, aerosol volume size distributions were dominated by a well-defined
coarse mode (Figure S3 in the supporting information), which contributed between 65% (regional background
conditions) and 80% (dust event) of the total particle volume concentration. Particles with diameters smaller
than 1 um were not observed on the ESEM images under dry conditions because of the instrument detection
limit. However, the accumulation mode particles were centered between 600 and 800 nm, and hydrophilic
dust particles in this size range should have been detected after taking up water. Above 75% RH, occur-
rence of accumulation mode particles was observed on the ESEM images, but all these particles exhibited
the same deliquescence point and hygroscopic behavior as NaCl particles. No significant hygroscopic
growth arising from dust particles in the accumulation mode was observed in this study.

Based on the EDX-ESEM analysis, coarse-mode (diameter > 1 um) particles in Puerto Rico samples consisted
of mineral dust, sea-salt, and metallic particles. Dust particles were defined as those containing at least one of
Si, Al, Ca, or Fe. Sea-salt particles were recognized by their cubic/rectangular prism shape and the detection of
both Na and Cl. Metallic particles were rich in Zn, Pb, or Cr, indicating a probable anthropogenic origin.
Particles identified as mineral dust were divided into three subgroups, depending on the relative contribu-
tion of the characteristic elements: aluminosilicates for particles characterized by the dominance of Al and
Si, quartz (SiO,) for those having only Si as major element, and calcite (CaCOs) for those enriched in Ca.
The contribution of each particle type is listed in Table 1. Dust particles contributed ~84% of the coarse-mode
particle number concentration during the dust event and ~69% under regional background conditions.
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Figure 1. ESEM images of (a) sulfate-coated dust particles and (b) chloride-coated dust particles exposed to increasing
relative humidity (1-4) at T=5°C. EDS spectra of these particles are shown in Figures 1a5 and 1b5.

These results suggest that the local atmosphere was loaded under both conditions with large dust particles,
which were mixed during their transport with particles of marine and urban/industrial origins.

Aluminosilicate particles represented the majority (88%) of the 450 dust particles analyzed. Quartz and calcite
accounted for 7% and 5% of the dust particles analyzed, respectively. Only 19-27% (by number) of the dust
particles studied with the ESEM were internally mixed, all of which were aluminosilicates. Based on their EDX
spectrum, these particles were divided into three categories: S bearing, Cl bearing, and NaCl aggregated.
Most of the mixing detected on aluminosilicate particles were associated with S, which is consistent with
laboratory studies suggesting that sulfate coatings are favored on aluminosilicates rather than on calcium
carbonates [Shi et al., 2008]. Our observations of Cl-bearing aluminosilicate particles are somewhat surprising,
since calcium-rich particles have previously been considered to be the most reactive with HCl [Tobo et al.,
2010]. The uptake of chloride to form chloride coating could be the result of heterogeneous chemistry with
chloride precursor gases liberated from sea-salt particles [Sullivan et al., 2007]. Only a small fraction of mineral
dust was found to be mixed with sea-salt particles, which confirms previous observations showing that
dust-seasalt aggregation occurs only to a minor degree in the African plume outflow during its transport
over Atlantic Ocean [Reid et al., 2003]. The EDX-ESEM analysis did not reveal the presence of N-bearing dust
particles in our samples, which indicates that mineral dust contained no or low amount of nitrate. Previous
laboratory and field studies have shown that nitrate coatings are favored on calcite particles [Shi et al.,
2008; Sullivan et al., 20071]. Since calcite represented only a minor portion of the dust particles analyzed,
most of mineral dust transported in the Caribbean was not expected to react readily with nitric acid. In
addition, the altitude of transport of mineral dust from the Saharan desert to marine environment in the
Caribbean could also explain this observed trend in dust mixing state.

The altitude of dust transport was estimated using 5 day back trajectory calculations performed with the
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model and the Global Data Assimilation
System [Draxler and Rolph, 2015] and observations from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) carried on the CALIPSO satellite [Winker et al., 2009]. As shown in Figure S4 in the
supporting information, these estimates indicate that the dust transport within the marine boundary layer
(MBL) was limited to 1day before reaching the CPR station; previously, dust transport occurred mostly in
high-altitude layers above 1.5 km. The low mixing of dust with sea-salt particles was likely due to the dust trans-
port at high altitudes during summertime [Peyridieu et al., 2013]. Moreover, the data showed that no potentially
polluted European air masses reached Puerto Rico during the sampling period, which suggests that the mixing
of dust with acidic gases is also limited during its transport as polluted air masses are not involved.

3.2. Water Uptake of S- and Cl-Bearing Mineral Dust Particles

Figure 1 shows ESEM images and EDX spectra of S- and Cl-bearing dust particles. Although the mixings are
not physically apparent, they can be identified using the signals of S and Cl detected by the EDX analysis.
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Figure 2. ESEM images of (a) NaCl aggregated to dust particles, (b) relatively pure NaCl, and (c) relatively pure aluminosilicate
exposed to increasing relative humidity (1-4) at T=5°C. EDS spectra of these particles are shown in Figures 2a5, 2b5, and 2c5.

As shown in this figure, the morphology of both sulfate- and chloride-containing dust particles did not
change appreciably when exposed to RH values of up to 94%. Henceforth, internally mixed mineral dust
remained nonhygroscopic; i.e., the S and Cl bearing did not enhance the water uptake capacity of the dust.

There are several potential explanations for this behavior. First, the heterogeneous reaction of sulfate with
dust may not lead to an increase of the water uptake under subsaturated conditions: previous studies have
shown that mineral dust particles containing sulfate did not experience hygroscopic growth at 90% RH,
which might be due to the presence of alkaline elements in these particles [Shi et al., 2008; Ma et al., 2012].
Second, as shown in Figure 1, the S and Cl mixing were not visible in the ESEM images, and the signals of
S and Clin the EDX spectra were low. This suggests low concentrations of sulfate and chloride on the surface
of the dust particles. Finally, these mineral dust particles could also contain other insoluble species not
detected by EDX, such as organic compounds. The hygroscopic properties of organic species are not well
understood and depend strongly on their chemical nature. If insoluble organic compounds are present as
surface films on soluble particles, the particle water uptake could be reduced [Meyer et al, 2009]. The
presence of dust-associated organic compounds cannot be confirmed from our analysis, however, since
organics readily decompose when exposed to an electron beam.

3.3. Water Uptake of Dust Aggregated With NaCl Particles

Figure 2a shows the hygroscopic behavior of an aluminosilicate particle partly attached to a soluble NaCl
crystal. Particles were exposed to a RH that was increased from 5 to 94% in the ESEM. No change in
morphology occurred as the RH increased from 5 to 75% RH. At 75% RH, however, deliquescence of the
NaCl aggregate occurred, according to the same pattern of deliquescence as ambient NaCl (Figure 2b).
The droplet formed a large exterior sphere attached to the aluminosilicate particle. As the RH increased
to 94% RH, this droplet grew adjacent to the aluminosilicate particle and partially engulfed the dust
particle. Except for the slight change in morphology due to this partial covering, the dust aggregate did
not show more morphological changes, as was observed for the nonhygroscopic aluminosilicate
(Figure 2c). Therefore, our results indicate that the hygroscopic growth of mineral dust in our samples is
controlled by the deliquescence of NaCl aggregated to the dust surface and that the resulting deliquesced
particles were not spherical, as previously observed by Wise et al. [2007], Semeniuk et al. [2007], and Freney
et al. [2010].
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4. Atmospheric Implications

The majority of transported dust particles did not show hygroscopic growth up to 94% RH, indicating that
most dust particles were chemically unprocessed and externally mixed. The heterogeneous reaction of
sulfate and chloride has only a minor effect on the hygroscopic properties of mineral dust. The main
hygroscopic growth of mineral dust arose from water uptake by aggregated NaCl particles.

We represent the impact of water uptake on particle size by plotting the hygroscopic growth factor (GF),
defined as the ratio of the particle diameter at a given RH to the particle diameter at 5% RH, for each particle
type. Particle diameters were determined from the projected 2-D area assumed as the equivalent area of a
spherical particle, as further detailed in the supporting information. As shown in Figure 3a, GF was calculated
for 29 NaCl particles, 50 S- and Cl-bearing dust particles, and 10 agglomerates of dust and NaCl. The
measured GF for NaCl was compared with theoretical calculations based on the Kohler equations.
Although deriving hygroscopic growth from 2-D ESEM images may overestimate the calculated GF, values
retrieved for ambient NaCl particles were close to the theoretical values. Therefore, we are confident in
applying this approach to determine the GF of mineral dust particles. We determined that the aggregation
of mineral dust with NaCl particles was associated with an enhancement of the dust hygroscopicity, with a
GF of 1.77 at 90% RH.

Figures 3b—3d show key, o, and g at a wavelength of 550 nm calculated from the size of individual particles
at different RH, the contribution of each particle type and by employing different optical models. As we
observed that most of mineral dust survived atmospheric transport intact, we assumed a refractive index
and a density for mineral dust of 1.53 — 0.002/ and 2.6 g cm >, respectively, which correspond to averages
of the values reported in African source region, as discussed in the supporting information. For NaCl, we used
values of 1.54—0.000i and 2.2gcm > for the refractive index and the density, respectively [Tang and
Munkelwitz, 1994; Hess et al., 1998].

The keyc of dust aggregated with NaCl decreased from 1.90 to 0.85m?g~" between 75% and 94% RH using
DDA calculation, most likely due to the mutual shadowing among particles. These values were lower by up to
2.2 times than those obtained using volume-mixing and core-shell models. This indicates that the assump-
tion employed in widely used optical models that deliquesced particles have spherical shapes could lead
to a significant overestimation of the dust radiative effect. No significant change with RH in g of dust aggre-
gated with NaCl was observed. NaCl particles are nonabsorbing (wo equal to unity). Therefore, dust mixed
with NaCl particles is expected to have wq equal or higher than those of pure dust particles. Optical para-
meters of the overall dust aerosol population were calculated using values for single dust particles and the
contribution of each particle mixing state. We estimate that key, ®o, and g of the integrated dust aerosol
population were 1.90 ng”, 0.97, and 0.9, respectively, regardless of RH values. Similar results were
obtained for dusty and background conditions (not shown). Although dust particles in the accumulation
mode were also observed during the Dust-ATTACk campaign (Figure S3 in the supporting information),
our measurements were limited to supermicronic (>1pum) particles, which represented the dominant
fraction of dust mass. Supermicronic particles being the main contributors to the aerosol light absorption,
we may have overestimated ke,; and underestimated wy relative to that in the atmosphere. However, our
results clearly show that the enhancement of dust hygroscopicity was counterbalanced by the limited
fraction of dust aggregated with sea-salt particles. The direct radiative effect of African dust after its long-
range transport over the Atlantic Ocean was independent of RH.

5. Conclusions

This work provided the first direct evidence that supermicronic dust particles remained externally mixed and
nonhygroscopic despite undergoing long-range transport over the Atlantic Ocean. The heterogeneous reaction
of sulfate and chloride had only a minor effect on the hygroscopic properties of mineral dust. The main
hygroscopic growth was measured when NaCl particles were aggregated with mineral dust. However,
the enhancement of dust hygroscopicity was counterbalanced by the limited fraction of dust aggregated
with sea-salt particles.

These findings are crucial for determining the impact of dust on climate. The arid regions of North Africa are
the most prolific and persistent sources of mineral dust at the global scale, and the trans-Atlantic dust
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Figure 3. (a) Hygroscopic growth factor (GF), (b) scattering mass efficiency (kext), (€) single-scattering albedo (wg), and
(d) asymmetry parameter (g) at 1 =550 nm as a function of relative humidity for each particles type. Externally mixed dust
particles, i.e., S, Cl, and Na, were not detected and are shown in dark grey circles, dust internally mixed with sulfate or
chloride in grey diamonds, and relatively pure NaCl particles in blue triangles. Dust aggregated with NaCl particles is shown
in black squares in Figure 3a and is separated for the different dust mixing state with NaCl in Figure 3b, with green squares
representing the homogeneous mixing, purple squares for the core-shell mixing, and golden squares for the aggregate
structure. GF and ke of the total dust population (red triangles) were calculated using GF and key values of single dust
particles and the contribution of each particle type.
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transport impacts large geographical areas in summertime [Liu et al., 2008]. On the basis of our measurements,
we demonstrated that the direct radiative effect of African dust in the Caribbean was independent of RH.
Nonetheless, despite their nonhygroscopicity under subsaturated conditions, mineral dust can act as efficient
CCN and IN due to their relatively large size [Choobari et al.,, 2014] and can have important implications for
microphysical properties and precipitation efficiency of clouds. The CCN and IN properties of mineral dust are
intimately linked to dust mixing state. In general, it was found that the condensation or coagulation of soluble
compounds, such as sulfuric acid, on mineral dust increased CCN activity and reduced deposition IN activation
[Sullivan et al., 2009; Augustin-Bauditz et al., 2014]. As dust particles in our samples remained mostly unaffected
by atmospheric processing, our results suggest that an external mixing state should be considered in evaluating
the climate effects of dust.

The study presented in this paper focused on a single Saharan dust event sampled along the east coast of
Puerto Rico. The conclusions drawn from this investigation are, however, likely to be relevant to dust events
in summertime in the Caribbean. From 5years ground-based measurements, Prospero and Mayol-Bracero
[2013] reported a remarkable repeatability of the mass concentration of dust from Africa in the Caribbean in
summertime, suggesting that the contribution of mineral dust to the air mass is probably quite similar for
the different dust events uncounted in the Caribbean. Previous studies showed that the chemical composition
of dust is rather uniform at Puerto Rico [Trapp et al., 2010; Reid et al., 2003] with almost no contribution of anthro-
pogenic aerosols [Allan et al., 2008], making this site attractive for studying the properties of aerosol in pristine
marine environment. As the Saharan trans-Atlantic transport in summertime occurs mostly in the Saharan Air
Layer above the MBL [Peyridieu et al., 2013], a low degree of internal mixing of dust with sea-salt particles is
expected. Nevertheless, further field investigations for longer-term period and in different locations are required
to determine how frequently mineral dust is externally mixed and remains nonhygroscopic after long-range
transport across the Atlantic. Long-term sampling projects and systematic ESEM-EDX analysis would go a long
way to addressing the dust mixing state and hygroscopicity in order to improve the representation of dust in
climate models.
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