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[1] This study provides a detailed description of the sources, transport, dispersion, and
deposition of two major dust events originating from the high‐altitude subtropical Puna‐
Altiplano Plateau (15–26°S; 65–69°W) in South America. A long and severe drought
provided the right conditions for the onset of both events in July 2009 and 2010. Dust was
transported SE and deposited over the Pampas region and was observed to continue to the
Atlantic Ocean. Dust monitoring stations located downwind recorded both events, and
samples were characterized through chemical and textural analysis. Through a combination of
meteorological data and satellite observations (CALIPSO andMODIS detectors), we estimate
the emission flux for the 2010 event. This estimate was used to constrain the Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) transport model and simulate the dust
event. Both satellite imagery and model results agree in the location and extension of the dust
cloud. CALIPSO detected dust between ~6000 and ~8500 m a.s.l., which remained at this
height during most of its trajectory. The dust cloud mixed with a strong convective system in
the region, and the associated precipitation brought down significant amounts of dust to the
ground. Dust particle size analysis for both events indicates that near the sources dust samples
show median modes of 12.4–14.1 µm, similar to modes observed 1300 km away. Chemical
composition of sediments from potential dust sources shows distinct signatures within the
Puna‐Altiplano Plateau, the Puna sector being clearly different from the Altiplano area. In
addition, both sources are markedly different from the Patagonian chemical fingerprint.
These results have important implications to improve the interpretation of paleo‐
environmental archives preserved on the Argentine loess, Antarctic ice cores, and Southern
Ocean marine sediments.
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1. Introduction

[2] During the last few decades, the scientific community
has become aware of dust as an important component of the
Earth system and also of its great source of uncertainty in
climate modeling [Maher et al., 2010]. Dust is strongly linked
to the climate system in several ways: (1) it plays an important
role in biogeochemical processes because when deposited on

land surfaces it can contribute to soil development and nutrient
increase in terrestrial ecosystems [Ravi et al., 2011], (2) dust
travels long distances and can supply key elements to the
surface ocean (e.g., Fe) that are essential to phytoplankton
growth and therefore to the global carbon cycle [Martin
et al., 1990; Jickells et al., 2005], and (3) it can significantly
impact the radiative balance of the atmosphere by cooling
(via scattering) or heating (via absorption) and then disrupt
the cloud formation and precipitation processes [Tegen et al.,
1996; Sokolik et al., 2001; Miller et al., 2004].
[3] Important knowledge gaps exist in our understanding of

the location of the dust source areas, emission rates, transport
and deposition mechanisms, and the properties of dust in terms
of its textural, mineralogical, and chemical composition. Most
of the information on these aspects is contained in studies of
Saharan and Asian dust. There is, therefore, a dearth of studies
on dust sources located in the Southern Hemisphere, particu-
larly in South American deserts. In this region, the estimates
for the magnitude of the dust fluxes and properties are largely
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based on model results [Ginoux et al., 2001; Zender et al.,
2003; Liu et al., 2003, 2008;Albani et al., 2011]. There is a no-
table lack of observations that can corroborate these model
estimates.
[4] In South America, potential dust source areas are mainly

located in a continuous N‐S band of arid and semi‐arid terrains
extending from the coast of Peru to the coast of Patagonia
(“arid diagonal”). Based on an aerosol absorption index
derived from the Total Ozone Mapping Spectrometer
(TOMS),Prospero et al. [2002] identified, apart from Patagonia,
the Puna (22–26°S, 65–69°W) and the Altiplano (15–22°S,
65–69°W) (PAP) as areas with important dust activity year
round. The PAP area is influenced by the subtropical jet
stream [Koch et al., 2006], which intensifies during the austral
winter and can have very strong associated winds (gusts over
100 m s−1 have been recorded [Milana, 2009]) that lead to
the development of sizable dust storms. The region consists
mostly of dried‐out playas and alluvial fans, containing large
quantities of silt eroded from neighboring mountains. The
patterns and mechanisms of dust entrainment, transport, and
deposition, as well as the chemical properties, remain unex-
plored subjects for this region.
[5] On the basis of indirect evidence, it was suggested that

dust emitted from the Puna‐Altiplano plateau could represent
an important present and past dust supply for the Southern
Hemisphere, thus explaining the loess accumulation in the
Pampean region and the isotopic composition of sediment
cores from the Southern Ocean and dust trapped in the
Antarctic ice sheet (Gaiero, 2007). Moreover, dust exported
from this region could have implications for the biogeochem-
istry of the Atlantic and the Southern Ocean. A better idea of
how dust could be deflated and transported from the PAP
was recently made possible through satellite observations of
two dust storms that occurred at the Salar de Uyuni (southern
Altiplano, Bolivia) and the Salinas Grandes (northern Puna,
Argentina) during July 2009 and 2010, thus giving us a unique
opportunity to learn about these phenomena. The dust storms
occurred during a long drought period affecting the area. The
effects of these dust events were observed at three Argentinean
cities (La Calderilla near Salta City, Marcos Juárez, and Buenos
Aires) located downwind from the main sources, where in turn
dust samples were obtained. This offered a unique opportunity
to examine the chemistry, particle size, transport/deposition
fluxes, and concentrations of wind‐blown dust and also to test
the performance of transport models. Along with dust charac-
terization, we also characterized the chemical and textural fin-
gerprint of sediment from several potential PAP dust sources.
[6] Paleo‐climatic records indicate that the environmental

conditions of the PAP have changed significantly in the past
[Seltzer et al., 2003]. Interest in the climate of the PAP has
grown in recent decades because its variability has a strong im-
pact on the availability of water resources over this region and
the adjacent lowlands [Garreaud et al., 2003] and because of
its links with continental‐scale and hemispheric‐scale
atmospheric circulation [Zhou and Lau, 1998]. Because
wind‐borne minerals are strongly linked with atmosphere
dynamics, the characterization of present‐day PAP dust and
its potential sources may also be useful for the interpretation
of paleo‐records preserved on the Argentine loess, Antarctic
ice cores, and Southern Ocean marine sediments.
[7] This work is structured as follows. In section 2, we

describe the main environmental characteristics of the PAP.

Section 3 details how samples were obtained and the method-
ologies used for their characterization, with a brief description
of the Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model and the CALIPSO satellite products. In
section 4, the different results are described, and in section 5,
the results are conceptually integrated and discussed.

2. Description of the Environmental Settings of
the PAP

[8] The PAP is a high elevated basin (~4000 m a.s.l) located
in the central portion of the Andes (see insert in Figure 1a) and
is, after the Tibetean Plateau, the second largest plateau in the
world, being over 1000 km long and ~200 km wide. The area
consists of extensive, internally drained depocenters flanked
by N‐S oriented mountain ranges, often between 5000 and
6000 m elevation [Strecker et al., 2007]. The basins contain
continental evaporites and volcanic and clastic deposits
[Jordan and Alonso, 1987]. Mid‐Tertiary contraction in this
region has produced the formation of closed depocenters,
now located within the plateau. The region contains very large
salt beds including the Salar of Uyuni (~10,000 km2) in
Bolivia and the Salinas Grandes (~200 km2) in Argentina.
[9] Modern mean annual temperature at the Salar de Uyuni

is 5°C, mean annual precipitation is about 150 mm yr−1, and
potential evapotranspiration exceeds precipitation (~1200
mm yr−1) [Fritz et al., 2004]. The South American Summer
Monsoon (SASM) [Zhou and Lau, 1998] promotes intense
convective storms supplying about 80% of precipitation in
the austral summer (November to March). Westerly winds
prevailing in middle and upper troposphere cause extreme
dry conditions from May to October [Garreaud et al., 2009].
The main driver determining increase/decrease of moisture in
the PAP area is an intensification of the SASM, but the mech-
anism of this is not yet fully understood (see detailed discus-
sion in Strecker et al. [2007]). Briefly, the Central Andes block
westbound moisture‐bearing winds, leading to humid eastern
sides and aridity within the PAP. The main source of precipi-
tation is associated with Atlantic moisture coming from the
Amazon and moisture related to the South Atlantic Conver-
gence Zone during the summer [Garreaud et al., 2003]. In
addition, the area is dominated by a subtropical high‐pressure
region (Bolivian High) with atmospheric subsidence. This
promotes extremely arid conditions between about 15°S and
27°S comparable to the deserts at the same latitudes in western
Africa and Australia [Strecker et al., 2007]. During the
summer, a low‐level atmospheric low‐pressure system (NW
Argentinean low) develops on the eastern slope of the Andes
and interacts with the Bolivian High, which attracts moisture
from the Amazon lowland [Vera et al., 2006]. This is possible
in part because during the summer months the subtropical
westerly jet stream weakens reaching its southernmost
position. During winter, the interannual seasonal change in
the tropospheric temperature gradient between low latitude
and midlatitude promotes a stronger subtropical westerly jet
stream that reaches its northernmost position around 27°S.
This prevents the regional moisture from reaching the eastern
flank of the Andes, thus promoting a dry winter climate over
the PAP [Prohaska, 1976]. This pattern can be significantly
modulated by El Niño and LaNiña events, which are themajor
sources of interannual climate variability over much of South
America. The meridional thermal gradient between the tropics
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and subtropics becomes steeper during El Niño years. This
promotes stronger westerly flow in the middle and upper
troposphere over the Central Andes. Strengthened westerly
flow reduces the incoming easterly moisture content, promot-
ing wetter summers (El Niño) over southern Bolivia,
northwestern Argentina, and the Pampas, and supporting more
arid conditions over the PAP area. The opposite conditions
occur during La Niña episodes [Vuille et al., 2000; Garreaud
and Aceituno, 2001;, Garreaud, 2009].
[10] The area under study was subjected to important

climatic variation during the Late Quaternary. Large areas of
the Altiplano were covered with paleolakes, indicating alter-
nating cycles of dry/wet conditions [Sylvestre et al., 1999;
Placzek et al., 2011]. However, there are debates among
scientists about the main forcing factors determining these
changes. Some authors [Baker et al., 2001; Fritz et al., 2004]
found good correlation between periods of maximum insola-
tion and increased availability of moisture, pointing to orbital
control of the intensity of the SASM, although this pattern is
not consistent when different temporal and spatial scales are
considered [Markgraf and Seltzer, 2001], suggesting more
complex mechanisms [Cook and Vizy, 2006].
[11] Similar to most of South America, during the last decade

(2000–2009), the PAP area has experienced a continuous
drought, as indicated by the net reduction of vegetation
[Zhao and Running, 2010]. Moreover, an extremely strong
and continuous drought has affected the area for at least
2000 years [Risacher and Fritz, 1991]. It is presently possible
to observe in salars sequences of clean salt units (white) and
salts contaminated with dust (brownish), which respectively
recorded wet versus dry periods, providing long‐term
evidence of dust activity. Recent measurements of the Uyuni's
albedo indicates that in May 2005 the ultraviolet (UV) radia-
tion averaged 69%. For the samemonth in 2008, this value fell
to 59%, and in May 2010 it fell to 43%. This reduction was
associated with increased dust deposition in the area [Zaratti
et al., 2010].
[12] Particularly for the years 2009 and 2010, El Niño

brought to the PAP area even drier conditions, contributing
to the dust activity such as the one seen in the satellite images
that motivated this study (Figure 1). The fine sediments
entrained on these events were deposited at the end of the
Pleistocene, when this region was filled with a lake covering
a larger area including the Coipasa and Poopo basin [Servant
and Fontes, 1978]. The sediments from the former lake,
now located at the edge of the salar, serve as the source of
the present‐day dust activity [Prospero et al., 2002]. In the
Puna, evidence indicates large basins of primary eolian origin
of likely Pliocene/early Quaternary age. From about 18°S to
28°S, sand dunes and wind‐scoured ignimbrite ridges indicate
a consistent NW‐SE direction of likely late Pliocene to
Pleistocene age [Goudie and Wells, 1995]. At the southern
Puna, evidence of intense eolian deflation are indicated by
the presence of exceptionally large and coarse grain‐size wind
ripples (reaching 43 m in wavelength and 2.3 m in amplitude)
[Milana, 2009].

3. Analysis Tools

3.1. Dust Collection

[13] Dust samples were collected from two dust monitoring
stations located at La Calderilla (near Salta City, 24.64°S,

Figure 1. Dust plumes originating in Puna‐Altiplano
detected by MODIS on (a) 21 July 2009/Aqua 17:40 UTC,
(b) 18 July 2010/Aqua 18:15 UTC, and (c) 19 July 2010/Terra
14:35 UTC (a likely situation was observed by Aqua at 17:15
UTC; not shown). Black dots (in Figure 1a) indicate the
position of top soil samples and dust trapped at salar pans of
Salar de Uyuni and Salinas Grandes. Red square indicates
the position of dust monitoring station. In Figure 1c, dust
(red) over clouds above southern south Brazil and Uruguay
and near Buenos Aires City. Black dots (in Figure 1c) indicate
the position of cities reporting rainfall on 19 July 2009. Dotted
red line indicates the track of CALIPSO daytime (18:18 UTC)
on 18 July 2010 (in Figure 1b) and nighttime (05:00 UTC) on
19 July 2010 (in Figure 1c) (see Figure 3).
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65.55°W) andMarcos Juárez (32.75°S, 62.13°W) (Figure 1b).
La Calderilla station is located at the foot of the eastern slope
of the Andes downwind from the PAP area situated ~450
km from Salar de Uyuni and ~130 km from Salinas Grandes
(Figure 1a). The Marcos Juárez station is ~940 km SE from
La Calderilla (Figure 1b). This station is located in a dust
cross‐corridor and depositional area (the Pampas) and is suited
for monitoring dust activity in this region and the frequent dust
storm outbreaks originating from Patagonia and the PAP.
[14] Each site was equipped with a 40 cm deep, inverted

epoxy‐coated fiberglass pyramidal receptacle (CP) with a
0.25 cm2 collecting surface suited to measure vertical fluxes
[Orange et al., 1990;Gaiero et al., 2003;Goossens and Rajot,
2008; Skonieczny et al., 2011]. An isokinetic modified Wilson
and Cooke (MWAC) sampler [Wilson and Cooke, 1980] was
used to measure dust horizontal fluxes and estimate dust
concentrations [Warren et al., 2007] (Table 1). Both traps
are passive collectors, and they trap particles at a height of 5
m to avoid collecting local saltation material. The efficiency
of the MWAC is about 75–90% for wind speeds of 1–5 m
s−1 (meter per second) [Goossens and Offer, 2000]. Because
of its bad aerodynamic shape, the efficiency of the CP catcher
is lower compared toMWAC collectors (1–25%; Table 1) and
decreases significantly with increased wind speed [Goossens
and Rajot, 2008]. However, the CP collector is useful to obtain
enough sediment mass to carry on different analytical tests
[Rajot, 2001].
[15] The stations ran automatically for about 10–30 days,

after which an operator collected the samples using a vacuum
pump to filter (through dry or wet medium) and retain particles
on a preweighed 0.45 µm membrane. At the same time, the
operator retrieved the data recorder from the weather station
located on the same pole as the dust catchers. Fifteen/thirty
minute average wind speeds were taken at a height of 5 m next
to the MWAC collectors.

3.2. Particle Size Analyses

[16] In order to obtain information on the grain‐size distri-
bution of sediments representing PAP potential dust sources,
14 surface soil samples (top 5 cm) were collected from areas
that were identified by satellite images as important dust
sources during different dust storms (Figure 1a). Samples were
taken from intermountain closed basins representative of

alluvial fans (around Salar de Coipasa, 19.42°S, 68.05°W;
Salar de Uyuni, 20.27°S, 67.59°W; and Salinas Grandes,
23.49°S, 65.85°W), and from the desiccated edge of the
Pozuelo (22.96°S, 65.87°W) and Guayatayoc (23.35°S,
65.86°W) lakes. Chunks of salt containing dust were collected
at different points inside the Salar de Uyuni and Salinas
Grandes. The sediments collected at the salar pans are used
as representative of the grain‐size distribution of eolian dust
lifted from these source areas. About 100–200 g of this material
was dissolved in 1 L ofMilWliQ water and then filtered through
0.45 µm MilliporeW filters. We eliminated the presence of
organic matter by using 30% v/v H2O2 analytical grade.
[17] In agreement with Stuut et al. [2005], we observed that

the maximum grain size measured for bulk sediments trapped
at the salar pan and dust samples trapped at the monitoring
stations was ~200 µm. Bulk top soil samples analyzed for
grain‐size distribution had been previously sieved through a
200 µm sieves screen. At La Calderilla, grain‐size distribution
was analyzed on dust samples obtained with both CP and
MWAC. However, forMarcos Juárez, the lowmass availability
determined that we use a composite dust sample made with dust
from both collectors to characterize grain‐size distribution and
chemical analysis for this monitoring site.
[18] The grain size was measured by laser‐diffraction size

analysis using a Horiba LA‐950 particle size analyzer.
Samples were minimally dispersed to prevent the breaking
up of aggregates. The precision (reproducibility) of the laser‐
diffraction particle sizer was tested by using mixtures of glass
beads (NIST Traceable polydisperse particle standard PS202/
3‐30 µm and PS215/10–100 µm, Whitehouse ScientificW).
For both runs (PS202, n = 6 and PS215, n = 5) the median
(D50) was within 3% certified nominal value, and the
percentiles D10 and D90 were within 5% of nominal values
for the standards.

3.3. Chemical Analyses of Dust and Soils

[19] In order to learn about the provenance of dust obtained
at the monitoring stations, collected airborne dust and top soil
samples were chemically analyzed in terms of rare earth
elements (REEs) (Table 2) [Gaiero et al., 2004;Wegner et al.,
2011]. The REEs were analyzed at a commercial laboratory
(Actlabs, Canada). Samples were digested by means of the al-
kaline fusion method (Li2B4O7, 1050°C, with HNO3

Table 1. Dust Fluxes and Concentrations at Marcos Juárez and La Calderilla (Salta)

Sampling Station
and Year Date

Vertical Fluxes Horizontal Fluxes Concentration
Type of

Deposition
CP Collector MWAC Collector MWAC Collector
(mg m−2 d�1) (mg m−2 d�1) (µg m−3)

La Calderilla
2009

Jun19–Jun30 78 289 2.8
dryJun30–Jul22 88 2913 27.2

Jul22–Aug11 83 3955 37.1
La Calderilla
2010

Jun14–Jun24 3 346 1.2
dry/snowJun24–Jul22 112 711 2.5

Jul22–Aug15 53 900 2.4
Marcos Juárez
2009

Jun26–Jul06 183 870 5.4
wetJul06–Jul22 97 1730 10.6

Jul22–Jul31 10 318 2.0
Marcos Juárez
2010

Jun04 –Jul13 22 250 1.4
dryJul13 –Jul23 11 2940 17.6

Jul26–Aug05 5 670 4.3

Bold characters indicate dust sampling periods and fluxes measured during PAP dust events.
MWAC, modified Wilson and Cooke and CP, pyramidal receptacle.
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digestion) and analyzed by inductively coupled plasma mass
spectrometry (ICP‐MS; detection limit = 0.01 µg l−1; uncer-
tainty based on 1 relative standard deviation of replicates
was 2%). The validity of the results was checked with NCS
DC70014 (Brammer Standard) carried out along with sample
analysis. At the Marcos Juárez site, only one dust sample
was obtained during dust events with enough mass for carry-
ing out REE analyses. Local people from Buenos Aires City
provided us with a dust sample from the 2010 dust storm
event. Seven top soils and one salar pan sample were analyzed
from Uyuni and Coipasa (four samples) and Puna (four
samples). Chemical analyses were run on the <63 µm grain
size for top soil samples and on bulk for dust trapped at the
salar pan.

3.4. Simulation Tool

[20] The HYSPLIT model simulates from simple trajecto-
ries to complex transport and dispersion of dust particles
[Draxler and Rolph, 2003]. This model uses the meteorologi-
cal fields from the National Centers for Environmental Predic-
tion's (NCEP) Global Data Assimilation Scheme (GDAS) at 1
× degree resolution [Kanamitsu, 1989; Kalnay et al., 1996].
Calculation of advection and diffusion are made in a Langra-
nian framework, while concentrations are calculated on a fixed
grid [Draxler et al., 2001]. Dust emission is based on the
threshold friction velocity approach by which surface
roughness is correlated with soil properties. A threshold
friction velocity of 28 cm s−1 is used. The equation for the
emission of dust isQ = 0.01 U*4, whereQ is the emission rate
and U* is the friction velocity. The dust is assumed to be emit-
ted at 10 m above ground level. When the local wind speed
exceeds the threshold velocity for the soil type of that emission
cell, the dust emission rate is computed [Escudero et al.,
2006]. The model domain was set to the Southern Hemisphere
(0–90°S, 180°W to 180°E) at 1 × 1 degree resolution. The
model allows the setting of a number of parameters such as
mean grain size of the dust, intensity of the source, and dura-
tion of emission. The concentration grid for the model divided
the atmosphere into eight layers from 0 to 10 km.
[21] Dust plumeswere also analyzed using the Cloud‐Aerosol

Lidar with Orthogonal Polarization (CALIOP) instrument on

board the Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) satellite [Winker et al., 2009]. Mass
columnar and volume concentrations were derived from the
backscattering coefficients measured by CALIOP. Level 1B
(Validation Stage, version 3.01) backscattering coefficients
(532 nm)were converted into extinction coefficients by assuming
an S ratio of 40 1/str (similar to the values reported in Omar
et al. [2010] for Saharan dust) and then integrated over the
column to obtain the aerosol optical depth (AOD). Then
the AOD is converted to mass column concentration (units
g m−2) using a scaling relationship frequently used to relate
the optical parameter to mass [Gassó and Hegg, 2003; Koren
et al., 2006; Kokhanovsky et al., 2009]. Specifically, in this
work we used the relationship defined in Koren et al. [2006]
by which the mass concentration is computed as the product of
the CALIPSO‐derived aerosol depth at 532 nm × 2.7 g m−2.
While this simple approach does not consider a number of
corrections (such as noise of signal, depletion of laser caused
by multiple scattering, and difficulty in appropriately defining
the boundaries of the dust cloud), it does provide a range of mass
concentrations suitable for the comparisons shown here. The
dust cloud dimensions were estimated directly from images
generated from level 1B data. In all cases reported here, dust
cloud edges and respective layer thickness are estimates based
on the contrast with the background. These values are reported
as ranges because in many instances the dust cloud edges were
too diffuse and/or mixed with a cloud top.

4. Results

4.1. Meteorological and Satellite Observations of
the Events

[22] Satellite images (MODIS [http://lance‐modis.eosdis.
nasa.gov]) show two major dust storms occurring on 21 July
2009 and 18 July 2010 (MODIS morning and afternoon
overpass). Both storms originated in the same sectors
surrounding the Salar de Uyuni (20.20°S, 67.50°W, 3650 m
a.s.l) and from the northern Puna sector (23.17°S, 65.99°W,
3500 m a.s.l) (Figures 1a and 1b). Both dust events exhibited
very similar features regarding the location of the sources
and meteorological conditions. Wind direction was from the

Table 2. Rare Earth Elements Composition (in ppm) of Sediments From Potential Dust Source Areas in the Puna-Altiplano and Dust
Collected at La Calderilla, Marcos Juárez and Buenos Aires

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Salar de Coipasa (alluvial fan) (<63 µm) (U1)a 50.6 99.4 10.5 38.6 6.9 1.4 5.3 0.8 4.0 0.8 2.2 0.34 2.2 0.39
Salar de Uyuni (alluvial fan) (<63 µm) (U2) 48.4 96.7 10.4 39.9 6.8 1.2 4.8 0.7 3.3 0.6 1.7 0.25 1.6 0.25
Salar de Uyuni (salar pan) (bulk) (U5) 17.0 35.5 3.74 13.4 2.3 0.6 1.8 0.2 1.3 0.2 0.6 0.09 0.6 0.08
Salar de Uyuni (alluvial fan) (<63 µm) (U7) 27.1 52.1 5.87 20.5 3.5 0.9 2.8 0.4 2.0 0.4 1.0 0.14 0.9 0.14
Salar Antofalla (<63 µm) (An7) 35.6 74.0 8.35 30.0 5.7 1.3 5.4 0.8 4.6 0.9 2.7 0.43 2.9 0.44
Laguna de Pozuelo (<63 µm) (P1) 32.2 64.5 7.14 27.9 5.8 1.2 4.9 0.8 4.6 0.9 2.7 0.39 2.4 0.35
Salinas Grandes (<63 µm) (S4) 37.0 72.8 8.02 30.6 6.1 1.2 5.1 0.9 5.2 1.1 3.2 0.46 2.9 0.43
Salar Arizaro Norte (<63 µm) (Ar6) 36.3 78.6 8.82 32.6 6.1 1.5 5.2 0.8 4.1 0.8 2.3 0.35 2.4 0.36
Dust Marcos Juàrez (8 to 22 July 2009)b nd 10.5 1.18 3.2 0.7 0.3 1.0 0.1 0.8 0.2 0.5 nd 0.6 0.12
Dust Marcos Juàrez (28 Jan to 8 Feb 2010) 30.2 73.9 7.86 29.4 5.8 1.4 6.0 0.9 4.9 1.0 3.1 0.43 2.8 0.52
Dust La Calderilla (30 Jun to 22 Jul 2009)b 41.3 90.5 9.45 36.8 7.3 1.5 6.6 0.9 5.5 1.1 3.1 0.44 3.0 0.54
Dust La Calderilla (22 Jan to 17 Feb 2010) 28.3 70.8 7.21 25.1 5.5 1.1 5.3 0.7 4.7 1.0 2.7 0.40 2.8 0.45
Dust La Calderilla (18 Mar to 5 Apr 2010) 24.3 67.0 6.97 24.0 5.7 1.2 4.9 0.8 4.6 0.9 2.9 0.41 2.7 0.49
Dust La Calderilla (24 Jun to 22 Jul 2010)b 37.3 83.0 8.89 32.9 6.6 1.4 6.1 0.9 5.5 1.1 3.2 0.47 3.1 0.53
Dust Buenos Aires (19 Jul 2010) 35.5 70.6 7.49 28.5 5.4 1.1 4.6 0.8 4.2 0.9 2.3 0.33 2.5 0.42

aSee sample position in Figure 1.
bSamples collected at the monitoring sites during the period of occurrence of dust storms at the Puna‐Altiplano.
nd, not detected.
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NW and advected eastward. In both cases, the dust cloud
expanded above a large cloud deck extending several hundred
kilometers from the sources to the SE. The presence of the
clouds precluded the retrieval of aerosol properties from these
events because clear sky conditions are required for the
MODIS aerosol retrieval algorithm to operate. The satellite
image reveals the location of the dust sources. Dust plumes
can be directly traced to small salars and dry lakes. The largest
volume of dust was produced from adjacent alluvial fans
surrounding the Salar de Uyuni, showing a chain of discrete
plumes with a front width over 350 km long (Figures 1a and
1b). The active regions were identified by the high‐resolution
MODIS images (250m), and by using Google Earth we could
estimate the area emitting dust over ~11,300 km2.
[23] Because meteorological data are not available for

Uyuni City (closest city to the salar), we used information
from La Quiaca City (22.18°S, 65.55°W, 3460 m a.s.l),
located about 220 km downwind from Uyuni and clearly
impacted by the dust storms (Figures 1a and 1b). La Quiaca
is at approximately the same height as Uyuni, and the topogra-
phy between the two localities is dominated by a flat plateau
extending 50 km east of Uyuni and 50 km west of La Quiaca.
Equidistant between both locations, there is a ridge with an
elevation of ~1000 m above surface. We observed that the
assimilated wind speeds (GDAS database) used by HYSPLIT
for the grid point corresponding to La Quiaca are compara-
tively lower but highly correlated to similar data obtained
by the Argentine Weather Bureau (Servicio Meterologico
Nacional [SMN]) at the surface station (Figure 2). In addition,
by analyzing conditions several days before and during the
dust events, we found that the assimilated wind speeds that
drive HYSPLIT for the grid point corresponding to La Quiaca
have a significant correlation with the mean assimilated wind
speeds for four different grid points representing emission
sources from Uyuni (r2 = 0.818, p < 0.05, n = 33 for 2009
and r2 = 0.701, p < 0.05, n = 29 for 2010; see also Figure 2).
Therefore, the surface station data from La Quiaca could be
used as representative of the meteorological conditions found
in Uyuni and to determine the onset and offset of the dust
storms. Among the standard meteorological variables, the
SMN at La Quiaca also monitors visibility conditions, which
quantitatively measure the sky turbidity (visibility), indicating
the presence of precipitation, haze, smoke, dust, etc. In
general, “dust activity” is reported when visibility is about 5
km, and “dust storm” is indicated when visibility is from less
than 5 km down to 0.1 km. For this study, visibility informa-
tion is used to get independent confirmation of dust activity
and duration of the event [Gassó et al., 2010].
4.1.1. The 21 July 2009 Dust Event
[24] During the entire month of July 2009, hourly meteoro-

logical data from La Quiaca reported a total of 16 h of dust
activity (visibility >5 km) and 17 h of dust storm (visibility
range 5–0.1 km). The longest and most significant dust activ-
ity occurred on 21 July. At 5:00 UTC (local time = UTC −3 h),
La Quiaca station reported normal conditions with visibility of
20 km and hourly mean wind speeds (mWS) of 2.5 m s−1. One
hour later (6:00 UTC), the reports indicated dust activity with
mWS of around 6.5 m s−1 and visibility of 10 km. Dust storm
conditions (visibility <5 km) were reported at 11:00 UTC,
with mWS at 19.2 m s−1 (Figure 2a). Assuming a similar
hourly mean wind velocity at the source (e.g., 19.2 m s−1)
and the distance from La Quiaca to the sources located SE

from the Salar (~250 km), we estimate the beginning of the
dust storm at Uyuni at ~8:00 UTC. The last report for dust
storm conditions was at 23:00 UTC, and dust activity ceased
on 22 July at 00:00 UTC, when the La Quiaca station reported
visibility of 8 km and mWS of 4.2 m s−1. Thus, dust activity
lasted for about 18 h, and dust storm conditions lasted about
12 h. Dust plumes from this event were detected by MODIS
(Figure 1a, Aqua 17:40 UTC), capturing just about the peak
of the storm intensity when La Quiaca station reported visibility
of 0.5–0.7 km andmWSover 27m s−1. Only 1 h later, themWS
reached its maximum (35 m s−1), with very poor visibility
(0.2 km) (Figure 2a).
[25] On 21 July 2009, from 13:30 to 14:30 UTC,

La Calderilla station recorded the arrival of a dry air mass
from the west with an abrupt change in relative humidity
from 40% to 14% and wind speed from 5 to 8 m s−1. The
SMN at Salta airport (~10 km south from La Calderilla)
reported dust activity from 15:00 UTC to 21:00 UTC with
“dust storm” conditions for 4 h (16:00–20:00 UTC). Wind
direction remained from the west, and winds averaged 27.7
m s−1 (30 min intervals), with peaks of 38 m s−1. The
SMN reported the lowest visibility at 19:00 UTC with 2
km visibility. On 21 July, the Marcos Juárez monitoring
station recorded an increase in wind speed associated to
the arrival of a polar front (wind direction from the SW).
At 4:00 UTC until 23:00 UTC, the SMN station at Marcos

Figure 2. Meteorological data from the SMN at La Quiaca
compared to 3 h mean wind speed obtained from the General
Data Assimilation Scheme (GDAS) at 1 × 1 degree resolution
for four different grid points representing emission sources
from Uyuni. Dotted line indicates the beginning and end of
dust storm reports according to SMN reports.
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Juárez reported low visibility associated with rainfall
(average rainfall for this day, 15 mm). On 22 July, the wind
was still blowing from the SW, visibility was normal (20
km), and no reduced visibility caused by dust was reported.
4.1.2. The 18 July 2010 Dust Event
[26] At La Quiaca, total rainfalls for years 2008 and 2009

were similar to the historical mean annual precipitation (370
mm [SMN]). However, for 2010, this area had a 30% drop
in total precipitation (257 mm [SMN]). These conditions
provided the setting for many observations of dust activity in
July 2010, with a total of 31 h of dust activity and 44 h of dust
storm, a much higher number of hours than July 2009.
[27] In agreement with the visibility data from La Quiaca,

dust activity was visible in MODIS images in Uyuni on 15,
16, 17, 18, and 21 July. Moreover, 27 h of dust activity was
reported for the period of 22 July to 15 August, during which
9 h were recorded as “dust storm”. On 17 July, La Quiaca
reported 6 h of dust storm beginning at 17:00 UTC. Accord-
ingly, modest dust plumes were observed by MODIS (Aqua,
17:30 UTC). On 18 July starting at 14:00 UTC, La Quiaca
reported 10 h of dust storm, indicating a mean visibility
of ~0.35 km and mWS of 19.3 ms−1 during this period
(Figure 2b). Using similar parameters to the 2009 event, we
estimate the beginning of the dust storm at Uyuni at ~11:00
UTC. Themorning and afternoon passages ofMODIS (18 July
2010, Terra/13:55 UTC and Aqua/18:15 UTC) show a dust
storm (Figure 1b), detecting just about the peak of the event
as indicated by the minimum visibility recorded at La Quiaca
(Figure 2b). The last report with dust activity was on 19 July
at 00:00 UTC, when visibility was again 2 km, suggesting that
the whole event lasted for about 10 h.
[28] Because of snow and rainfall at Salta airport, the SMN

reported low visibility from 15 July (15:00 UTC) until 18 July

(16:00 UTC). Low visibility was reported throughout the day,
with values around 10 km, fluctuating wind speeds (1–3.5 m
s−1), and erratic wind direction. Unlike the 2009 dust event,
the 2010 event was unnoticed at the Salta meteorological sta-
tion. Comparatively, meteorological data indicated higher
humidity and lower mean wind speed for 18 July. Like the
2009 dust event, during the evening hours of 18 July, the
Marcos Juárez station recorded the arrival of an air mass from
the SW. On the day after, wind gusts over 15 m s−1 from the
SW were measured at the site. According to the SMN, no
rainfall and no dust activity was observed during the whole
dust sampling period (13–23 July; Table 1). Notably, while
the visibility observations in La Quiaca SMN site agreed with
those of the MODIS and CALIPSO detectors, the visibility
observations in the Marcos Juárez SMN site do not report dust
activity, whereas CALIPSO and the in situ sampler indicated
the opposite (see sections 4.2 and 4.3). While there can be a
number of reasons for this discrepancy, it is clear that sole
reliance on one set of observations cannot be conclusive.

4.2. Space‐Based Estimations of Dust Emission
and Concentration

[29] Almost coinciding with the MODIS overpass on 18
July 2010, CALIPSO (18:18 UTC) profiled the PAP dust
plume. The CALIOP instrument provided information on the
location and vertical distribution of the dust plume near La
Quiaca and Marcos Juárez (Figures 1b and 3a). Near La
Quiaca, CALIPSO indicated a dust cloud with a base approx-
imately at 5.0 km a.s.l., a top at 8.0 km a.s.l, and thickness
ranging from 1.8 to 3.6 km. Based on these thicknesses, the
mean columnar concentration along the track was estimated
to be 1.61–2.032 g m−2, which represents a dust concentration
of 564 µg m−3 (for a thickness of 3.6 km) to 913 µg m−3 (for a

Figure 3. Backscattering profile showing dust plumes (indicated by white square) detected by CALIPSO
(a) over the Puna‐Altiplano and Marcos Juárez for 18 July 2010 (daytime) and (b) over Southern Paraguay
on 19 July 2010 (nighttime).
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thickness of 1.8 km). The CALIPSO profile cut through the
dust cloud perpendicularly, and it provided an ideal cross‐
section suitable for a flow estimation. The length of the cross
section is estimated as ~250 km; assuming an mWS of 10.7
m s−1 (according to the GDAS database; Figure 2b) or 19.3
m s−1 (according to La Quiaca measurements) during the 10
h that the SMN reported a dust storm, the emission strength
could be estimated to be ~4.4–5.4 or ~7.9–9.8 t s−1 (tons per
second), depending on the wind speed used for the calcula-
tions. It is worth noting that wind speeds from the SMN
coincide with estimations of the jet stream wind speed from
ERA‐40 reanalyses (1979–2001) (Uppala, 2005), indicating
values for this area of 15–25 m s−1 [Archer and Caldeira,
2008]. Estimations for the 10 h of dust emission indicate that
~180 or 320 kt of sediments were exported from the PAP in
one single event, which represents an emission flux of about
14–17 or 25–31 t km−2. These numbers match the lower range
estimated for dust storm emissions at one of the world's great-
est source regions, the Bodélé depression in northern Chad
[Ben‐Ami et al., 2010].
[30] Over the Marcos Juárez site, CALIPSO detected a dust

cloud but at much lower concentrations, located above 5 km
and with an estimated thickness of 870–960 m (Figure 3a).
However, HYSPLIT simulations (see section 4.6) and the
distance from Marcos Juárez to the PAP (~1000–1300 km)
preclude a possible origin associated with the 18 July event,
and this dust cloud is probably associated with previous dust
activity observed on 15, 16, or 17 July 2010 (see section 4.1.2).
[31] Satellite images of 18 and 19 July 2010 show dust

plumes close to the PAP and over clouds in northwestern
Argentina (Figure 1b); 24 h later, the dust cloud was over
the Pampas, Uruguay, and southern Paraguay and southern
Brazil (19 July, Terra/14:35 UTC and Aqua/17:15 UTC;
the former is shown in Figure 1c). During the earlier hours
of 19 July (~05:00 UTC), the nighttime overpass of
CALIPSO detected the same dust cloud over southern
Paraguay at a height of ~7.0 km a.s.l. and ~900 km north
of Buenos Aires City (38.81°S, 58.38°W). The dust cloud
is on top of a convective system and is most likely mixed
with the clouds underneath. The detected portion of the dust
cloud is estimated to be 1.8–2.3 km thick. Estimations of the
mean columnar dust concentration along the track range
from 0.57 (thickness 1.8 km) to 1.03 g m−2 (thickness
2.3 km), and the estimated average dust concentration is
~280–436 µg m−3, depending on the assumed thickness.
These values indicate that after traveling ~1300 km, the dust
plume concentration was reduced ~50% compared to con-
centrations estimated near the sources.
[32] As mentioned before, the arrival of cold air masses

from the south, mixed with the more humid air masses from
the northwest, promoted the development of abundant
rainfall over many sectors of central Argentina. During the
morning time of 19 July, the rain washed down dust, and
“red rain” was reported in many Argentinean and Urugua-
yan cities (Figure 1c). The red residue left by the rain was
notable enough that it was reported in several newspapers
in Buenos Aires City, where building roofs and backyard
decks were covered by a thin layer of red sediment. On 20
and 21 July 2010, a set of satellite instruments (MODIS,
OMI, CALIOP) detected dust over the Atlantic ocean,
indicating that the PAP material was not completely
removed by rain over the continent.

4.3. Surface‐Measured Dust Fluxes and Concentrations

[33] Table 1 shows dust deposition fluxes and concentra-
tions recorded during the sampling periods covering the dust
events. These data are then compared with similar data from
sampling periods preceding and following the dust events.
Although background dust concentrations are significant, both
monitoring stations recorded an increase of about 2 to 12 times
in dust concentration during the storm periods (Table 2).
Notably, these values are comparable to deposition fluxes esti-
mated during large Sahara dust storms recorded on the coast of
Senegal using similar methods [Skonieczny et al., 2011].
[34] The dust plume of 2009 reached the La Calderilla site

(confirmed by SMN visibility observations), showing
increased dust concentration but relatively low dust deposi-
tion. The low deposition measurement during the dust event
is not surprising because the CP catcher has low sampling
efficiency under high wind speeds [Goossens and Rajot,
2008; Skonieczny et al., 2011]. In addition, during turbulent
flow conditions (wind gusts were over 27 m s−1), dust sedi-
mentation caused by vertical mixing is reduced [Goossens,
2008]. During the unnoticed 18 July 2010 dust event, the
La Calderilla station recorded a relatively calm day, and data
for this period indicate a significant increase in dust deposition
(probably induced by snow, as indicated by the SMN)
(Table 1), with only slight increases in dust concentration.
[35] Downwind, the Marcos Juárez station recorded an

increase in dust concentrations for both events. Wet dust
deposition played a sizable role during the 2009 event because
of the presence of rainfall. Later it will be shown that the
increased dust concentration observed at the Marcos Juárez
station in the 2009 event contained a mixture of sources
including the PAP area. In the 2010 event, the low deposition
fluxes at Marcos Juárez contrast with the substantial rain‐
induced dust deposition observed in some nearby Pampean
localities (see section 4.2). In contrast, the high dust concentra-
tion is in agreement with the strong wind gusts indicated for
this day (see section 4.1.2), which in turn could prevent depo-
sition. Concentration data from sampling periods preceding
and following this event were very low (Table 2), suggesting
that most of the concentration for the period between 13 and
23 July 2010 is a consequence of the July 2010 events. This
is also supported by the CALIPSO observations over this area
(see section 4.2).

4.4. Grain‐Size Distributions of Surface Soils and Dust

[36] Dust storm samples from the monitoring sites show a
well‐sorted unimodal grain‐size distribution, a known
attribute of wind‐blown sediments [Krumbein and Pettijohn,
1938; Stuut et al., 2005] and indicative of a single distant
source [McTainsh et al., 1997] (Figure 4). At the Marcos
Juárez station, composite dust samples show a unimodal
grain‐size distribution of around 11 µm. Dust samples from
La Calderilla are also well sorted but are coarsely skewed,
showing median modes of ~12.0–14.0 µm. The dust sample
obtained at Buenos Aires City also has a modal size of 14.1
µm, similar to dust collected at La Calderilla (1300 km away).
These results are similar to the modal sizes reported in a num-
ber of studies evaluating Saharan dust [Goudie andMiddleton,
2006; Stuut et al., 2005; Skonieczny et al., 2011].
[37] Notably, dust samples obtained in both dust storms

have different mode values and shape distributions compared
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to dust samples obtained before and after the events (Figure 5).
The fact that the sampling periods for before, during, and after
the dust event are about the same lengths (~10–30 days)
strongly suggests that the observed dust flux increase during
the event can be attributed to the few hours of dust deposition
and that the contribution of additional background dust was
minimal within the period. At La Calderilla, samples obtained
during periods of storm events have a higher mean radius com-
pared to samples obtained during non‐dust activity periods
(Figures 5b and 5d). Similarly, a larger mean particle size is
observed for a dust sample collected between 22 July and 15
August 2010, when dust storms were also reported (see section
4.1.2.). Figures 5b and 5d also indicate that the finer mode
grain size corresponds to samples collected during wet periods

or periods with relative lower dust activity, probably repre-
senting the background of dust load of the local atmosphere.
Particle size data for samples from Marcos Juárez indicate a
different situation (Figures 5a and 5c). Finer mode dust is
deposited during dust event periods, which point to a dominant
long‐range transport, contrasting with a dominance of coarser
mode observed for non‐dust sampling periods, pointing to
dominant local sources. The 2009 dust sample is coarsely
skewed compared to the 2010 dust sample, suggesting a pos-
sible contamination with local dust sources, as also indicated
by chemical data (see section 4.5).
[38] A comparison between grain‐size distributions from

samples collected at the surface of the PAP area is shown in
Figure 6. Mean median size (D50) for samples from the Uyuni
area (D50 = 28.7 µm) shows coarser mode particles compared
to samples representing the northern Puna (D50 = 11.4 µm).
Several unimodal grain‐size distributions are observed in the
Puna sediments (modes at 10 and 20 µm), while sediments
from Uyuni have comparable and well‐defined bimodal
grain‐size distributions (modes at 11–15 and 50–70 µm).
The mean grain size observed for the Uyuni salar pan samples
(~50 µm) contrast with similar samples from the Salinas
Grandes (~28 µm). Figure 4 indicates that particle size distri-
bution of dust storm samples from La Calderilla have a similar
mode and shape compared to sediment samples from the salar
pan of Salinas Grandes (Puna). For the case of dust storm
samples collected at distal sites (i.e., Marcos Juárez and
Buenos Aires), their grain‐size distributions match well with
the fine mode obtained by mixing 50% of Puna and 50% of
Uyuni mean grain‐size distribution of the salar pan samples
(Figure 4).

4.5. Chemical Signature of Dust Collected at the
Monitoring Sites

[39] The REE composition of eolian dust is known to be a
good fingerprint of the parental rocks in source areas. REE
patterns found for the PAP surface sediments are clearly differ-
ent from the mean pattern representing Patagonian dust
[Gaiero et al., 2004] (Figure 7a). Furthermore, both PAP
source areas have distinct REE signatures, e.g., sediments from
Uyuni show light REE enrichment, while sediments from Puna
have a more crustal‐like composition, with a flat REE pattern.
[40] According to grain‐size data, REE data also indicate

that different sources seem to contribute dust to La Calderilla
(Figure 7b). Dust samples obtained during the rainy season
(January–April) have unlike REE signatures compared to dust
collected during dust storm periods, which have a dominantly
northern Puna‐like signature. The increase in dust concentration
recorded at Marcos Juárez during July 2009 (see section 4.3)
contains a non‐PAP signature, suggesting a supply of local
emissions (Figure 7c), as also suggested by grain‐size data.
For example, the MODIS image for 22 July 2009 (Terra
14:00 UTC), shows dust activity ~350 km SW of Marcos
Juárez City and advecting in the direction of the site. REE
composition of the dust sample at the Marcos Juárez site con-
firms a non‐single PAP signature. Thus, the influence of the
Patagonian REE fingerprint could be the consequence of the
influx of dust from a nearby source (for example, Vicuña
Mackenna, 33.92°S, 64.38°W, one of the active sources
observed in the same MODIS image). As indicated in
Figure 7d, a good approximation to the Marcos Juárez dust
sample composition is achieved by combining 50% of the

Figure 4. Grain‐size distribution of dust samples obtained at
three Argentine localities during dust events originating in the
Puna‐Altiplano. Numbers in brackets represent modal grain
size. Open dots represent grain‐size distribution of a mix of
50% grain‐size distribution for a dust sample from the Uyuni
salar pan and 50% dust sample from Salinas Grandes salar
pan (see Figure 6).
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REE composition of Buenos Aires dust with 50% of the REE
composition of the Vicuña Mackenna top soil sample [Gaiero
et al., 2004].
[41] Interestingly, although satellite images show a large

dust cloud originating in the Uyuni area (Figures 1a and 1b),
REE patterns indicate that dust deposited at Buenos Aires City
has a mixed provenance with slight dominance of Puna origin
(60%) compared to the Altiplano sources (40%) (Figure 7c).
This suggests that there was dust activity from additional
sources nonactive at the time of the satellite pass.

4.6. Modeling PAP Dust Plumes

[42] Forward runs with the HYSPLIT model were carried
out at five different height levels (0, 1000, 3500, 5000, and
8000 m a.g.l. [meters above ground level]) in order to track
the dust plume evolution, its areal coverage, timing of arrival,
and transport patterns during the 2010 dust event. We set the
model with a mean dust emission rate of ~32 kt h−1 using
mWS from the SMN at La Quiaca (see section 4.2). By using
this emission rate, HYSPLIT outputs are indicative of an upper
estimation of dust deposition/concentration during the event.
We also constrained the model by particle size and by a mass
factor of the emitted dust (a parameter that can be set within
HYSPLIT) based on the measured mean grain‐size distribution
for dust trapped in the salt bed of Salar de Uyuni (n = 3, mean
particle size for the coarse mode of 64 µm and mean particle
size for the fine mode of 16 µm with mass factors of 56%
and 44%, respectively). Mass density for dust was assumed
to be 2650 kg m−3 [Li et al., 2008], and the model was run with
the dry and wet deposition option turned on using default
settings. Based on section 4.1.2, the model was initialized at
11:00 UTC, and emission duration was constrained by surface

Figure 5. Grain‐size distribution of dust samples obtained at Marcos Juárez and La Calderilla during
sampling periods with no dust storm reports, compared to dust samples acquired during dust storm periods
(black lines). All samples were obtained using pyramidal receptacles (CP) except the composite dust storm
samples from Marcos Juárez (see text).

Figure 6. Grain‐size distribution of sediment samples from
potential dust sources located in the Puna‐Altiplano Plateau.
See references in Figure 1.
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visibility data. As can be seen in Figures 1a and 1b, dust emis-
sion was initialized from the seven largest selected sources of
dust at 10 m a.g.l.
[43] Figure 8 shows normalized total deposition and total

columnar concentration for 36 h after the 18 July 2010
event. In this figure, maximum deposition/concentration
values are represented by red, and minimum values are
represented by green. The simulated deposition indicates
that more than half of the total emitted dust mass was depos-
ited near the sources and that over one third of the surface of
Uruguay and about one third of the surface of Buenos Aires
Province (including Buenos Aires City) received the highest
deposition rates (red area in Figure 8a). HYSPLIT predicts
significant depositions over most of Paraguay and Uruguay,
the southern tip of Brazil, and northwest Buenos Aires Prov-
ince in Argentina, which represents about one third of the to-
tal emitted dust (orange area, Figure 8a). The model also
indicates that a significant proportion of PAP dust was de-
posited in the ocean off the Buenos Aires and the Patagonian
coasts. The simulated total columnar concentration of the
plume shows the leading edge with higher concentrations lo-
cated over Buenos Aires City (Figure 8b). Noticeably,
model outputs agree with MODIS observations and with
“red rain” reported from Argentinean and Uruguayan cities
(compare Figures 1b and 1c with Figures 8a and 8b).
[44] Using similar parameters as for the 2010 event, model

outputs for the 2009 event show that the simulated dust
plume is mostly advected over Paraguay and southern Brazil
and mostly exits to the Atlantic Ocean.

5. Discussion

[45] During the years 2009 and 2010, an extended drought
associated with El Niño conditions promoted intense dust

activity over the PAP. MODIS and CALIPSO satellites
detected these events. Dust deposited at three sites downwind
from the sources with simultaneous and collocated meteoro-
logical measurements was investigated in terms of its chemical
and textural composition. The results and findings described in
the previous sections can be summarized as follows:
[46] 1. Both dust events occurred during July (austral win-

ter) when the intensification of the subtropical jet stream is at
its maximum.
[47] 2. An analysis of meteorological data combined with

satellite observations permitted the estimation of an upper
limit of the dust emission rate (25–31 t km−2) produced at
the PAP during a single dust storm.
[48] 3. Dust monitoring sites located close (~350 km) and far

away (~1300 km) from the source areas captured both events,
recording an increase in both dust fluxes and concentrations.
[49] 4. Evidence indicates that the dust plume on July 2010

traveled a minimum of 2000 km in less than 24 h with
observed wet dust deposition in the Central Pampas.
[50] 5. At approximately similar distances from the source

(~2000 km), dry dust deposition has a finer grain size (mode
~11 µm, Marcos Juárez) compared to wet dust deposition
(mode ~14 µm, Buenos Aires).
[51] 6. Dust deposited by rain over the Central Pampas

had a mixed chemical composition, with an estimated
60% northern Puna component and 40% southern Alti-
plano component.
[52] 7. Chemical data agree in pointing to the northern Puna

as the main dust supplier to La Calderilla station and a mixed
origin of dust reaching the Marcos Juárez station.
[53] 8. Forward modeling, initialized by observed dust

sources and intensity for the 2010 event, places dust cloud dis-
tribution and deposition outputs in agreement with satellite
and surface data.

Figure 7. Upper crust composition (UCC)‐normalized rare earth element (REE) patterns for (a) samples
from the Puna‐Altiplano Plateau, (b) dust trapped at La Calderilla, and (c) dust deposited at Buenos Aires City
and trapped at Marcos Juárez. (d) Comparison between the Marcos Juárez dust composition with a composi-
tion obtained by mixing dust from Buenos Aires with a top soil sample from the area where dust entrainment
was observed in July 2009 near the Marcos Juárez monitoring site [UCC; Taylor and McLennan, 1995].
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[54] 9. After a run of 36 h, the model predicts that most
of the emitted dust from PAP was deposited over the con-
tinent along a band from 2800 km long to 200–700 km
wide.
[55] There are few studies for which field observations

served to constrain and test models in this region of the
world [Gassó et al., 2010; Johnson et al., 2011]. One of
the important uncertainties in modeling dust is the lack of
observationally based dust emissions from source regions
and the threshold wind speed required to initiate deflation
of surface sediments [Ginoux et al., 2001; Tegen et al.,
2002]. According to visibility data and wind speed recorded
by the SMN at La Quiaca, “dust activity” at the PAP was ini-
tially reported when wind speed was over 4.2–6.5 m s−1;
“dust storm” was reported when wind velocity exceeded
19 m s−1. Although these data are hourly based and from a

meteorological station distant from the sources, the latter fig-
ure could represent the specific threshold wind speed for a
dust storm in the PAP area, which is similar to values of
11–20 m s−1 found in the Gobi Desert [Laurent et al., 2005].
[56] CALIPSO showed that about 260 km away from the

main dust sources, the highest concentration of the plume
reached heights of ~2.1 km above the PAP surface (i.e.,
more than 8000 m a.g.l.). Once aloft, dust plumes are trans-
ported by the westerly subtropical jet streams at a mean
height of 7000 m a.s.l., and in about 24 h they can reach
the Central Pampas. Surface analysis showed that particles
had a mean grain size of 16 µm when they reached this area.
Surface data also show that when injected at the core of the
jet stream, dust particles of up to 70 µm could be transported
over long distances (>2000 km) from the source. Large par-
ticles have been also noted in long‐range transport of
Saharan dust to the Caribbean area [Reid et al., 2003].
[57] Because of the low efficiency of the passive dust traps

and the long time of sampling periods, dust fluxes and concen-
tration data obtained in this work should be considered as min-
imum values and are representative of the concentrations found
at near‐surface air masses. At the Marcos Juárez site, the inter-
pretation of field data is not straightforward because the site is
located in a cross‐corridor of air masses receiving an influence
from the main dust sources of southern South America. Model
results as well as MODIS images show little impact of PAP
plumes over this monitoring site. However, CALIPSO observa-
tions as well as horizontal fluxes/concentrations and textural/
chemical data of dust samples obtained during the dust storm
time frame point to the influence of PAP storms over this site.
[58] We observed that both dust storms concurred with the

outbreaks of polar fronts entering the Central Pampas. In the
case of the 2009 event, the combination of MODIS images
and chemical/textural data help us to deduce that the increased
dust concentration at the Marcos Juárez site was caused in part
by the input from amixture of local and distant dust sources. In
this case, the vertical fluxes are mostly dominated by very
coarse locally produced dust, which is associated with the high
dust deposition observed. However, the fine dust fraction
originates mainly from the long transport from distal sources.
These observations have implications for understanding the
mechanism of Argentine loess deposition. Similar to the
Chinese loess [Sun et al., 2004], the Argentine loess has a
bimodal grain‐size pattern [Smith et al., 2003]. The fine modal
pattern we observe for modern PAP dust deposited on the
Pampas (e.g., Marcos Juárez, Buenos Aires) is also observed
for the average grain‐size distribution of loess samples taken
at different depths and localities in a N‐S profile of Central
Argentina [Smith et al., 2003]. This is in agreement with the
fact that the silt fraction population of eolian particles is gener-
ally transported by surface winds in short suspension episodes
and accumulates to form thick deposits in adjacent downwind
areas [Tsoar and Pye, 1987; Pye, 1987; Sun et al., 2004].
As observed in this study, the fine‐grain population can be
dispersed over a wide altitudinal band and can be transported
in upper level air masses. Depending on the type of deposition
(wet or dry), fine dust could be deposited relatively closely,
induced by rain (e.g., “red rain” over the Pampas), or trans-
ported long distances and deposited in the remote ocean
or Antarctica.
[59] One important finding in this contribution is the indi-

vidualization of the chemical signatures of PAP sediments

Figure 8. Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) modeled deposition and concentra-
tion of the 18 July 2010 dust plume originating in the
Puna‐Altiplano plateau. (a) Normalized total dust deposition
from 11:00 18 July to 23:00 19 July 2010 (UTC). (b) Nor-
malized total columnar air concentration averaged from 0
to 8000 m a.g.l. integrated from 11:00 18 July to 23:00 19
July 2010 (UTC). Red indicates maximum and green indi-
cates minimum dust deposition/concentration values.
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and their distinction from the Patagonian chemical signature.
New chemical data from PAP surface sediments and dust from
monitoring stations support previous investigations suggesting
a major role for this area as a dust supplier during glacial‐
interglacial periods [Gaiero, 2007; Delmonte et al., 2010;
Maher et al., 2010]. This is also indicated in Figure 9 and
suggests that most of the continental sediments deposited dur-
ing glacial‐interglacial periods in the Scotia Sea, Antarctica,
and the Pampas have *Eu/Eu vs Yb/La ratios explainedmostly
by a mix of Patagonian and northern Puna origin. Also,
according to the data obtained in this study, the southern
Altiplano could also play an important role in explaining the
composition of these materials.

6. Conclusions

[60] This work combined chemical and textural analyses of
surface soil and dust samples (potential dust sources/dust mon-
itoring stations) with ground observations (meteorological
data), satellite images, measurements (MODIS/CALIPSO),
and model simulation (HYSPLIT), all of which have
improved our understanding of the emission, transport, and
deposition of eolian sediments emitted during dust storms pro-
duced in the subtropical high Puna‐Altiplano deserts.
[61] The locations of the surface dust monitoring sites were

suitable for deriving an estimate of the dust fluxes and for the
interpretation of different aspect of these dust storms.
Although passive collectors like the ones used in this study

have low efficiency and time resolution, the long‐term exposi-
tion (10–30 days) permitted us to collect enough dust mass for
different type of analyses. Furthermore, such measurements
are scarce in South America, and the flux estimates, grain size,
and chemical data obtained in this study provide the required
constraints for atmospheric transport models and dust deposi-
tion estimates in this area.
[62] The results reported here show that an important

proportion of sediments from the PAP reach the Atlantic
Ocean; a more detailed analysis of the geochemistry and
mineralogy of this material will help us to determine the poten-
tial role of such sediments in ocean fertilization and whether
they reach Antarctica.
[63] As indicated for southern South America, El Niño

events provoke intense dry conditions over the PAP (increase
deflation) and wet conditions over the lowland areas to the east
(increase rainfall). This mechanism could have important
implications for the interpretation of paleo‐records, for exam-
ple, the Argentinean loess, and could shed light on the charac-
teristics of deposition. This interpretation is helped by the
exploration of the chemical and textural composition of PAP
sediments, which have a distinct latitudinal signature and are
clearly different from the Patagonian chemical fingerprint.
Moreover, the possibility of distinction between the chemi-
cal/textural signature of the northern Puna and that of the
southern Altiplano in paleo‐record archives (loess, ocean
sediment cores, ice cores, etc.) could have significance for
understanding the equatoward/poleward displacement of the
subtropical westerly jet stream during past climatic cycles.
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