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a b s t r a c t

Dust storms that develop along the Pisco-Ica desert in Southern Peru, locally known as “Paracas” winds
have ecological, health and economic repercussions. Here we identify dust sources through MODIS
(Moderate Resolution Imaging Spectroradiometer) imagery and analyze HYSPLIT (Hybrid Single Particles
Lagrangian Integrated Trajectory) model trajectories and dispersion patterns, along with concomitant
synoptic-scale meteorological conditions from National Centers for Environmental Prediction/National
Center for Atmospheric Research reanalysis (NCEP/NCAR). Additionally, surface pressure data from the
hourly METeorological Aerodrome Report (METAR) at Arica (18.5�S, 70.3�W) and Pisco (13.7�S, 76.2�W)
were used to calculate Alongshore (sea-level) Pressure Gradient (APG) anomalies during Paracas dust
storms, their duration and associated wind-speeds and wind directions. This study provides a review on
the occurrence and strength of the Paracas dust storms as reported in the Pisco airfield for five-year
period and their correspondence with MODIS true-color imagery in terms of dust-emission source
areas. Our results show that most of the particle fluxes moving into the Ica-Pisco desert area during
Paracas wind events originate over the coastal zone, where strong winds forced by steep APGs develop as
the axis of a deep mid-troposphere trough sets in along north-central Chile. Direct relationships between
Paracas wind intensity, number of active dust-emission sources and APGs are also documented, although
the scarcity of simultaneous METAR/MODIS data for clearly observed MODIS dust plumes prevents any
significant statistical inference. Synoptic-scale meteorological composites from NCEP/NCAR reanalysis
data show that Paracas wind events (steep APGs) are mostly associated with the strengthening of an-
ticyclonic conditions in northern Chile, that can be attributed to cold air advection associated with the
incoming trough. Compared to the MODIS images, HYSPLIT outputs were able to spatially reproduce
trajectories and dust dispersion plumes during the Paracas wind storms. HYSPLIT trajectories revealed
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that part of the wind-eroded lithological material can be transported downwind several kilometers along
the Peruvian coast and also deposited over the nearby coastal ocean, giving support to the presence of an
aeolian signal in continental shelf sediments, of great importance for paleoenvironmental studies.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The South Peruvian and North Chilean coasts are characterized
by their extreme aridity and intense alongshore equatorward
winds. Along the Peruvian coast, the Pisco - San Juan region
(~14e15�S) presents the most intense alongshore surface winds
driving the principal coastal upwelling focus in Southern Peru
(Guti�errez et al., 2011; Suess et al., 1987; Sydeman et al., 2014). This
feature, in combination with arid environmental and geomorpho-
logical conditions brings on episodic aeolic erosion events (dust
storms). These strong winds, with typical speeds exceeding
10e15 m s�1, are locally known as Paracas Winds (PW), blowing
from the South e Southeast (S-SE) over the extremely dry coastal
desert. On average, PW occur 4 to 5 times per year, mainly in the
afternoons towards the end of austral winter (Escobar, 1993;
Quijano, 2013). PW can heavily impact on economic activities and
on the health of the local population, air quality and visibility
conditions (Achudume and Oladipo, 2009; Shao et al., 2011; Soy
et al., 2016).

Winds along the adjacent coastal ocean are often shaped as an
alongshore atmospheric low-level jet (e.g. Dewitte et al., 2011;
Rahn and Garreaud, 2013) leaving a cloud-free coastal strip
extending 20e30 km offshore. This jet shares some characteristics
with the coastal jet off 30�S over central Chile, as reported in
Garreaud and Mu~noz (2005) and Mu~noz and Garreaud (2005).
According to these authors, the presence of coastal mountain
ranges oriented in the alongshore direction, force a semi-
geostrophic wind equilibrium; their strength being directly pro-
portional to the alongshore pressure gradient (APG) (e.g. Rahn and
Garreaud, 2013). Based on Climate Forecast System Reanalysis
(CFSR) data (Saha et al., 2010) at 00:00 UTC [19:00 Local Time (LT)],
Rahn and Garreaud (2013) have reported a maximum climatolog-
ical APG along the Peruvian coast off Pisco in austral winter (JJA),
when the Southeast Pacific Subtropical High (SPSH) reaches its
northernmost position. Although PW represents a phenomenon
with local and regional significance, it has only been discussed in a
limited number of reports (e.g. Takahashi et al., 2011; Quijano,
2013), particularly in terms of dust sources, trajectories and dust
plume dispersion.

The Hybrid Single-Particle Lagrangian Integrated Trajectory
model (HYSPLIT) for dust emissions (Stein et al., 2015; Draxler and
Hess, 1998; Rolph, 2016), complemented by visual inspection of
daily satellite imagery, presents itself as an alternative or comple-
ment to the fieldwork (Wang et al., 2011). HYSPLIT is a particle
dispersion, trajectory and back-trajectory model based on Eulerian
and Lagrangian dynamics. The model algorithm for the onset of
dust emission uses the concept of a threshold surface friction ve-
locity that must be exceeded at any given place and time (Draxler
et al., 2001; Kok et al., 2012; Marticorena, 2014).

The main focus of this study is to provide a synoptic overview of
the PW through assessing sources, emission patterns, trajectories,
and downwind particle concentrations during their lifespan. The
first section of this paper presents the local context of the study
area and describes the methodology used. The second section de-
tails results from the HYSPLIT model simulations and assesses its
performance. A characterization of the attending synoptic-scale
meteorological conditions associated to these events is also
included. The last section summarizes our main conclusions.

2. Data and methods

2.1. Geomorphological setting

The area chosen for the PW synoptic study spans from 76�480W/
15�260S to 74�270W/13�180S [World Geodetic System 84 datum
(WGS84)], from the Paracas peninsula to Northwest Arequipa
(Fig. 1). According to Haney and Grolier (1991); Schweigger (1968)
and Gay (2005) this area is characterized by the lack of vegetation,
high aeolian deposits and strong winds. These climatic and geo-
morphologic features create favorable conditions for wind erosion
resulting in dust storms.

2.2. Identification and delimitation of emission sources

Daily images from true color spectroradiometer MODIS of both
Terra 10:30 LT (13:30 UTC) and Aqua 13:30 LT (18:30 UTC) satellites
withmoderate resolution (250� 250m by pixel) were analyzed for
the years 2008, 2009, 2010, 2013, 2014 and 2015. Data were not
available for the period 2011e2012 (LANCE server, which provides
the pan-sharpened true color composites used in this study, had a
hardware failure with irrecoverable data loss during the period of
data gathering for this study. Datawere scheduled for reprocessing,
but available only after this study was concluded). These data were
processed and freely distributed by the Land, Atmosphere Near
real-time Capability for EOS (LANCE https://earthdata.nasa.gov/
earth-observation-data/near-real-time/rapid-response/modis-
subsets).

Among all the 2289 available images, blurry, cloudy overcast or
incomplete ones were discarded, leading to a selection of 2269
sharp images with surface view, partly or unobstructed by clouds
and therefore suitable for the identification of aeolian dust emis-
sions and for the delimitation of their associated sources. This
procedure was performed by visual inspection of true color com-
posites, only considering sources where dust emission could be
clearly discriminated. After that, geographical information system
software (QGIS Development Team, 2016) was implemented in
order to perform polygons (Stetch templates) of the source emis-
sion areas identified. Thus, MODIS (Aqua/Terra) images were
manually worked one by one identifying dust sources as they were
observed. Thus, a collage representing the sources as a whole was
obtained. Finally, a total of 21 dust-source areaswere identified (see
results Fig. 3). After that, we reviewed back all the images with the
aim of reconfirming these areas and see if they emitted more than
once (Table 1S). Locations of the centers of all these areas were then
introduced as a grid input in the HYSPLIT trajectories and the dust
emission model. Polygons were selected regardless of how many
times they constituted a dust source (i.e. a threshold in surface
friction velocity for this area was exceeded).

2.3. Model description

To assess the general pattern of particle motion during PW

https://earthdata.nasa.gov/earth-observation-data/near-real-time/rapid-response/modis-subsets
https://earthdata.nasa.gov/earth-observation-data/near-real-time/rapid-response/modis-subsets
https://earthdata.nasa.gov/earth-observation-data/near-real-time/rapid-response/modis-subsets


Fig. 1. Study area and illustration of a Paracas dust storm at Ica and Paracas regions through MODIS Aqua-Terra, true color image with surface reflectance (NASA) for 23-07-2014.
The yellow triangle identifies the Big Spring Number Eight (BSNE) experimental station. The red dot is the location of the marine sediment core analyzed in Brice~no Zuluaga et al.
(2016). Pisco airfield is also identified. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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events, trajectory frequency analyses were performed for all dust
emission sources/areas, as identified with satellite imagery, using
the GDAS 0.5� � 0.5� data, except for February 2010 when only the
coarser GDAS 1� � 1� data were available. Taking into account the
21 identified centers of emission areas trajectories were tracedwith
HYSPLIT for 48 h in 30-minute steps starting 3 h before and ending
3 h after each dust emission event (i.e., 13 possible trajectories per
dust event), using the satellite overpass time as reference. This
approach gives a general overview of the trajectories of dust-
carrying air masses, as well as the frequency of their correspond-
ing pathways, as approximated by air masses passing over the
center of each emission source at ground level (10 m).

HYSPLIT also allows for the simulation of emission, dispersion
and deposition of dust particles (Stein et al., 2015; Draxler and Hess,
1998; Draxler et al., 2001). For the onset of dust emission from a
desert soil, the local wind velocity must exceed the threshold sur-
face friction velocity of the considered soil which is controlled by its
surface roughness. This parameter depends, among others, on soil
particle-size distribution (Iversen andWhite,1982; Kok et al., 2012;
Marticorena and Bergametti, 1995; Marticorena, 2014; Shao, 2009).
Since threshold surface friction velocities change widely in space
and time, their representation in dust emission models for large-
scale studies is complicated, especially in areas where detailed
soil characteristics are not available.

As a consequence, a simpler version of the dust emission
module has been used in this study, in which the emission flux (E)
is calculated according to the relationship first proposed by
Westphal et al. (1987) which is not dependent upon soil charac-
teristics: E ¼ 0.01 U*4A, where U* (ms�1) is the surface friction
velocity and A (m2) the area of the emission source. In this version,
it is assumed that dust emissions only occur when the surface
friction velocity exceeds a constant threshold value of
U*t ¼ 0.28 ms-1 (Escudero et al., 2006). This value of 0.28 ms-1

corresponds to the surface threshold friction velocity assigned to
“active sand sheet” soil type category (Draxler et al., 2001), largely
present in central and southern Peru (Haney and Grolier, 1991).



Fig. 2. Grain size (mm) histograms in mass percent for the BSNE samples at 14 cm,
50 cm and 100 cm above ground. Color bars represent sampling time intervals. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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In order to characterize the dispersion plume during a PW dust
storm, the emission model was run for 30 h starting at 10:00 LT
(15:00 UTC) during the July 23, 2014 dust event. This PWevent was
chosen asMODIS (Aqua and Terra) images show it as the largest and
most massive dust emission within the study period. Since the
emission model requires meteorological data to provide feedback
as the dust plume develops, their spatial resolution and accuracy
depends on the density of these data. In this study, 3-hour time
resolution data from GDAS (0.25� � 0.25� spatial resolution) were
used. Each cycle of the model runs with 50000 particles, with a
maximum of 100000 particles per dust emission event. The
dispersion of the dust plume results from a turbulent velocity
component added to the mean particle motion. Ground-level
concentrations are then calculated as the mean within the first
100 m above ground (Draxler and Hess, 1998; Rolph, 2016; Stein
et al., 2015). HYSPLIT also allows for the control of other parame-
ters like density, shape and particle diameter of the dust plume
simulated. This allows for the assessment of grain size particles
determining the dust transport range. Since both dust emission and
transport are grain size-selective processes, assessing the particle
grain sizes that most contribute to dust plumes is of utmost
importance for dispersion modeling.

2.4. Lithological wind eroded grain size distributions and definition
of HYSPLIT-modeled aeolian grain size patterns

In order to assess the aeolian grain size fractionation over the
Paracas peninsula, 15 samples were collected by means of Big
Spring Number Eight [BSNE; Fryrear (1986)] sand traps during a
field experiment carried out in 2008 [Experimental Aeolian Station
(EAS)] in the Paracas peninsula (�76� 250W; �13� 860S) (yellow
triangle on Fig. 1). This experiment also allowed for the assessment
of particle-uplift capability, erosion and grain-size distributions on
Paracas soils. Three BSNE traps were fixed on the windward side of
a vertical mast at 14 cm, 50 cm and 100 cm above the ground level.
The material accumulated in each trap was carefully collected after
five time intervals (from May to December), lasting approximately
one month each. During that period, seven Paracas events, from
moderate to strong (as in Escobar, 1993), were recorded. Grain size
distribution of these collected samples was determined by dry
sieving (Ingram, 1971). In addition, granulometric results were
classified according to size class proposed by Wentworth (1922).

Additional size fractionation by gravitational settling occurs
during short to long range transport. A decreasing trend in the
coarser portion of the grain size distribution is therefore expected
as the dust plume moves away from its source region. Studying the
terrigenous fraction of Pisco continental shelf laminated sediments
(Fig. 1), Brice~no Zuluaga et al. (2016) found that the grain sizes in
laminated sediments off the Paracas peninsula featured four
granulometric modes: ~3 mm, ~10 mm, ~50 mm and 90 mm. While
the last two coarser modes, also present in BSNE grain sizes have
been uniquely linked to PW aeolian erosion by these authors finer
particles (~3 mm and 10 mm) were associated to undefined and
fluvial origin, respectively. Since we are mainly interested in rela-
tively long and median aeolian range transport, we have chosen all
four grain sizes modes found by Brice~no-Zuluaga et al. (2016) as
input data for HYSPLIT. A shape factor of 1.0 (spherical particles)
and a density of 2.6 g cm�3 associated to quartz and feldspar
(Albite), typically present in the composition of the Paracas soils
(unpublished data) and continental shelf marine sediments
(Sifeddine et al., 2008), were also used.

2.5. Meteorological data

For all PW events, anomalies in the forcing of coastal winds
associated with alongshore pressure gradients (APG) were ob-
tained from hourly METAR (METeorological Aerodrome Reports)
surface pressure data (www.ogimet.com) at Arica (18.5�S; hereafter
“SCAR”) and Pisco (13.7�S; hereafter “SPSO”) airfields. The analysis
spans a 5-year (2007e2011) period inwhich only afternoon reports
(17:00 to 22:00 UTC: 12:00 to 17:00 h LT) have been considered,
given that most of the PWevents are present as dust storms (DS) in
the METAR code during this period. Due to differences in station
altitude for calculating the APGs, station pressure values were
reduced to sea-level according to the International Standard At-
mosphere (http://www-mdp.eng.cam.ac.uk/web/library/enginfo/
aerothermal_dvd_only/aero/atmos/atmos. html) by adding 1 hPa
every 8 m altitude, yielding þ 7 hPa at SCAR (50 m a.s.l)
andþ1.5 hPa at SPSO (13m a.s.l). This is a reasonable reduction rate
since atmospheric pressure is rounded to 1 hPa in METAR
messages.

For the local meteorological characterization of PW emission
sources, 10-m wind speeds and air temperatures were extracted
from the Global Data Assimilation System (GDAS: https://www.
ncdc.noaa.gov/data...data/...datasets/global-data-assimilation-
system-gdas) from Hysplit compatible GDAS meteorological files
using MeteoInfo software (Wang, 2014), at 0.5� resolution and at 3-
hour intervals, before and after the July 23 of 2014 PW event (i.e.,
July 22th, 23th, 24th and 25th). Daily composites of synoptic-scale
meteorological charts were obtained from the NCEP/NCAR Rean-
alysis (www.esrl.noaa.gov/psd/data/composites/day/), described in
Kalnay et al. (1996).

http://www.ogimet.com
http://www-mdp.eng.cam.ac.uk/web/library/enginfo/aerothermal_dvd_only/aero/atmos/%20atmos.%20html
http://www-mdp.eng.cam.ac.uk/web/library/enginfo/aerothermal_dvd_only/aero/atmos/%20atmos.%20html
https://www.ncdc.noaa.gov/data...data/...datasets/global-data-assimilation-system-gdas
https://www.ncdc.noaa.gov/data...data/...datasets/global-data-assimilation-system-gdas
https://www.ncdc.noaa.gov/data...data/...datasets/global-data-assimilation-system-gdas
http://www.esrl.noaa.gov/psd/data/composites/day/


Fig. 3. Dust emission source areas (polygons) identified through visual inspection from Terra and Aqua MODIS imagery.

Fig. 4. A) Composite of 845 trajectories for 48 h after each dust emission event. B) Frequency of trajectories considering all dust emission events. The color bar shows the frequency
of trajectories that pass through any given grid point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Particles dispersion and concentration (mg/m3) averaged between 0 m and 100 m integrated from 13:00 LT 23 Jul to 13:00 LT 24 Jul, 2014. Release started at 10:00 LT 23 Jul
2014. HYSPLIT model outputs for A) 3 mm, B) 10 mm, C) 50 mm and D) 90 mm particle grain sizes.



Table 1
5-year climatology of (Aricae Pisco) afternoon sea-level pressure (SLP) differences
(first line) for the high-sun season semester (HS: OctobereMarch) and for the low-
sun season one (LS: AprileSeptember), together with (SLP-1000) hPa at Arica
(second line). At the extremes of the time series, three months instead of six are
considered for the HS season: * (January/February/March (JFM), and ** October/
November/December (OND). Local time is (UTC-5). 22:00 UTC (17:00 LT) is the time
of the maximumwind strength. Standard deviations for the LS season (183 days) are
given in parenthesis with bold italics below the corresponding 22:00 UTC means.

UTC 2007 2008 2009 2010 2011 HSb

HSa LS HS LS HS LS HS LS HS LS

17 6 6.9 5.4 5.4 5.2 5.7 5.1 5.9 5.6 6 5.3
18 24 20 22 20 22 19 23 20 22 21

18 6 6.8 5.5 5.3 5.2 5.7 5 6 5.6 6 5.3
18 22 20 22 20 21 18 22 20 22 20

19 6.2 7 5.6 5.6 5.6 5.9 5.3 6.3 5.9 6.2 5.8
18 22 19 21 19 21 18 22 19 21 20

20 6.5 7.4 6 5.9 5.8 6.4 5.5 6.6 6.3 6.5 6
18 22 19 21 19 20 18 22 19 21 20

21 6.8 7.9 6.5 6.3 6.2 6.7 5.9 7 6.6 7 6.4
18 22 19 21 19 21 18 22 19 21 20

22 7.3 8.1 6.7 6.7 6.6 7 6.3 7.3 7 7.1 6.7
(1.4) (1.5) (1.2) (1.6) (1.3)

18 22 19 22 20 21 18 22 20 21 21
(2.0) (1.8) (2.4) (2.4) (1.9)

a JFM: January/February/March.
b OND: October/November/December.
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3. Results and discussion

3.1. Aeolian grain size fractionation

The first size-selective process occurs at the dust emission site.
Indeed, it has been widely demonstrated that particles around
100 mm present as loose particles on the soil surface, are the most
easy ones to set in motion by saltation under the effect of wind (e.g.
Iversen and White, 1982; Kok et al., 2012; Marticorena and
Bergametti, 1995; Marticorena, 2014; Shao, 2009). The resulting
particle saltation flux displays a finer grain size distribution than its
parent soil. A second size-selective process is the vertical entrain-
ment of the particles moving close to the ground level. Due to the
natural gravitational size fractionation coarse aeolian material is
generally suspended and transported at low altitude, in contrast
with the elevated, long-range suspension of the fine-grain material
(Iversen and White, 1982; Marticorena, 2014; Shao, 2009).

BSNE Paracas data show that the grain size distribution that can
be eroded range from <63 mm to 1400 mm. Besides that, BSNE grain
size distributions (Fig. 2) show that, whatever the considered
period, samples collected just above the ground level (14 cm
height) are dominated by particles with diameters between ~125
and 180 mm, which corresponds to highly erodible soil particles. As
the height of the traps increases, the grain size distribution rapidly
shifts towards finer particles: particles with diameter between 63
and 125 mmbecome themost abundant at 50 cm height and are the
only ones reaching the highest trap at 100 cm height. This indicates
that the 63e125 mm grain size range, is the most easily uplifted and
therefore, the most liable to be transported over the Paracas region.
These results confirm that these particle range should be used to
model a consistent dust emission plume during PW. Additionally,
the BSNE results exhibited more particle mass percentage particle
capture during austral winter, consistent with previous observa-
tions (e.g Quijano, 2013; Escobar, 1993).

3.2. Potential sources of PW erosion events

On the whole we identified 15 emission days (Table 1S) from
sharp daily MODIS images (i.e. 2269 used here) in which one or
more of the 21 polygonal source-areas were apparent (Fig. 3). A
total of 82 dust-plumes (including both Aqua and Terra satellites)
yielded 65 independent plumes (one per day per source area)
within the selected 15 days. The widespread dust plume variability
with regard to specific sources, suggests that emission processes
vary within a wide range of extension and intensity. As observed in
MODIS images, the coastal region of the Ica desert proved to
contribute the most with active emission (Table S1). This erosion-
sensitive area features numerous aeolian deposits (Haney and
Grolier, 1991), apparently connected with the Northern Ica ones.
In addition, satellite images show thatmost of this material actually
drifts northwestward towards the ocean. However, as suggested by
Gay (2005), a significant fraction of the blowing material is actually
transported into the continent over the Pisco-Paracas area.

3.3. Aeolian trajectory, dispersion and deposition patterns during
PW dust storms

The air parcel trajectory modeling for all identified dust emis-
sion sources (i.e., 21) resulted in a total of 845 trajectories (Fig. 4A),
allowing for the identification of preferred particle pathways for all
dust transport events. Assuming that during these events all
sources might come to emit material. These results confirm that
after emission most of the dust plumes follow alongshore equa-
torward trajectories, without crossing the Andes during the time
domain of the calculations. A kernel composition of these air tra-
jectories shows their spatial frequency of occurrence; suggesting
that dust particles are transported both to the nearby ocean as well
as inland (Fig. 4B).

The HYSPLIT PW dust emission, concentration and dispersion
model results for each grain size mode (i.e., 3 mm,10 mm, 50 mm and
90 mm) are illustrated in Fig. 5. In particular, 3 mm particle plumes
(Fig. 5A) spread northwestward (alongshore) up to 300 km from
the emission sources, leading to high dust concentration over some
principal Peruvian coastal towns and the adjacent coastal ocean.
Besides, the model shows that once the dust has reached the
Paracas Peninsula, the plume turns eastward into the continent,
highlighting a cyclonic atmospheric circulations, first described in
Craig and Psuty (1968). Due to their characteristics, these particles
are likely originated during PW by impact of saltating grains or
sandblasting (Alfaro et al., 1997; Gomes et al., 1990; Kok et al., 2012;
Marticorena, 2014; Shao, 2009) and as long range transport dust
(Rea, 1994).

10 mmparticles (Fig. 5B) have a dispersion pattern very similar to
the 3 mm ones, suggesting that these particles might also remain in
suspension for a long time, being therefore also transported over
long distances. Results also show that during PW events, particle
concentrations can reach above 105 mgm-3 over the principal coastal
towns. According to Naimabadi et al. (2016), Nourmoradi et al.
(2015) and Soy et al. (2016) these fine particle concentration
could be responsible for increased occurrence of respiratory dis-
eases in populated areas. The origin of these particles might also be
sought in the mechanical release by sandblasting. In contrast, the
paleoceanographic record of these particles seems to be more
complicated since the detrital material from fluvial input has the
same grain size distribution and is found in greater proportion than
aeolian material (Brice~no Zuluaga et al., 2016; Salvatteci et al.,
2014).

In contrast, dust plume simulations for 50 mm particles (Fig. 5C)
show that they are dispersed downwind reaching up to 80 km from
the source, where concentrations exceed 104 mgm-3. Results also
suggest that these particles are probably generated by saltation and
short suspension episodes (Kok et al., 2012; Marticorena, 2014;
Shao, 2009). Resulting trajectories (not shown) indicate that this
aeolian material is also dispersed both into land, reaching Paracas



Table 2
Dust storm (DS) reported at 22:00 UTC at Pisco (SPSO) between 2007 and 2011 and 2014 during the low-sun season, and associated meteorological conditions: DS strength
(number of DS reported hours), wind speed and direction, SLP at SPSO (Pisco) and SCAR (Arica) airfields. SLP means during dust storms for each year can be compared with the
corresponding entire seasonal means and standard deviations (in parenthesis) for each year.

Dust Storm Entire season

Date Strength DD/FF SLP (hPa) DSLP SLPSCAR DSLP

hrs deg/ms�1 SCAR SPSO

2007 Jun 01 3 220/9.25 1024 1012.5 11.5 1022 (2.0) 8.1 (1.4)
2007 Aug 6 5 230/8.74 1026 1016.5 9.5
2007 Aug 9 3 230/9.25 1026 1014.5 11.5
2007 Aug 24 4 220/13.37 1024 1016.5 7.5
2007 Aug 25 4f (5) 220/11.31 1026 1016.5 9.5
2007 Sep 23 6 230/8.74 1024 1015.5 8.5
Mean 1025.0 9.7
2008 Jul 29 4 220/11.31 1025 1016.5 8.5 1022 (1.8) 6.7 (1.5)
2008 Aug 1 4 230/10.28 1023 1014.5 8.5
2008 Aug 27 3 230/9.25 1026 1017.5 8.5
2008 Sep 11 3 230/9.25 1021 1014.5 6.5
!!2008 Sep 19 i3 (4) 230/8.74 1022 1014.5 7.5
Mean 1023.4 7.9
2009 Aug 5 4 230/8.23 1021 1012.5 8.5 1021 (2.4) 7 (1.2)
2009 Sep 3 i3 (4) 230/9.77 1022 1013.5 8.5
!!2009 Sep 9 6 220/11.83 1023 1012.5 10.5
2009 Sep 16 220/11.31 1025 1014.5 10.5
2009 Sep 17 i5f (7) 230/10.80 1024 1012.5 9.5
2009 Sep 18 240/9.77 1023 1013.5 9.5
Mean 1023.0 9.5
2010 Apr 22 5 230/11.83 1019 1008.5 10.5 1022 (2.4) 7.3 (1.6)
2010 May 16 6 220/12.34 1023 1013.5 9.5
2010 May 23 5 240/9.25 1022 1011.5 10.5
2010 Jun 3 4f (5) 230/10.28 1026 1015.5 10.5
2010 Jun 26 4 210/10.28 1026 1014.5 11.5
2010 Jun 27 3 190/8.74 1025 1013.5 11.5
2010 Sep 3 i3 (4) 230/11.31 1026 1016.5 9.5
2010 Sep 13 4 240/8.74 1022 1012.5 9.5
Mean 1023.6 10.4
2011 Aug 1 5 230/10.28 1024 1013.5 10.5 1021 (1.9) 7.1 (1.3)
2011 Aug 16 3 220/10.28 1023 1014.5 8.5
2011 Sep 7 3 230/10.80 1025 1014.5 10.5
Mean 1024.0 9.8
!!2014 July 23 6f (14) 330/5.5* 1026 1012.5 13.5 1021 (1.5) 7.2 (1.4)
!!2014 Sept 05 4 240/9.5 1024 1014.5 9.5
!!2014 Sept 23 5f (7) 240/11.5 1024.5 1012.5 11.5
Mean 1024.8 11.5

i ¼ event initiated the day before; f ¼ event ended the day after; (*) Wind direction/speed were 240/9.5 for July 22 and 240/8.0 for July 24. !! ¼ Events that were displayed in
MODIS images.
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and Chincha Alta towns, and into the ocean south of Independencia
Bay, within the first hour from their emission.

Coarsest 90 mm particles (Fig. 5D) are also likely emitted by
saltation processes and transported by suspension, reaching up to
50 km downwind from the sources. McTainsh et al. (1997) and
Flores-Aqueveque et al. (2015, 2009) highlight the regional and
local character of these particles during the erosive emission pro-
cesses. Nevertheless, Betzer et al. (1988); Glaccum and Prospero
(1980) and Goudie and Middleton (2001) have found that these
giant particles can be transported downwind for long ranges. In
their experiments Iversen and White (1982); Kok et al. (2012);
Marticorena and Bergametti (1995); Marticorena (2014) and Shao
(2009) demonstrated that particles between 50 and 110 mm, need
a lower threshold surface friction velocity (U*t) (i.e, ~0.20 ms-1).

Model plumes for these coarse particles suggest that, for sources
close to the coastline, particles can be directly winnowed into the
ocean, being therefore able to reach the Pisco continental shelf.
These particles have a short residence time in the water column, so
they might be found in a limited number of marine sediment cores
of Peruvian coast. These results support the aeolian origin of the
coarser lithogenic particles preserved at marine sediment cores
from the continental shelf (Brice~no Zuluaga et al., 2016). Finally,
these results reveal a good match between model dispersion
plumes and the MODIS true color image composites.

3.4. Meteorological conditions associated to the PW dust storms

A 5-year climatology of hourly afternoon APGs, calculated as
sea-level pressure (SLP) differences between Arica (SCAR) at
~18�280S and Pisco (SPSO) at ~13�430S, is presented in Table 1,
together with (SLP-1000) hPa at Arica. The largest APGs occur at
17:00 LT (22:00 UTC) in the low-sun season (AprileSeptember.
Individual dust storm reports (DS) at SPSO for the low-sun seasons
of 2007 through 2011 at 17:00 LT (22:00 UTC) are presented in
Table 2, with their corresponding strength [number of hours with
DS in the METAR reports between 14:00 and 17:00 LT (17:00 and
22:00 UTC)], SPSO wind direction (DD in degrees) and speed (FF in
m s�1), SLP (hPa) at SCAR and SPSO, and their difference DSLP, as a
proxy of the regional APG. For reference, climatological mean
values and standard deviations from Table 1 are also included. It
can be inferred from Table 2 that DSLP during DS stay above 1.14
(2007), 0.8 (2008), 2.1 (2009), 1.9 (2010) and 2.1 (2011) standard
deviations from the seasonal average. Associated negative SLP
anomalies only at SPSO are 6/28 (21%) while positive ones only at
SCAR are 13/28 (46%), the remaining 32% (9/28) correspond to cases
in which both negative/positive SLP anomalies appear at SPSO/



Fig. 6. Synoptic-scale meteorological chart composites for Dust Storms (DS) at Pisco airfield during the low-sun season (AprileSeptember) of each year (2007e2011) from the NCEP/
NCAR Reanalysis. Top panels represent 500 hPa geopotential heights (H500), middle panels illustrate vector winds at 950 hPa (VW950) and lower panel depict 1000 hPa geo-
potential heights (H1000).
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SCAR, the latter being dominated by the SCARS’s positive SLP
anomalies that, on the average, stay around one standard deviation
above the seasonal mean. Overall, the importance of positive SLP
anomalies at SCAR in forcing an enhanced APG along southern Peru
calls for a synoptic-scale meteorological control of these PWevents,
as illustrated in the next paragraph. North of Pisco, Lima and Tru-
jillo reduced SLP data during PW resulted ~1 hPa and ~2 hPa above
the SPSO values (not shown), respectively, suggesting a deepening
of the coastal thermal trough in the Ica desert, as early described by
the cyclonic circulation around the Paracas Peninsula-Pisco Bay
area in Schweigger (1968) and Craig and Psuty (1968).

A comparison between PW strength and SLP (METAR) data,
considering only five days when MODIS/Aqua observations were
available (i.e., 2008/09/19; 2009/09/09; 2014/07/23, 24, 25; 2014/
09/05 and 2014/09/23) yields a linear fit explaining 80% of the
variance (Fig. 1S), although the scarcity of these simultaneous
METAR/MODIS data for clearly observed MODIS dust plumes pre-
vents any significant statistical inference. Besides that, the strength
of the PWevents also seems directly related to the number of active
sources, in particular those nearby Pisco airfield (Table 2S). One
source for the lack of simultaneous MODIS/METAR data is the time
offset of the Aqua satellite passes (13:30 LT) with respect to the
time of the highest wind speeds at SPSO (i.e., 17:00 LT).

Mean wind speeds during DS reported at 17:00 LT (22:00 UTC)
at SPSO range from c.a. 8.5e12 m s�1 within a direction spanning
from 210 to 240� (Southwest winds). Strong alongshore coastal
winds (South to Southeast components) shift inlan to SW winds,
responsible for the PW dust storms, are also closely related to
coastal upwelling. During the last decades these winds have
experienced an apparent intensification (e.g., Sydeman et al., 2014).
This phenomenon is consistent with the negative trend in sea
surface temperature (SST) at Pisco (Guti�errez et al., 2011), also
documented in northern Chile by Falvey and Garreaud (2009),
suggesting a wind-driven coastal upwelling intensification. Both,
England et al. (2014) and McGregor et al. (2014), while doc-
umenting this trend, relate it to the current anthropogenic signal in
global climate change. Though an increase in the alongshore wind
strength could enhance the intensity or frequency of the PW in a
future, as has been reported in the past for northern Chile coast
(Flores-Aqueveque et al., 2015), model results reported in
Belmadani et al. (2013) predict a slackening of the alongshore
winds along the Peruvian coast, in connection with the poleward
expansion of the Hadley cell, considered as a robust feature of the
regional global warming (e.g., Johanson and Fu, 2009).
3.5. Synoptic weather conditions

Escobar (1993) first documented for a particular PW event the
presence of a deep trough in the middle troposphere, with a
Northwest/Southeast (NW/SE) oriented axis, that rapidly drifts
across the Chilean coast, with maximum wind speeds at about the
950 hPa level. Often these deep troughs segregate a cutoff low, as
the eastward-drifting ridge behind the trough overtakes it south of
the study area.

Mid troposphere (500 hPa) and near surface (1000 hPa) geo-
potential heights, together with wind vectors at the 925 hPa level,
are composited (Fig. 6), for the PW storms (DS) occurring each low-
sun season (April to September) within the 5-year period (Table 2).
Although the compositing procedure smooths the resulting pat-
terns due to slight differences in amplitude and position of the



Fig. 7. Synoptic-scale meteorological conditions for the PW event on July 23, 2014: a) Mean 500 hPa geopotential heights from NCEP/NCAR Reanalysis; b) Mean vector winds at
1000 m altitude from GDAS (NOAA ARL), zooming in into the study area; c) Mean vector winds at 925 hPa from NCEP/NCAR Reanalysis; and d) Mean 1000 hPa geopotential heights
from NCEP/NCAR Reanalysis.

Fig. 8. NOAA ARL 10-m: A) wind speed (ms�1) and B) air temperature (�C), from July 22 (00:00 LT) to July 25 (21:00 LT) 2014 at 3 h intervals (GDAS 0.5�) at the center of all
identified emission-source areas. Purple and green lines indicate coastal and inland source areas, respectively. The dashed black lines represent averages over all emission sources.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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main synoptic-scale features, the 500 hPa composites show the
trough location over central Chile whereas the 1000 hPa compos-
ites suggest a strengthening of the anticyclonic conditions in
northern Chile (i.e. SCAR positive SLP anomalies) that can be
attributed to the cold air advection associated with the deep trough
in the middle troposphere. Stronger southerlies along southern
Peru would then be due to a reinforced subtropical anticyclone
fostered by cold air advection in connection with the elongated,
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deep through along northern Chile. A thorough discussion of the
attendingmeteorological conditions before, during and after strong
winds in southern Peru as seen in the CFSR reanalysis, is given in
Rahn and Garreaud (2013) who include surface convergence at the
coastline bend along the Peru-Chile border (17e18�S) to partially
explain the positive SLP anomaly at Arica.

Mean meteorological charts for July 23th, 2014, for which the
HYSPLIT dust trajectories were simulated, are given in Fig. 7. A deep
ridge-trough wave pattern with the trough axis just over central
Chile is already apparent, consistent with the composites depicted
in Fig. 6 and with Escobar (1993) weather map. GDAS mean surface
air temperatures show a general increase exceeding 2 �C in the
preceding afternoon and in the morning of the PW. In addition, a
difference of ~4 �C is evident between the coastal and inland
emission points, showing a strong temperature gradient, particu-
larly during the afternoon (Fig. 8). Wind velocity reached a mean of
~15ms-1 at 17:00 LTon the same PWday (Fig. 8). These velocities, in
combination with the surface geomorphological data, are consis-
tentwith a required threshold surface friction velocity of ~0.20ms-1

for the dust-emission onset of dust particles spanning the
60e100 mm range (present on the Paracas soils), as documented in
Iversen andWhite (1982); Kok et al. (2012); Marticorena (2014) and
Shao (2004). Quijano (2013) using a regional numerical simulation
model (MM5) and complementary fieldwork with BSNE traps on
the Paracas peninsula, observed a local threshold surface friction
velocity of 0.72 ms-1. This value largely exceeds those proposed by
Iversen andWhite (1982); Kok et al. (2012); Marticorena (2014) and
Shao (2004) for grain size modes captured by the BSNE traps. A
discussion on the disagreement I thlocal threshold surface friction
velocity is beyond the scope of the present work, requiring prob-
ably further extensive field work and numerical simulations.
However Quijano (2013), experiments highlighted the importance
of solar radiation and coast-inland thermal gradient as relevant for
the onset of PW, also confirming a northwestward aeolian trans-
port towards the Paracas, Pisco and Chincha towns. Our results
suggest that probably most of the dust sources have a lower
threshold surface friction velocity, coherent in our simulation with
MODIS particle dispersion patterns.

4. Conclusions

Results from the HYSPLIT emission and dispersion model com-
plemented with visual inspection of MODIS satellite imagery have
proved to be efficient tools in a synoptic assessment of the devel-
opment and evolution of PW events. Compared to the MODIS im-
ages, HYSPLIT was able to spatially reproduce the trajectory and
plume dispersion during PW. Results show that particles moving
into the Ica region are emitted at the coastal zone, where winds are
stronger during PW events. HYSPLIT simulation show that the
saltation and suspension mechanisms are probably the most
important for the displacement of the coarser particles during PW.
These strong winds are forced by anomalously strong alongshore
pressure gradients in which rising SLP south of the study area
(Arica) dominates over falling SLP at Pisco. Synoptic-scale meteo-
rological composites from NCEP/NCAR reanalysis data show that
PWevents are associatedwith the strengthening of the anticyclonic
conditions in northern Chile, that can be attributed to cold air
advection associated with a deep trough in the middle troposphere
over north-central Chile. The case study of the PWevent on July 23,
2014 confirms these results. Direct relationships between Paracas
wind intensity, number of active dust-emission sources in MODIS
imagery and APGs are also documented, although the scarcity of
simultaneous METAR/MODIS data for clearly observed MODIS dust
plumes prevents any significant statistical inference. The presence
of the aeolian signal in the continental shelf sediments is assessed,
being thus of great importance for paleo-environmental studies.
The results also show that the population in Pisco and Chincha Alta
towns can be affected by high particle concentrations during PW.
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